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ABSTRACT

The design and implementation of an LALR(1) FORTRAN
grammar has oeen described. Desian reauirements and
recommendations for a 16K byte microcomputer system, which
would allow the use of the FORTRAN programming language as
gefined by the arammar implementation, have been presenteaq.
The proposed system ccnsisted of tnree subsystems: a FURTRAW
compiler based on the grammar implementation which produced
an intermediate lancuages a linking=loader that enanled
1naependently comoilec orogram units to ve linkea, and an
interpreter that executed the intermediate languane on tne

specific target machine.
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I. INTRODUCTIGN

A. HRISIURY OF THE FGRTRAM LANGUAGE

FORIRAN was produced in the late 1950's for use on IpWM

N s

£ pm

computers. With the backina of IBM, FORTRAM became wiaely

e

accepted and was subsequently geveloped for many machines
i auring the 1960's. The A&merican National Standaras

Committee specificaticn of FOUORIRAM in 196 [2) has araagualiy

I

oecome accepted angc most oresent compilers conform tc this

stanaara.

In 1976 the cormittee developea a3 oraft prooosed
american National! Standarg FORTRAN (4) as a renlacement for
the original Stanrdarc. The FURTRAN lanauage aefinition

gescribea in the prooosed Standara i1ncluded essentially all

features cf the original Standargo with the major exceptiocn

being the removal of the Hollerith data type. A numcer cf

adaitional capabilities including a character data type and

E file oriented input/output were also added to the language.

FORTRAN has made a significant comtribution to comouter
technologye. Its development provided A language that was
easily learnea by a wide variety of people ara that was
available for use on existimrg haroware. By proviginc a
packed statement form which gig not rely on the presence of

blanks, FORTRAN allowea more efficient storage of progorams
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and greater ease of proaramming. With tne wuse of the
equivalence statement, the control of storage allocation vy

the programmer was permitted for the first time. [9]

Since its oriainal definition, FURTRAN has become the
standard scientific computer lanauage. pecause of tne
portability of programs written in FORTRAN it has also
become a common intermediate language that has been
generated oy languaqge processors and compilers, as well as

one of tre standard lanauages for oroaram portability.

B. THE USE OF FUR[IRAN WITH MICROCOMRPUTER SYSTEMS

recent aavances in tne construction of diaital clecyits
have resulted 1n the availability of low=cost LSI cemputer
components. These <components, which includge central
processing units, memory Systems and perigherals for
input/output, can be compined to form a3 digital computer
Kknown as a microcomputer. A large number of acolicaticn
areas for microcomouters have been identifiea, such as
intelligent terminals, dedicated processors and minicomouter

control tasks. [(11]

In contrast to the advanced technology utilized n
microcomputer hardware, the software designeo to sucport
microcomputers has been slow in developina. A great deal of
applications worx has been done directly in machine languaae

since microcorputer confiaurations have often lackea the

memory and inout/output capacity to supoort orogranm




agevelopment in assembly |lanquage. ihe use of assembly

i Janguage has been surpported by many microcomputers and when

e

combined with a text editor and debugging aicds formea a

] 8 useful package for the programmer. To date, very few hign=

‘§ level languages have Dbeen developecd for use on 3
§
:fi microcomputer system. PLM (&) is currently the only high=
h level microcomputer systems programming Jlanguace which s
widely used.
wNith the expancing number of applications for
; microcomputers, nigh=level lanquaaqes must assume an

increasinaly imoortant role i1in the develooment of sotftware
for use on microcomputer systems, An imolementation of tne
FORIRAN lanauage coulc be a valuable adcdition to the hian=-
level languages that <c¢an be wutilizeg for microcomrputer

software support.

The purpose of this paper is to describe the desion and

implementation of an LALR(1) FORTRAN grammar for use with a

(=aen > b

self=hosted compiler. An overall system desian to support

the FORTRAN language on a microcomputer system is also

described.

BTN S o

C. MOTIVATIUN FOR An LALR(1) GRAMMAR

Une of the major techniaues wusea in current compiler
construction 1s pased on work done by Knuth {8), who
ageveloped deterministic parsing algorithms for the left=to=-

right translation of languages defined by LR(k) grammars. A

10




grammar is LR(k) if each sentence it generates can be parsed

from left to right in a single scan with at most k lookahead

symbols.
LR(k) qgrammars have several advantages. They are
unamoiguouS. Construction aloorithms exist for this class

of grammar that can build parse action tables. A parser can
use the tables procuced by the analyzer to cetermine 1f

Janguage statements defined by the qrammar are well=formena.

LR(k) grammars alwavs require 3 lookahead of «k symbois
for the parser tn Jetermine the next sState. LALK(x)
grammars differ from Lx(x) in that the looxanead 18 oniy
performed when necessary, thus producing much smaller parse
tacles. JIlhe largest class of currently implementacle Lx(x)

grammars are LALR(1).

An etficient parser can pe written to intercret carse
action taoles for LALR(1) grammars {ll. The carser 1s a
table=-ariven oushdown automaton that assumes a seauence of
states (shift, reduce, accept, or error) while scanning thne
input. UVecisions are based on the next 1input symbol and
information accumulated on a parse stack. The final state

inagicates whether the input was well=formeaq.

The availability of such an LALR Pgrser Generator [1vV])
for use in developbing a FORTKAN grammar was the major tfactor

1n determining the methoa of constructing a compiler for use

in the implementation of the FORTRAN language on 3
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microcomputer system. The LALR Parser program accepts a
Backus iNaur Form (BNF) grammar definition as inputi anog tne
number of lookaheads allowed, and determines if the qrammar
1S ampiIguousS. If the grammar is acceptaole then parse
tavles are produced that can be wuseoc with a parser, and
syntactic and semantic analyzer routines, to provide the
basis for the systematic construction of a compiler. Tne
parse tables that are produced are compatible with the PLM
programmina lanauage but can be modified for use with other

languages.

The LALx Parser Generator was i1nstrumental in tne
aevelopment of the large arammar necessarv for FURIRAMN since

SNF gefinitions coulao ce testea and debuagew incrementally

as tne Qrammar was develored.
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Il1. GRAMMAR SPLCIFICATION AND UESIGN

A. INTROLUCTION

This chapter describes the reauirements, goals, and the
design decisions considered during the cevelopment of the
LALR(1) FURTRAN grammar. In aodition, suagested extemnsions

to the grammar are incliuded.

Ihe final two pass version of tne LALR(1) FURIRAN
grammar is containec in Appenaices A ana B. The syrtax of
the FORIRAN statements that this arammar defines is 1ncludea
1n the 1976 dratt proposed American National OStanagard
FORIKAN., The few deviations from the proposed Standarac Aare
noted 1in the "Statement Restrictions" section 1in this

chapter.

Be GRAMMAR SPECIFICATION

The syntax of imgiviaual FORTPAN statements ana thneir
correct ordering within program units described 1in tne
proposed Standara were usea to form the basis of the arammar
gesign. It should ope noted that the qrammar developed to
define the oroposed Standarag also svntactically defines the
1966 ANSI Stamaard FURTRAN, Not considered in tne design of

the grammar were languace extensions that have been mage to

e e i il e




ANS1 Standard FORTRAN by language processorsr, unless they

have been included in the proposed Standara.

C. GRAMMAR DESIGN

FORTRAN as described in Refs. 2 ana 4 has peen
considered an inherently ambiguous language. In orcer to
completely define the syntax of the 1language an arbiaucus
grammar is requireq. Since LALK(1) grammars must oe

unamoiguous by definmition, this incomoatibility createq

problems during the development of the grammar.

in tne naesian of the arammar two 3pOrnaches were taxen
in order to solve these problems. First, consigeration was
given to exoandina the grammar to oaefine more tnan tne
syntax allowed when compensating actions coulu be pertormed
in the semantics of a compiler implementing the grammar.
Second, 1f that approach failea then the grammar was
restricted to cefine only a subset of the syntax of tne

language.

1. Design Goals

The design goals for the LALK(1) FORTRAN grammar
were: (1) to adhere as closely as possihle to the prooosed
ANS Standardg requirements of the FORTRAN lanquage
gefinition, (2) to maintain overall simplicity in tne

grammar and (3) to develoo a arammar small enouah to te
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utilized in a self-hostea compiler for a microcomputer

system with 16K bytes of memory.

2. lokens

The tokens in the initial grammar desian consisted
of special characters, reserved words, an identifier, 2
statement laoel, a format inout, and character, 1integer,
real and double orecision constants. As the éramwar was
aeveloped it was necessary to create statement termination,
array identifier, exconentiation ooerator and concatenaticn

operator tokens in orcer to resolve ampiguities.
A Keservers ~orgs

In order to recognize FORTRAN key words, such as
DIMENSLION, CUMMON, REAU, etc., the use of reserved worus was
required in the Jlanguage definition. In the AKSI anad
prooosed AMNS Standara FORTRAN key words were not reserven
and could also be useg as identifiers. However, in orager to
conform to normal grammar techniques reservead wora tokens
were created teo aistinguish them from identifiers, in
adgition to the FORTRAM key words the logical! constants
«TRUE. and .FALSE., the relational operators .EU.sr .NE.,
«GE . eGTler «LE. ana .LT., anad the logical operators AND.,
«NOl.s and .UR. were includea as reservea words for ease in

later implementation of the grammar.

1%
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b Statement [ermination

The FORTRAN lanquage does not have a special
“end=of=statement”" dagelimiter equivalent to the period in
COBOUL or the semicolon in ALGOL., Thus, 1in order to
terminate each statement agefinition in the grammar an "eng-
of=-statement" token was created. Wwithout this token, the
LALR Parser Generator was unable to differentiate between
individual statements in the lanauage. The wuse of this
token must oe imolemented in any comoiler that utilizes the
grammer but should be transparent to the wuser ot tne

compiler.
C. OStatement Lavels

The special token "“statement label" was used to
gefine the statement labels aiven to specific statements,
However, references to statement labels within a statement

(e.ge.r GO TO 10) were definea as integer constants.
d. JSoecial Characters

Durina the develooment of the grammar the
initial set of special char;cters caused ambiguities in the
definition of an expression. The differences in the use of
the multiolication operator * and the exponentiation
operator *x could not be resolveds A similar problem was
encountered with the civide omerator / and the concatenation

operator //. It became necessary to create additional

lo




the exponentiation operator and the concatenation

tokens for

operator.

Format Input

The

“format input" token was incluaged in the

grammar design to allow format statements to bte handlea in

the semantics of a compiler implementina the grammar, rather

than in the grammar.

f. Read Paren

major problem was encountered 1n aeveloping

the arammar to aetfine the FURTRAN reaa statenent. Tha

syntax ot the unformatted read statement was Rtdu ( <control

informatijon list> ), while the syntax cf the formattea read

statement was KREAD <format>, with poth the tormat ara tne

control information 1list allowea to be an expressicn, a

gescription of the syntax of the two reag statements bDecame

READ ( ) amg READ <expression>, Since tne

<expression>

expression syntax i1ncluded a rule that stated <exoression>

¢t ( <expression> ) tnhere was no way for an LALR(1l) crammrar

to unambiquously define both tynes of read statement, To

solve this problem a "read paren" token was createa to

detine the Dbeginning of an wunformatted read statement,

Although it is syntactically correct to parenthesize tne

format in the formatted read, in utilizina the grammar thne

gesign imposes the recuirement that a parenthesis following




the READ automatically indicates an unformattedg read

statement.

ge. ldentifiers and Array ldentifiers

Identifiers were initially designeoc to be any
sequence of one to six letters or numbers beginning with a
letter, which was not a reserved wora. However, a proolem
was encountered in differentiatinag between function
references and array element references. JThe syntax of both
as defined in tne opronosed Jtanagard consists of an
identifier followeo by A parenthesized list of expressions,
tor example A(v,5,2) ana Max(6,3,2]). Thuses in Oruer to

resoive this oroblem an array identifier token was createc.

Jistinguishina between iJjuentifiers a&ana aAarray
identifiers remains a nontrivial problem and must oe hanaled
in the semantics. 0Dependina on the technique wused it may
impose the reauirement that arrays cannot be referenced

prior to their definition 1n a dimension statement.

3. Expressions

The initial c¢rammar design included the FURTRAN
arithmetic, character ang logica)l expressions as separate
entities. Tnese expressions are each constructead wusina
identical operands = igentifiers, array element reterences
and functior references. Ihe specific tyoe of each operand
(character, 1inteaer, etc.) must be examined in orager to

getermine whether it 1s valia for wuse 1in a particular

18




expression. The use of ¢these identical operands again

A

caused the grammar to be ambiquous. The solution was to
gefine one aenera'! excression for overall use in the FORTRAN
grammar. The rules that were develooed for this expression
gefinition enforce operator precedence for each tyoe. The

semantics of a compiler that uses such a grammar must ve

responsible for determining what specitfic type of expression
. 3 is oeing usea, and whether the operands are valiag within

3 that tyce of exoressicn.

Another oroolem encountered in the expression

gefinition was in enforcina parentnesizea expressions A3

regquired 1n some FORTRANY statements. Tne syntax of an
expression includec the rule <gxpression> =
(<expression>). This resulted 1n the reduction of a

parenthesized expression to an exoression prior to its use
in a statement. In oraer to enforce a oparenthesized
expression the rule was moagified as follows:

<expression> (:!= <paren exoression>

<paren expression> ::= ( <expression> )

The secona rule coula then be used in any statements where

parenthesizea expressions were required,

4. Complex Constants

A further exampole that illustrates the problems
encountered in constructing an LALR(l) grammar is the

gefinition reauirea for a complex constant. Syntactically a
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complex constant was defined as ( <real constant> , <real
constant> ). However, this definition could not be useu in
the grammar. Examination of the followina grammar rules is
necessary in order to understand the oroblem:
<complex constant> ::= ( <real constant> ,
<real constant> )
<return statement> ::= RETURN <expression>
<expression> :!= <constant>
! <paren expression>

<paren expression> ::= ( <expression> )

<constant> ::= <real constant>

pased on tnese arammar rules the beainninag of one
gerivatior for the return statement was KETURN ( <real
constant>, UDurina the parsina of this statement with a left
parenthesis and real constant on the stack the LALK Farser
could not determine if the real constant shoula be reduced
to a3 constant for eventual use in the return statement, or
whether to stack a corma for eventual wuse 1inr a complex

constgnt.

In attempting to overcome the oroblem several
alternative rules were examined for the complex constant
gefinition that produced similar ambiguous results. The
tinal umambiguous definition was as follows:

<comolex constant> ::= <complex heaa> <expression> )
<complex head> ::= ( <expression> ,

These rules recuire the semantics to aetermrire if the

2V
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expressions in the complex constant definition are 1in fact

real constants.

S lnput/0Output Specification

The syntax of the FURTRAN input/outout statements
includea a large number of input/output specifications
associated with each statement, 1including wunit numbers,
error specifiers and file soecifiers. The ordering of these
specifers and the specific 1inout/output scecifications
allowec with each statement were initially inclugec in tne
grammar design., However, aue to the large numpber of crammar
rules reguired to enfeorce this syntax a general imgut/cutout
specification replacec them 1in the final agrammar., Thas
regquires the interpretation of specific input/outout

specifiers for the input/output statements in the semanticse.

b. Statement Restrictions

The grammar for the individual FURTRAN statements
was originally desicned to strictly enforce the syntax of
the statements 1in the proposed Standard. vuring the
development of the grammar it was decided in several cases
to define only a subset of the syntax in the aqrammar in
order to decrease the numoer of rules. Both the common and
data statement syntax enforced by the grammar allow only one

namelist. uptiornal commas for the go to, type anc GO

statements were also excluded from the arammar develoned.
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The implicit statement ooséd a special problem which
was never entirely resolved. Tﬁe length specification in
the character implicit statement can be ar expression and is
defined oy the followinag synmtax?

<implicit statement> ::= IMPLICIT CHARACTER
* <expression> ( <letter range list> )
The combination of an expression and a left parenthesis
caused ambiquities in the qrammar that <coulu not ©Dpe
eliminated. The eventual solution was to restrict the

syntax for the character lengtn to an integer constant,

7. Uotiona! Statement Desian

ILf reauireg for semantic analysisy, mary of tne
grammar rules in Appendices A and B that define the FURJRAN
statements could be restructured a"d the overall FURIRAN
grammar would still meet the reqguirements of an LalLk(l)
grammar. JThese alternate statement definitions miaht ©e

useful in semantic coce generation.

A simple example of this 1is 1i1llustratec by the
following two alternate definitions availakle for the
dimension statement:

<dimension stmt> ::= DIMENSION <array declaration>

\ <dimension stmt> ,
<array declaration>
<gimension stmt> ::= <dimen heaa> <array ceclaration>
<gimen head> ::= DIMENSION

\ <dimen heao> <array geclaration> ,

2¢e
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The first definition was chosen for use in the final

grammar because it required fewer rules. The secona set of
rules may be desired for a compiler utilizing the grammar in
order to determine when the last array declaration is being

processede.

8. Splitting the Grammar

The originmal LALR(l) arammar was designed to gefine
the syntax of all the statements in the FURTRAN larguane.
The ini1tial grammar gefinition that was gevelocped contained
approximately 350 ruyles, The taoles aenerated by the LALR
Parser tor tnis grammar took aver 11K cytes of merory.
lhese tables were much tco large to be implementec 1n 3
selt=hosted compiler for a loK microcomputer system with 3
4K ooerating system, Consequently tnhe grammar was sclit
iNto two sections. The first section containead the rules
for the data and environment definition statements incluaing
program, subroutine, function, block agata, format, entry,
gata, specification and statement function statements. The
second section contained the rules aefining the format,

entry, data and executable statements.

Solitting the grammar 1in this manner had two
advantages. The larce table size was reduced to 3800 btytes
for section one and 4200 bytes for section two. The selat
grammar made it necessary to solit the compiler 1nto
separate programs for each section; thus different semantic

actions associated with identical grammar rules coulu ve
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varied within the separate programs. For example, a
reference to an array element could be handlea in a

difterent manner in each of the programs.

A significant disadvantage of spolitting the qrammar
was the difficulty imposed in the desiagn of a compiier that

utilizes the grammar to process more than one program unit.,

The two grammars were agesigned so that they could
easily be combined for use in a compiler that ocerated in an

environment w~here memory size wasS not as restricted.

GRAMMARK ALJGMENTAITIUN

C
.

1. GUverview

The 1nitiai grammar design incluaead rules gcgefining
the relationships among proaram units, enforcina statement
orger ang defininag the statements aliowea within tne nrogyram
unitse. Ihese rules were subsequently cropped primarily to
reduce the size of the parse tables. In an environment
where the size of the compiler is not critical these rules

woula provide a useful extension to the grammar.

2. Proaram Units

The proaram units cefined oy the FURTRAN Tlanquage
are the main nrogram, and the function, subroutine and block

data subproarams. A FURTRAN orogram must have no more than

one main oprogram and c¢can have any number of additional




subprograms. Further, these program units can be in any
order. Ilhe LALR(1) agrammar rules that were developed to
enforce these relationshirs are as follows:

<program> ::= <program unit>

<subprogram>

<subbrogram> <program unit>
<proaram unit> ::= <main proqQram>
i <program unit> <suoprogram unit>

<supbprogram> ::= <subproaram unit>

<subproaram> <subprogram unit>

<suprogram unit> ::= <fynction subprogram>
i <subhroutine suttpregram>
i <block agata succrogram>
These productions coula oe of value 1f more than one program

unit is to be compilec at the same time.

3. Statement Uragerina

Several versions of an LALRC(1) grammar were

cevelopea to enforce statement ordering within program units

ana the types of statements permitted in each proaram unit.
An LALR(1) grammar that met these recuirements 1S presented
in Appendix C. The parse tables generated for the arammar

in Appendix C took approximately 2200 bytes of memorye.

These rules could ve incluogead in a comoiler that

implements the qrammar V¥ the memory space reauirea 1s

availaole. An alternative would bhe to substitute the




appropriate semantic actions as is described in the Gaqesign

of the compiler presented later in this paper.




IT1I. SYSTEM DESIGN

A. QOVERVIEW

’ﬁf The system desian recommended for implementation of tne

FORIRAN language on° a3 microcomputer consists of three
& subsystems: a FORTRAN compiler that generates a relocatable
intermeaiate lanauage moaule fér each prcaram umit (main
program, subroutines, functions, or btleck a@ata) 1in tne
FOxVIRAN  source file, a loader that links the moaules that
nave bean generated by tne compiler, and an 1nteroreter that

executes the intermeciate |lancuage.

The system that 1s described is aesigned to execute on
the Intel 8080 microcomputer with 10K bytes of memory unager

the CP/M (3] operatinc system. CP/M is 3 monitor control

proaram that provices a number of basic 1rput/ocutout

functions, a console command processcor, ano a comprehensive f
file management packaage for wuse with a file system, The
file system is maintained on diskettes (floppy Gisks) which
contain 256K bytes of storage. This operatina system also 3
supports a text editor, a dynamic debuager anad the Intel
8080 assembler. CP/M takes 4K bytes of memory: theretore
the system desion <ciscussed for the 1implementation of ﬁ
. FORIRAN has 12K bytes of memory available. The use of LP/M

or an eauivalent system on the 80R0 microcomouter airectly




|
{
|
!
|
i

e ——

L 3 L it

affected the desian reqgquirements and recommendations made

for the implementation of FORTRAN,

B. COMPILER

1. Organization

Splitting the grammar into two sections, as noted
previously, had a direct impact on the compiler gesign., Tne
compiler was originally envisioned as one program with
provisions for multiple passes. Tne implementation of ftne
solit FUkIKAN grammar required 3 separate proaram for each
grammar and a control orcgram that providea linkage tetween

the two programs.

To execute tne compiler the user of the system wcula
invoke the control program, and pass the name of the scurce
file to pe compiled 1n the command line as a parameter to
the orogram, [he <control proaram would then manage the
interfaces necessary between the pass | and pass 2 compiler
proarams required 1in the compilation process. The firal
output would be a file containing the interrediate lanquaae

generated by the compiler.

The system is designed so that the control orogram
resides in memory durina the entire compilation. Ihe symbol
table area is left in memory for use by the pass 2 orogram
after the pass | procram has comoletea execution. The pass

2 program overlays the pass 'l proaram when reaug into memory
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oy the control program. The memory configuration for

implementation of this design is presented in Figure 1.

COMPILER MEMOURY ORGANIZATION

HE X
SfFF
CP/NM
5200
Contrcl Proaram
"Scratch Pad" Area
Symbol Table
Pass 1| Proaram
or
Pass 2 Program
100
System Information

Figure 1
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This section ciscusses the functions, the design

diad

requirements and recommendations for the control proaram,

o |

the pass 1 and pass ¢ proaqrams, and the interfaces reqguired

among them necessary to imolement the FURTAN ccmpiler based

on the LALK(}) FORTRAN aqrammar.,

e R

2. Control Program

-

The main purpose of the control program 1is to
control the overall compilation processe. In order to
:f accomplish tnis it must perform two basic functions: (1) tne

loading of the pass | amna pass 2 proarams anc the
in1tialization of their execution, and (2) the maintenance
~of common informaticn such as compiler togales anc symhol 4
taole necessary to both oasses. This reauires thnat tne
control proaram remain in memory during the entire

compilation.

! The bulk of the executaole code for the control
proaram resides in memory just Dbelow the CP/M operating
system (see Figure 1). Uoon initiation of the program by
the user, execution begins at 100 hex (100H) and an
immediate jump is performed to the first executable byte of ;

coade located in the urper part of memory. {

The first task the control orogram must oerform s
to decide whether it is being 1nvoked from either the pass 1

or pass 2 program or at the initiation of the FURTRAN

compiler., The aporocpriate actions can then be provided ]
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based on this decision. A control! flag which can be altered
by the pass 1| and pass 2 programs can be useg to implement

this requirement.

Wihen the control proaram is executea for the
initializgtion of a compilatiorn it should perform the
following functions: fl) initialize its "scratch paa" area
for use by the opass | and pass 2 programs, (Z) save the
file control block for the FORTRAN source file and open tne
file for inout, (3) maintain the file control block for tne
intermediate languace file and open it for output, (4)
initialize the symecol table area, (5) reao the executable
(CuM) file for the mass | procaram into memory bhecinnirna gt
100H, ana (6) jumo to 100H to transfer control to the pass

1 program.

iwhen the control proaram is invokea at tne
completion of the pass | obrogram it should check for a fatal
error in the pass 1 phase of compilation which would
terminate execution. If none 1s found, the LOM file for tne
Pass P program can be read into memory anc control

transfered to 100H to begin execution of the pass 2 proaram.

When the control orogram is executed via a transfer
from the opass 2 program it should again check for a fatal
error in the pass 2 phase of compilation ano terminate
execution if necessary. It must also agetermine if another
program unit is to be comoiled. If an aoditional corogram

unit is to be compilea the control orogram must reinitialize

31
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the symbol table and "scratch pad" area, with the exception

of compiler togales, and reloaad and transfer control back to

|
i
1

the pass 1 program to continue the compilation process. if

no more proQram units are present on the source file, the

PRI b

control program must close the FORTRAN source file ana tne
intermediate language file and return contrcl to the CP/M

operating system,

Sy

o AN

Maintenance o¢f ¢the file control blocks by etne

it K

B

control program for both the FORTRAN source file ana

PR

intermediate language file 1s critical to the system,

Pninters must w©ve maintaimed for both files in craer to
Jetermine the correct receord to pe orocessen for input or

outDUt .

The "“scraten o©0aad" area located 11n the ecntrol

proaram 1is available for use by both the pass | ano pass 2

programs. Information maintained in this area can incluage
compiler togales, error flags, and any other interface

information required by the pass 1 and pass ¢ proarams.

3. Pass 1 Program

The pass 1 program implements the grammar presented
in Appendi x A, This proaram processes the FuRTPAN

statements up to (but not including) the first executabie

statement. Routines for syntactic ana semantic analvsis,
symbol table manipulation, and a parser must be included 1n g

the oroaram. This section discusses the desiqn requirements
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imposed by the FORTRAN grammar and some additional! design
considerations necessary for implementation of the program,
The parser and scanner describoed in this section were

implemented ana tested.
a. Parser

The parser that was adopted for wuse with thne
pass | orogram 1i1s based on the parse action generation

algorithms used to analyze LALR(1) grammars.

The parser controls the execution of the pass !
proaram. It receives a3 series of tokens from the scanner
ana analy2es them to cetermine if they form a valia sentence
in the FURTRAN grammar. It bases this adecision on the next
input token ana 1informaticn opreviously accumuiated on a

parse stack where the parser states are maintained.

The basic actions performed by the parser
include a shift action tnat reads a new token anag pushes the
previous state onto the stack, 3 reduce state that pops the
number of elements equal to the hancole ot the poroduction ana
puts a new state on the stack, an accept state that
inogicates tne input conforms to the grammar, and an error
state that 1i1nagicates wnen a syntax error has occureda,
Adgitional stacks can be used in parallel with rhe parse
stack that relate to the translation of the proaram, such as
pointers into the symbol table and temporary values used In

—

reductions.




R =3 SN

s
o T T

oo

. T i
PERUPARIRRE =R

In order to stop the execution of the pass 1
program the grammar allows the parser to proceea until 1t
has analyzed an end statement, when no executable statements
are found 1n the crogram unit, until it has analyzed the
reserved worad in the first executable statement, sucn as L0
or KEAD, or until an assignment statement is recognized. In
the case of the assignment statement, where no reserveud word
's contained in the statement (e.ge., A = 3), it parses up to
the eaual sign. The information previously scanned for tne
executable statement must be saved for use by the pass 2
proaram to orovide initialization of the scamner and ton
allow for any semantic actions that neec to be performea.
By maintaininag a stack tnat always contains the last thar=e
tokens processea, this information can then be oroviuea to

"

the pass ¢ orogram via the '"scratch pag in the control

programe.
b Scarner

Ihe function cf the scanner is to proviae tne
tokens defineag in tne FUORTRAN grammar to the wvarser. These
tokens include reserved words, special <characters, tne
exponentiation and concatenation operaters, statement
labels, identifiers, array identifiers, "format i1nputs”,
"end=of=-statements", and integer, real, character, and
gouble preci1sion censtants. The scanner that was
implemented in the pass | program encountered no special

problems in recognizing these tokens with the exceotion of
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identifiers, array identifiers and the "end=-of=-statement"

tokene.

ldentitiers ana array identifiers both have the
same structure. They are a sequence of one to six letters
or gigits that begin with a letter, In orger to

aifterentiate between them, it was necessary to inciude
interaction with the semantics necessary for processing
gimension statements. when the reserved wora DIMENSIUN was
encounterea a flaa was set to i1ngicate tnat a toxken of this
form followed Dy a left parenthesis was an array igentifier,
This tlag w~as checkea pbv the scanner followina the 1initial
test tor reservea wOrdJsSe 1f the flag was not set, tne
svmbol was lookea up in the symbol table to acetermine 1¢ 1t
was an array identifier daetined 1in a previous dimension
statement. If these tests failea, the token was assumed to
be an 1dentifer. The wuse of this technique impbosea the
requirement that arrays could not be referencea 1in any
FOKIRAN statement prior to their geclaration 1n a dimension

statement.

The recognition of the end of a FURITRAN
statement by the LALR(1) grammar implementation requireq an
"end-of=-statement" tcken transparent to the user. A
lookaheaa feature was usea in the scanner to nelo determine
whetner the nexg line was a continuation of the previous

statement. Since normal FORTRAN carad conventions were

maintained, the decision could be based on a line position

T A
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pointer that maintainea the "card column" oposition of the

current symopol being considered by the scanner. ivihen a
carriage return and linefeed were encounterea, the position
of the next nonblank character was determinea. If the
position was not "cara column" six, an "end-of=-statement"
token was passed to the parser. The line position pointer
was also used to recognize the end of valid statement innut

at "card column" seventy=twon.

Ce. Semantic Analysis

As noted previocusly, the arammar for tne cass 1
proaram does not erforce the orger and the types of
statements allowed in eacn pProgram unit, Urder c¢an Gbe
enforced 1in the semantics of the orogram by the use of tan
flags: one flag to determine the tyoe of program unit beina
processed (main program, sSubroutine, function, c¢r bleock
aata), and a second flaa to aetermine if a particular
statement is valid based on the previous statements that
have been processed. Each statement in the grammar for this
program has an associatead reserved woOrd. vhnenever a
reserved word for the statement currently being processed 1s
encountered, the flags <can be checked to getermine 1f the
statement order is correct and if that type of statement s

valig in the orogram unit,

The use of the "format input" token in the
grammar reauires the processina of format statements 1n tne

semantics of the program. In addgition, this information
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must be saved for later use by the pass 2 program 1in the

processing of the executable statements. This car Dpe
accomplished by either writing the information required to 3
floppy aqisk file, or by saving the information in the
"scratch pad" area of the control program. Since the number
of format statements may be large, the exact implementation
must be based on the actual memory available for use in the

control proaram.

Ihe general expression definition in the FURTRAHN
grammar has a direct impact on the pass | corogram. Tne
semantics must enforce the tyme of expression (character,
logical, or aritnmertic) allowed A~ithin each statement ¢f
the FORTRAN input. In some <cases, such as dimension
statements, only inteqger constant expressicns are valia.
Integer constant expressions are a special case of the
arithmetic expression 1i1n which only integer constants or
variables of type integer are allowea. [he semantics of tne
compiler must also process these special expressions and

provide for their evaluation and use.
de Code Generation

The type of code qeneration producea by a
compiler 1is nighly aependent on the system in which it 1s
implementea. The design decision to Dreoguce an i1ntermediate
lanaquage instead of executable machine code was based on tawo

major considerations., First, the proguction ot an

intermediate lanauage enhances the transportapility of an
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eventual system implementation of FORTRAN to other
microcomputers that suoport PL/M, Second, the existence of
an interpreter of BRasic=-FE ([S], which transiates an
intermediate language output from the Basic=-E compiler, has
already been successfully implemented in the comouter
laboratory at the Naval Postgraduate JSchool. This
interpreter is an excellent candidate for modification for
use with FURTRAN if the intermediate lanquage producead vy
the FURIRAN comoiler 1s compatible with the Basic=E

L)
intermediate languaaqge.

4. Pass 2 Prograr

The pass 2 cregram implements the grammar oresentar
1N Appendix U. Thnis proaram processes rOrkTRAN executanle
statements. Syntactic and semantic analysis, symbol table
manipoulation, Aand parser routines must aqgain be incluaec in
the program. This section describes the aesian requirements
imposed by the FORTRAN grammar and adagitional gyesian

considerations necessary for implementation of the orogram.

a. Parser

The parser, which controls the execution of tne
pass 2 program, Can be identical to the parser descriced in

the previous section.

txecution of the oarser is terminated after the
eng statement is parsed. At this point the program must

getermine 1f there are additional proaram units to ove
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compilead. This can be done by checking to see if anything
other than a soft end=-of=-file (1AH) or a hard end=of-file
occurs after the carriaqge return and linefeeo followina the
eng statement. The appropriate flaa shoulc then be gset in
the "scratch pad" area of the control program anag exécution

transferred to the control orogram,
b. Scanner

The scanner designed for wuse 1in the pass 2
program can e very similar to the scanner in the pass |
program. 1lhe "reaa paren” token is tne only aacitioneal
token that must be recoanizeyd by the pass 2 scanner

implementation.

The differentiation Dbetween idgentifiers and
array vdentifiers is no longer requireag in the semantic
analysis. At this point all arrays have been aeclarec and
the array identifiers are contained in the symbol tahlie and

can be easily recognized.

At the initialization of the scanner, the tckens
previously parsed in the pass 1 program for tne first
executable statement must be recovered from the “scratch
pad”. Code for proviading these tokens for analysis and use
Oy the scanner must be included in the proagram orior to

obtaining any new tokens for the first executable sStatement.




C. Semantic Analysis

As noted previously, the format specification in
the format statement must be handled in the semantics of the
program. In agdition, orovision must be made for retrieving
the 1information that was produced for any format statements

that were processed by the pass | program.

The arammar for pass 2 imposes adaitiong]|
requirements for expression evaluation not necessary in tn=2
pass | program, Fer example, one form of tne orint
statement wnich 15 gscceptable to the arammar 1s PrluT
<expression>, Tne expression may eilther be an inteqaer
constant aQgesignating 3 statement lakel, or a character
expression, Thus, the semantics must allow the statement
lapel to be valid as it is parserd uo throuah the expression
agefinition associatec with a orint statement. Similar
requirements exist for the read statement anag comolex

constant definitions.

d. Coade Generatiocn

Since the pass 2 program performs code
generation for all FORTRAN executable statements, the
proaram may exceed the memory size available. {f this

occurs, consideration shoula be given to either restrictinag
the types of statements allowed for wuse in the FURIRAN

implementation or to oroducinag parse actions in pass 2 and

adding a oass 5 proaram to orocess these parse actions. The
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additional program could then generate the 1intermediate
language ©based on the parse actions, associated information

and avail;ble symbol table information.

C. LOADER

IThe pasic task of the loader program is to process the
intermediate Janquage modules aenerated by the compiler for
the various proaram units, and to produce a zero=-acaress
intermediate lanquage module that can be executed oy the

interpreter,

The following tvees of information 3sscciateu with each
intermedlate languace module are necessary for ioader
implementation: (1) the name of the current mocule, (2) a
list of external names and references with getinitions of
their use, (3) the aadoress of the first byte 1in the coae
area ot the current mogule, ana (4) the length of the coce
area of the module in oytes. Output from the locader shoulicd
be dagesigned to enable further linkage 1f all external

references have not yet been resolved.

The actual implementation of a loader was not considered
part of this thesis oroject ana 1is left for future

consideration.
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D. INTERPRETER

The function of the interpreter is to execute the zerc=
adaress intermediate language orouguced by either the
compiler or the loager. At this point all external
references must be resolved in order for the intermediate

Janguage module to be interoreted.

Ihe desian of an interpreter is dependent c¢cn the
specitic machine on which the FURTRAN lanyguage 1s to ce
implemented. The run=time monitor used for executing tne
intermeadiate lanauaae oroduced bty the tasic=t compiler (51
1s an example of Aan interoreter that has been successfully
implemented on tne 6080 unger the LP/V operating system.
The monitor provides 3 number of features that would ©oe
usetul in the interoretation of FORTKRAN such as the use of a
tloating ooint oackage (/] to perform arithmetic, function
evaluation and conversion operations on 32 bit tloating
point numbers. [f the intermeaiate language generated by
the FORTRAN comoiler is gesigned to be compatiovle with the
lancuage producea by the Basic~E compiler, the moaification

of this interpreter to acceot FORTRAN woula areatly

facilitate the imoplementation of FORTRAN on the 8080,
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IV. CONCLUSIONS

The successful completion of the formal FORTKAN grammar
demonstrates the feasibility of defining an ambiacuous
language, such as FORTRAN, wusing an LALR(1) grammar.
Ambiguities in the grammar can pbe resolved by proviagina 23
broader definition for the Jlanguage and comoensatinag

semantic actions by 3 comoiler that implements the qgrammar.

The FURTRAN grammar which was developea was structured
to aefine the largest possible svntax of the [9i6 ~raft
proposed American National Standara FORTRAN. However, th1s
should not orevent a user of this grammar trom redefining it

to meet the requirements for implementation on a particular

machine.
The use of a formal lancuage ana automatic garser
generation methoas proved extremely valuaole in thne

construction of the FORTRAN compiler. The parser that was
available for use in oprocessing the parse taoles, when
combined with syntactic and semantic analyzer routines, leq
to a modular aesign and the systematic construction of a

comoiler rather than an ad hoc technique.,

The system design which was oresented to sSupport tne
FORIKAN lanaquage on a microcomputer system with l6R bDytes of

memory 1S feasible, Aowever, the lack of memory space

PRI ————————

b,




NPT e,

T PO e

remains o problem. It is recommendea that consigeration be
given to the replacement of those rules, especially
input/output statements, which coula be tailoreac tog tne

speciftfic machine on shich the compiler is implementeqa.

It is hopea that the LALR(1) FORTKAN qrammar ang tne
accompanyina system design recommendations will establish a

basis for the implementation of FORTRAN on a microcomputer

system.,
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APPENDIX A = FURITRAN GRAMMAR StECITUN ONE

<program> = <prog stmt> <program body> <end state> 1
<prog stmt> <end state>
<program body> <end state>

<enrd state>

<subr stmt> <pregram body> <endy state>

i <subr stmt> <end state>

N e e s e T N
AR R s e S sk e il ik o) R i
- -
i g

v <func stmt> <orogram body> <ena state>
| i <func stmt> <ena state> .
i <block cata stmt> <orogram bogy> <enc state>
<program body> ::i= <statement>
)

v <orogram bogy> <statement?>

<label> <parm stmt> <eos>

<statement> 2

<)label> <impl stmt> <eqgs>

<label> <dimen stmt> <eos> |

<label> <common stmt> <eos>

i <label> <eqguiv stmt> <eos>

<label> <type stmt> <eos>

<lavel> <external stmt> <eos>

i <label> <intrinsic stmt> <ens>
i <label> <save stmt> <eos>

! <label> <3ata stmt> <ens>

' €label> <stmtfunc stmt> <mQs>
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€f <label> <entry stmt> <eos>

X i <stmt Jlaoel> <format stmt> <eos>

= <label> <exec stmt reservea word>

<end state>

<label> <identifier> =

<label> <array element> = j

<label> <substring name> =

<end stmt>

E 3 <exec stmt reserved word> ::= 0O

1F
ASSIGN
GU

v CuNTTiue

STCP

- Sy
TN, KU S YT WA IO R I R Yoot v

PAUSE

BB A e S
-

i CALL

READ

WRITE

PRINT

CPEN

e

CLOSE

INQUIRE

" BACKSPACE

ENDFILE

REWIND

RETURN
<eng stmt> ::= EnD

<prog stmt> ::3 <label> PRUGRAM <jgentifier> <ecs>
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<block data stmt> ::= <label> BLOCK DATA <eos>

{ <lapel> BLOCK DATA <identifier> <eos>
<subr stmt> ::= <label> SUBROUTINE <identifier> <eos>
7, X ! <lapel> SURROUTINE <arg list> <eos>
| <func stmt> ::= <label> <func id>

i { <label> <number type> <func ia>

! <label> <char type> <func ia>

FUNCTTIGN <identifier> <eo0s$>

x <fumc 13> ::

=
-

FUNCTION <igentifier> ( ) <eos>

5
-

FUMCTION <arg list> <eos>

<parm stmt> ::= PARAMETER <iQentifier> = <constant>
\ <parm stmt> , <identifier> = <constant>
<impl stmt> ::= IMPLICIT <impl list>
i <impl stmt> , <impl list>
<impl list> (:= <impl list heaa> <letter range> )
<impl list head> !:= <number tyoce> (
v CHARACTER (

¢+ CHARACTER % <integer constant> (

i <impol list head> <letter range> ,

<letter range> ::= <identifier>
i <identifier> = <ijdentifier>
! <dimen stmt> ::= DIMENSION <array decl>

i <dimen stmt> , <array dcecl> 3

<common stmt> ::= COMMUN <common name> <common nlist item>

}! <common stmt> , <common nlist item>

" ]
,
|
:

a7
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<common name> ::= <empty>

1 <label common name>
! <double slash>
<common nlist item> ::= <jgentifier>
! <array 10>
{ <array aecl>
<1Qbel common name> ::= / <identifier> /
<equiv stmt> ::= EGWUIVALENCE <eauiv nlist>
<equiv stmt> , <eauiv nlist>
<equiv nlist> ::= <equiv nlist head> <eauiv nlist item>
<egquiv nlist head> ::= ( <eauiv nlist item> ,
i €equilv niist heaa>
<equiv nlist 1tem> ,
<equiv nlist item> ::= <identifier>
i <array id>

{ <array element>

i\ <substring name>
<type stmt> := <numper type Stmt>
{ <char tyoe stmt>
<number type stmt> ::= <number type> <type item>

{ <number type stmt> , <tvge item>
<type item> ::= <jgentifier>

{ <array id>

} <array decl>
<char type stmt> ::= <char type> <char name>

1 <char type stmt> , <char name>
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<save

AR RS

'® <save

<save

<data

<data

<data

<data

<external

stmt>

list>

item>

stmt>

list>

heada>

nlist

<char name> ::= <jdentifier>

{ <identifier> * <char len>

\ <array gecl>

<array decl> x <char len>

<array 14>

i <array i1d> * <char len>

stmt> ::= EXTERNAL <identifier>

¢ <external stmt> , <identifier>

<intrinsic stmt> ::= INTRINSIC <identifier>

i <intrinsic stmt> , <i1dentifier>

$= SAVE <save item>

v <save list> , <save item>
t:= <igentifier>

v <array id>

i <laoel common name>

$= <data list> <data clist item> /

$= <data head> <data nlist item> /

<gata list> <data clist item> ,

¢= DATA

1+ <data heaag> <data nlist item> ,
item> 1= <jdentifier>
! <array id>

! <array element>

! <suostring name>

! <implied do list>




<data clist item> ::= <jdgentifier>

<constant>

<integer constant> x* <constant>

i <integer constant> * <idgentifier>

<t R
-

<identifier> x <constant>

Y

<identifier> % <igentifier>
<implied do list> ::= ( <array element> , <do list> )

i+ ( <implied do list> , <do list> )

eSS PERCSEAE ke

<stmtfunc stmt> (:= <ara list> = <exp>

v <icentifjer> () = <exp>

T R

<entry stmt> ::= ENTRY <identifier>

i ENTRY <aro 1list>

i EMIRY <ijgentifier> ()
<format stmt> ::= FOrRMAT <format inout>

<jgentifier> = <exp> , <exp>

<do list> ::
!\ <identifier> 3 <exp> , <exp> , <exp>
<func ref> ::= <identifier> ( )
i <arqg list>

<arg list> ::= <arg head> )

<arg heaag> ::= <jdentifier> ( <arqg element>

<arg heaa> , <arg element>

<arg element> ::= <exoc>
i €array id>
§ %
<array decl> ::= <array id> <dimen decl list> <dimen decl )

<dimen decl list> = (

<dimen decl list> <dimen decl> ,




<dimen decl>

EEIDC SRR, 2 SN

gl

<array

T R Lsiesnon

-

<substring decl> :

element>

<aray element list> ::

<substring name>

= <exp>

. o
)

v <exp> : <exp> f'

<array element

¢ e =
-

lTist> <exp> )

= ia> (

<array

! <array element list> <exe> ,

t= <identifier> ( <substrina decl>

t <array element> ( <substring decl>

v + <exp> )
o)
i <exp> $:= <lgaical term> ‘_

i\ <exp> JUR, <loaical term>

<loaical term> ::= <jiogical tactor>
i\ <locical term> AL, <logical tactor>
<logical factor> ::= <jogical primary>
| t «NOT. <loaical orimarv>

<logical orimary> ::= <cnar exp>

<char exp>

I <arith exop> 3

{ <char exp> <rel op> <char exp>

<arith exp>
<char exp> <gouble slash> <arith exp>

. \4
t= <arith term>

' + <arith term>

i\ = <arith term>

! <ari1th exp> + <arith term>

i <arith exp>

<arith term>

>l




<arith term> :!= <arith factor>
\ <arith term> / <arith factor>
1 <arith term> * <arith factor>
<arith factor> ::= <arith primary>
} <arith factor> <expon 0p> <arith primary>
<arith primary> 3= <constant>

! <igentifier>

<grray element>

<substring name>

<tfunc ref>

-

<paren exp>
<paren exc> 1:= ( <exr> )
<constant> :!= <integer constant>
<real constant>

<dole ore constant?>

<loaical constant>

« <char constant>

<complex constant>

<complex constant> ::= ( <real constant> , <real constant> )
<rel op> 1:= LT,
: .L&.

.Eu.

«.NE.

.Gr.

.Gt.

<loaica! constant> ::= TRUE.

i JFALSE,

:
4
i




<number type> ::= INTEGER

¢ REAL

ST Ee e RN R .

toans

DOUBLE PRECISION

| ! COMPLEX
3 2
i ! LOGICAL
x

<char type> ::= CHARACTER

P Ol o

i CHARACTER * <char len>
<char len> ::= <paren exp>
i <integer constant>
G O )
<label> ::= <emoty>

i <stmt labeli>
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APPENDIX B = FORTRAN GRAMMAR SECTION TwO

<program> ::= <program body> <end stmt>
<program body> ::= <statement>

{ <program body> <statement>
<statement> ::= <label> <data stmt> <eos>

! <label> <logif stmt>

<lapel> <ao stmt> <eos>

! <lapel> <entry stmt> <eos>

i <stmt label> <format stmt> <egs>

i <logif exec stmt>

<logi1f exec stmt> ::= <label> <assign stmt> <eos>
! <lapel> <goto stmt> <eos>

! <lapel> <aritnif stmt> <eos>

i <label> <continue stmt> <ecs>
{ <label> <stoo stmt> <eos>

t\ <label> <pause stmt> <eos>

\ <lapel> <call stmt> <eos> :
{ <label> <return stmt> <eos>
i €label> <read write print stmt> <eos>
\ <lacel> <open close inquire stmt> <eos>
! <lapbel> <packsoace enufile rewind stmt>
<eos>
<end stmt> ::= END

<data stmt> ::= <data list> <data clist 1tem> /

5S4
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<data list> :!= <data head> <data nlist item> /
{ <data list> <data clist item> ,

<data heaa> ::= DATA

\ <0data heaa> <data nlist item> ,

<data nlist item> ::= <jdentifier>
[}
1

<array id>

! <array element>

! <substring name>

! <impliea co list>
<data clist i1item> ::= <identifier>
\ <constant>

\ <imteger constant> * <ccnstant>

! <integer constant> x <igentifiar>

i <identifier> % <constant>
! <identifier> % <igentifier>
<implied do list> ::= ( <array element> , <do list> }J
i ( <implijed d0 list> , <ago list> )
<pause stmt> ::= PAUSE
i PAUSE <inteaer constant> 3
i PAUSE <crar constant> q
<stop stmt>.::= sSTQP
' éTOP <integer constant>
i STOP <char constant>
<continue stmt> ::= CONTINUE
<return stmt> ::= RETURN

! RETURIN <exp>

<arithif stmt> ::= It <paren exo> <arf slapels>
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<ait slabels>

<loaif stmt>

<assian stmt>

<do stmt>

<goto stmt>

<stmt laoel |

<call stmt> :

<entry stmt>

<format stmt>

- -

1= <integer constant>
<integer constant>

:= IF <paren exp> <loagi

::= ASSIGN <integer constant> ID <jdentitier>

! <identifier> = <exp>

¢+ €integer constant>

f exec stmt>

<array element> = <exp>

<substring name> = <exp>

DO <integer constant> <do list>

= 60 TO <inteoer constant>

GU 10 <stmt label list> ) <exd>

GO 10 <identifier>

Gu TO <identitier> <stmt |3avel

lisE>

st> 1tz ( <inteacer constant>

! <stmt label list> , <integer constant>

= CALL <identifier>
CALL <ara list>

t= ENTRY <identifier>

i ENTRY <arqg list>

it ENTRY <jgentifier> (

)

::= FORMAT <format inout>

<open close i1nquire stmt> ::= <open ¢

<exp>

lose inguire head>

)

\ <ooen close inquire heaa>

<io spec> )

<open close 1nqQuire head> ::= (PEN (

1 CLOSE (

t INQUIRE

Se

(

’




gé ! <open close inauire heau>
; <exp> ,
E | : ! <ooen close inaquire head>

<io spec> ,

L .

<backspace endfile rewing stmt> 3:= BACKSPACE <ber list>
!\ ENDFILE <ber list>
{ REWIND <ber list>
<ber list> ::= <exp>
3 it ( <exn> , <io spec> )
i ( <io scec> , <exp> )
<reaq write print stmt> (= <read print stmt>

<read write c1 list>

<read write 10 list>

<reaqg print stmt> ::= KEAD <exp>

FEAD <arrayv 13>
! REAU =*

PrRINT <exp>

PRINT <array 14>

PRINT =
\ <read print stmt> , <jo list i1tem>
<read write io list> ::= <read write ¢c1 list> <ip list item>
\ <read write io list> ,
<jo list item>
<read write ci list> ::= <read write heaag> <ci list 1tem> )
<reaqd write nead> ::= <read paren>

1 WRITE (

! <read write heag> <ci list item> ,

Ll e O AR e
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<ci list item> ::= <exp>

{ <io spec>
E { <array id>
HE
<array block item> ::= <array element> ! <array element?
i <array element> :
i ¢ <array element>
<io implied do list> ::= <complex head> <do list> )

<i0o do list nead> <do list> )

<ipo go list neada> ::= <complex head> <exp> ,

( <array 1d> ,

( <array olock 1tem> ,

i ( <io implied do list> ,

! <ip do list head> <io list i1tem> ,

<io list item> ::= <exp>

BRSURBPRSE ST AL 5 0 1)

\ <array ia>

{ <array block item>

S o s s . A

' <io implied do list>

<ipo spec> ::= UNILIT = <exp>

m
x
P ol
"

<integer constant>

o
m
()
n

<exp>

m
<
O
"

<integer constant>

FMT <array i1d>

-

FMT

<exp>

FMT = =

FILE = <exp>

STAfUS = <exo>
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! BLANK = <exp>
! ACCESS = <exp>
! FORM = <exp>

! RECL = <exp>

! MAXREC = <exp>
' EXIST = <exp>
! OPENED = <exp>

1 MUMBER = <exc>

NAMED = <exp>

-

NAME = <exD>

NEXTREC = <exc>
<ag list> ::= <igentifier> = <exp> , <exp>

<igentifier> = <exp> , <exp> , <exp>

<func ref> ::= <jdentifier> ( )
i <arqg list>
<arg list> ::= <arg head> )
<arg head> ::= <identifier> ( <ara element>
! <ara heaa> , <arg element>

<arg element: ::= <exg>

! <array id>

{ * <integer constant>

HE
<array element> ::= <array element list> <exp> )
<aray element |list> ::= <array ia> (

i <array element Jist> <exo> ,

<substring name> ::= <jdentifier> ( <substring decl>

¢+ <array element> ( <substring decl>
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<substring decl> $:= <exp> : <exp> )

-
.0
A

<exp> ::!= <loqical term>
B i <exp> .0R. <loaical term>
<loagical term> ::3 <logical factor>
} <logical term> .ANU. <logical factor>

<logical factor> ::= <logical primary>

v MUT. <loaical orimarv>

<logical orimarv> ::= <char exp>

i <char exp> <rel op> <char exn>

<char exp> ::= <aritn expgd>
<char exp> <doubie slash> <aritn exp>

<arith exp> ::!= <arith term>

+ <arith term>
i = €3rith term>
' €aritn exp> + <arith term>

! <arith exp> = <arith term>

i <arith term> $:= <arith factor>

V <arith term> / <aritnh factor>

i <arith term> % <arith tactor>

<arith factor> ::= <arith primary>
| i <arith factor> <expon oo> <arith primary>

<arith primary> $::= <constant> |

i <icentifier>

i <array element>
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i\ <substring name>

' <func ref>

! <paren exp> i
<paren exp> ::= ( <exc> )
<constant> ::= <integer constant>

<real constant>

<dble pre constant>

<logical constant>

<char constant>

i <complex constant>

<complex constant> ::= <comolex head> <Xexp> )

<complex heaa> 1= ( <exp> ,

<rel op> ::= .LT.

i oLE.

+EG.

«NE.

.G‘.

.GE.

<logical constant> ::= ,TRUE,

+ «FALSE.
<label> ::= <empty>

! <stmt label>
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APPENDIX C = FORTRAN GRAMMAR FOR STATEMENT ORDER

<program> ::= <program unit>

'\ <subprogram>

! <suborogram> <program unit>

<program unit> ::= <matn orogram>

\ <prcgram unit> <subprogram unit>

<subprogram> ::= <subprogram unit>

v <subprogram> <suporogram unit>

?':3
A
4
i
ot
o
i
4
1
oq
i |
»
o]
)
)
]

<suborogram unit> ::i= <fynction suooroqgram>

\ <suvbroutine sukproagram> : |
! <olock cata subprogram> |

<main orogram> !:= <prog stmt> <main brogram boay>

<main program body>

<subroutine subprogram> ::!= <subr stmt> <sub pbrogram body>

' <subr stmt> <main program bocy>

{ <suopr stmt> <block data body>
V <subr stmt> <end stmt>

<function suborogram> ::= <func stmt> <sub preogram body>

<func stmt> <main orograr bocdy> 1

<func stmt> <plock Jata body>

<func stmt> <eng stmt>
<block data suborogram> ::= <block data stmt>
<block nata boay>

! <pclock data stmt> <eng stmt>

i
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el

<main program body> ::

<sybprogram boagy> ::=

<block

<k loxl

<blok?

<blok3}

<mainl

data boay> 3

ymol>

spec>

data>

impl>

o

!\ <main2 spec> <end stmt>

<

-

<

<

<
1 <

! <blokl spec> <end stmt>

i <olokld gata> <enad stmt>

<parm

<hlnk!
<blok!
= <spec
<blok!
<blok?2
<blokx?
= <data
<blok!
<blok?

<blnk3

= <maind exec> <end stmt>

<mainl

subl imol> <endg stmt>
suol spec> <end stmt>
sub3 func> <eng stmt>
subd exec> <eng stmt>

suoS return> <end stmt>

<blokl

stmt>
stmt>
impl>
impl>
stmt>
imol>
spec>
spec>
stmt>
impl>
spec>

data>

imol>

<mains$ func> <end stmt>

inol>

<impl

<parm

<spec
<spec

<parm

<data
<data

<data

= <format stmt>

<hlnk]l

<mainli

impl> <format stmt>

impl>

<impl

<enag stmt>

<ena stmt>

stmt>

stmt>

stmt>

stmt>

stmt>

stmt>

stmt>

stmt>

stmt>




i <mainl impl> <parm stmt>

{ <mainl impl> <format stmt>
& <maind spec> ::= <other spec stmt>

{ <blokl impl> <other soec stmt>

i\ <bloké spec> <other spec stmt>
: i <blokl spec> <format stmt>

¢ <mainl imol> <other spec stmt>

3l

AT

=8 i <mainl impl> <spec stmt>

i <maind:- spec> <other spec stmt>

g

{ <main2 spec> <spec stmt>

AR AR A

4 .

4 \ <main? spec> <parm stmt>

; v -

1 v <matng spec> <tormat stmt>

1 <maind tunc> ::= <stmtfunc stmt>

i <bloxk]l impl> <stmtfunc stmt>

i <blok?l spec> <stmtfunc stmt>

i <blok3 data> <stmtfunc stmt>

i <blnakd data> <format stmt>

i <mainl impl> <stmtfunc stmt>
{ <mainl impi> <gata stmt>
}} i <maing spec> <stmtfunc stmt>
i, <maind spec> <gata stmt>
! <main3 func> <stmtfunc stmt>
1 <main3 func> <agata stmt>
¢ <main3 func> <format stmt>

<maind exec> ::= <exec Stmt>

+ <blokl impl> <exec stmt>

! <hlnok2 spec> <exec stmt>
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<subl spec>

e —

<blok3

<mainl
<maind
<main3
<maind
<maind
<maind
<entry
<plokli
<mainl
<subl

<suo!

<suo!

<subl

<save
<blokl
<ploke
<blok?
<mainl
<mainé
<maing
<supbl i
<subl i
<sub?
<sup?
<sub?

<sub?

spec>

spec>

spec>

spec>

data>
impl>
spec>
func>
exec>
exec>
exec>

stmt>

<exec stmt>

<exec stmt>

<execCc stmt>

<exec stmt>

<exec stmt>

<data stmt>

<format stmt>

impl> <entry stmt>

1impl> <entry stmt>

stnt>
impl>
spec>
spec>
impl>
soec>

soec>

impl> <iympl stmtg>
impl> <garm stmt>
imol> <format stmt>

impl> <entry stmt>

<save stmt>

<save stmt>

<entry stmt>

<save stmt>

<save stmt>

<entry stmt>

mp)l> <other spoec stmt>

mol> <spec stmt>

<save stmt>

<other spec stmt>

<speCc stmt>

<parm stmt>




<sub? spec> <format stmt>

A2 b s

2 ; ! <sub?2 spec> <entry stmt>
<sub3 func> ::= <subl impl> <stmtfunc stmt>

E? : ! <sypbl impl> <data stmt>

<subl2 spec> <stmtfunc stmt>

ST Raziten A rin .

<subl spec> <data stmt>

S o
S

<blok3 data> <entry stmt>

e ! <mainld func?> <entry stmt>

<sub?d func> <stmtfunc stmt>

<suod func> <data stmt>

<sub3 func> <format stmt>

<s5u03 furc> <entry stmt>
<subd4d exec> i1:= <subl impl> <exec stmt>

i <subl spec> <exec stmt>

-

<subd funmc> <exec stmt>

<mainy4 exec> <entry stmt>

<supd exec> <exeC stmt>

<subd exec> <gata stmt>

<subd exec> <format stmt> 5

<subd exec> <entry stmt>
<subS return> ::= <return stmt>

! <blokl impl1> <return stmt>

<blokl spec> <return stmt>

<plok3 gata> <return stmt>

i P it

<mainl impl> <return stmt>

o 8 <t

<mainl soec> <return stmt>

<main3 func> <return stmt>

66




<main4 exec> <return stmt>

imol> <preturn stmt>

<subl

<sub? spec> <return stmt>

<subd func> <return stmt>

<subd exec> <return stmt>

<suoS return> <return stmt>

<subS return> <exec stmt>

<subS return> <data stmt>

return> <format stmt>

<suoS

<subS return> <entry stmt>

<dimen stmt>

<spec stmt>

<commaon stmt>

<eauiv stmt>

<tyoe stmt>

<other spec stmt> ::= <external stmt>

! <intrinsic stmt>

<exec stmt> !z <assign stmt>

<goto stmt>

<arithif stmt>

<logif stmt>

<do stmt>

<continue stmt>

<stop stmt>

<pauyse stmt>

<read stmt>

<write stmt>

<print stmt>




<rewina stmt>

<pbackscace stmt>

<endfile stmt>
<open stmt>

<close stmt>

<inquire stmt>

<call stmt>
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