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ABSTR A CT

&

The design and implementation of an LA LR( 1 ) F0R1R~~N

grammar has been described. Desion reoui -rements ari d

V recommendations for a 16K- byte m icrocom puter system, whi ch

would al l o w  the use of the FORTRAN oroqramm iri g l anguage as

ge fine~ by the aramma r i nir ,lemer itatio ri , have been presenteo.

T he prooosed system consisted of tri re e subsystems: a F1,PJ P A ~1

com p i l e r  based on th e grammar im p lementat j on which produced

V an ~nter m ed -iat e l ancuage, a l i n k i n g — l o a d e r  that enaoled

inoepe no en t ly com o ilec oroqram u n i t s  to ce li n k e o ,  ar .- ar’

• inte rpreter t h at  e x e c u t e d  t h e  in termed ia te lanauar i e on t n ~~

sp ecific target mac h ine.

LI 
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I -1. INTRODUCTION

A . Hi STORY OF THE FO RTP~~N LA NGUAGE

FORJR Ai~
j 
~as produced in the late 1950’ s for use on It~

computers. W i t h  the hackino of IBM , F O R T R A N  became ~ i u e l v

acce pted and was subs equently aevelopea for many “~ach ine s

curing the 1961)’s. the A meri can Na ’ior ial Standar os

Co mm i ttee so eci f ic a t i c ri of FOR T RAN in 1~~ob 121 h~~s a r a a u a l l y

oecome accepted ana mO S t oresent c o m p i l e r s  Con form to t~~~i S

In 1’~76 the c o m m i t t e e  a e v e l o pe a  a cra ft pr~~oos e d

umer icar , ~ati on a ) Standarj FORTRIN~J t 4J as a reniacement for

the orig in al Standaro. [he FO RTRA N lanoua~ e a e f i n i t i o n

aescriheci in the procosed Staridaro in clu ded essenti al l y a l l

features of the or ioi na l Staridara w i t h  the major ex certio r ’

be ing the removal of the H o l l e r i t h  da Pa type. A numeer of

ad oi t ion a l c a c a b i u i t i e s  in c luding a character data tyce and

f i l e  oriented input /output were also added to the lariauage .

FOR 1,~4hj has made a si gn ificant c o n t ribution to comoute r

technol ogy. Its develocmen t pr ovided a language that was

easi l y learned by a wide va r iety ~ f peocle ama t ha t  ~as

a v a i l a b l e  for use on e x i s t i n g  haraware . ny p ro v i cin c a

packed stateme nt form w h i ch oio not rel y on the presence of

blanks , fOR TRA N ~ l l ~~w~~cj more ef f i c i e n t  storage of pro crams

8
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and greater ease of programming. W i t h  Ine use of the

equivalence stateme nt, the con t ro l of storage all o c a t i o n  t~y

the programmer was oer rni tted for the firs t time. 19]

Since its ori aina l d e f i n i t i o n ,  FORTRAN has become the

standard s c i e n t i f i c  computer lanaua~ e. beca use of t he

p o r t a b i l i t y  of programs w r i t t e n  i n  FORTr~AN it has als o

become a common intermediate la r~guaae that has teen

yeneratec cv languace processors and compilers, as w e l l  ~s

one of tre standard lanauages for o~~oqram p o r t a b i l i t y .

b . ThE USE OF FURl ~~~r~; .~ITH ‘~ICPUCU~~PUTE k ~YSTEV S

rece nt aavances i r  t r~e c o ns tru ct i on ot d i a i t a l  c i r c u i t s

have resul ted in the a v a i l a b i l i t y o f low— cost LSL C~~m out er

compo nent -s. t hese Comp onents , w h i C h  i nc lu 4 e  c e rt r~~1

processin g units, m emory systems and per ip h e rals for

input /outp ut, can be comoined to form a d i g i t a l  comouter

known as a microcomputer. A large number of a c o l i c a t i o n

areas for m -icrocom outers have been iden t if - i e a, such as

in t e l l i g e n t  term in a l s, dedicate d orocessors ana mi n i co rro u t er

control tasks. 1111

In contrast to the advanced technology u t i l iz e d  in

microcomputer hardw are , the software desigrieo to suoport

micr ocompu ters ha been slow in dev elopin a . A great cieiI ~ f

app lications wO rm has been done d i r e c t l y  i n  m a ct ’~ ne lan ’~ua~~e

since m icroco mp ut er conf io u r at i on s hav~ often l~~Ck~~ t~~e

memory and irlout/ outpu t capaci t y to supoort rroqram

9
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oevelop ment in assembl y language. [he use of assembl y

l anguage has ceeri supported by man y m icrocom p uters and ,,hen

combined w i t n  a text editor and oebugq -ing aids formec a

- 
- - . useful packaae for the programmer. To date, very few hi qn—

-
~~~~~ level la nguages have been develope c for use on a

microcomputer system. PLM To) i currently the onl y h i~~n—

level microcom puter systems program ming languace which is

w i a e l y usea .

.~i th the exp anci n g number ~ f a p p l i c a t i o n s  #or

mic rocomo u terS, h i - ~h— l e v e l  larguaaes must assume an

ir ’cre a s in o lv imo or t an t ro le i n  th e deve i j oment o f sct~~~are

for use on ri cro c omo ute r system s. ~~~ i r n o l e m e f l t a t~~ort Q~ ~~~~

f O R 1~IAN l anauage cou lo be a valua ~~le a d d i t i o n  to th e ~ imr ~—

level languages th a t can he u t i ) i z m o  for cr i cr o cml r r u t er

sof tware supp ort.

The purpose of this paper is to describe tne äesion and

implementatio n of an LA LR (1 ) FO R TRAN grammar for use ~ i t b  a

se l t— hostea com oi ler. An overall System desion to suPport

the fO RTRAN l anguage on a m icrocom out er system is a l so

descriced.

C. MOTIV ATION FOR ~~~ LA LP (1 ) GRA MMA P

One ~ 1 the maj or techrltaues usea in current c om o i l e r

construct ion is cased on work done by !~riuth L~3 J, whO

aev e lo ~ ea dete r m in i st i c  oarsin g a l g o r i t h m s  for th~ ).ft— to— - :

r i ght tra n sla ti on of languages defined h~ L~~(k) grammars. A -
~ 

-
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grammar is LR (k) i f each sentence it generates cam he parsed

from left to ri ght in a sing le scan w i t h  at most k lookahead

sy mb ols.

LN (k) gramm ars have several advantages , They are

unambiguous. Constru ct ,on al o o r i t h m s  exist  for t h i s  cla ss

of grammar that can b u i l d  parse action tables. A parse r can

use the tables procuced by the anal yzer to aeter m ine i f

language statements ~ef inei cv the gramm ar are w e l l — f o r m e d .

L~~(k) gramm ars al~~avs re cu ire ~i loo kaheac ~~f K symb ~~ l s

for the parser to JetPrr ”in e  t he nQ -xt  st~ite. L~~Lr~(<)

r~~r r r a rs  r ii 4 fe r f r c -  r ( K )  in t k at t~~e looKa re~~-~ 1~~ On l y

~er forme~ wnen necessary , thus prod u cin g m u c h  sm a l l e r  oar~~e

tacles. Ihe largest class of cur re n t l y i ’ro lem en t a cle L’~(K)

grammars are LA L iICI ) .

An e f f i c i e n t  oarser can ce w r i t t e n  to int er o ret carse

action taol es for LALR (1 ) grammars 1 1 1 .  The carser t s a

t able—ariven oushdowri automaton tha t assumes a seauence of

sta tes (shift, reduce, accept . or error ) w h i l e  scann inG tr ~e

inpu t. Uecisio n s are based on the next input Symbol and —

information accumulated ~~
r a parse tack. The fina l state

indicates whether the input was w e T l — f o r m e ~~.

the a v a i l a b i l i t y  of such an LA L R Parser Generator [H))

for use i n  deve lo cing a FORTkA (~e grammar was the major factor

in d eterminin g the method of construct in g a com o i l e r  4or use

in the i m p l e m e n t a t i o n  of the IOR T R 4~ language on a

11
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microcomputer system. The LALR Parse r program accepts a

~ackus i~aur For m (We i F )  grammar d e f i n i t i o n  as imp ute aria t n e

number of lookaheads allowed, and determines if the gramma r

is amoiguous. If the grammar is acceotaole then parse

tables are Produced that can be used wi t h  a parser , and

sy ntacti c and semanti c analyzer routines, to provid e thp

basis for the systematic construction of a compiler. m e

parse tables that are produced are compa t io le w i t h  tne PLM

program m ir e a lanm uage but can be modif i e d  for use w i t h  oth er

la nguages.

t~~e L~~L~ Pars er Gem era~~or was i f l s t r u m e n t a l  ir r ip

aevelo pr n ent of the l ar ~~ cr~~mmar necess ary for ~~~~~~~~ s~~~ce

sNF o e f i n i t i o n s  cou la ce t-estea an~ dehuage~ i n c r e m e n t a l l y

as the grammar was develor’ed .

_ _ _ _ _ _  V~~~~V V~~~~~~~~~~~~~~ V V ~VJi~ ~~~~~~V V V V V VV V~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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II. GRA MMAR SPbCLFICA TION AND OESIG~

A. INTR000CIIUN

This chapter describes the reouiremerits, goals, and t he

desi gn decisio n s considered during the aevelopeent of t~’e

LA L Rr.l) FORTI~AN grammar. In aa d it i on , suoaested extensi on s

to the grammar are inc ludea .

The fi n a l  twO pass ve r sion of the LA L~~(l) FU PI~~A~

~r amrnar is cont a in ec in ~e open o1ces ~ ano B. Tr~~ S y f l t a x  ~~

the FOi< I~~AN statem ents tn-a t t h i s  aramm ar defines is in c lu d e a

in the 197d dra ft proposed Amer i can Na tio na l ~tanaar1

FOp~l li A N . The few deviations from the proposed Stanrlaro are

noted i n  the “Statement Restrict i ons ” section in t hi s

chapter.

3. ~WAM friA R SPEC IFlCI~TION

T he syntax of inai v io u al FORTRAN statem en ts aria tt~e ir

correct ordering w i t h i n  program units described in tne

proposed ~ta ndara were usea to form the basis of tne grammar

desi gn. It should oe noted that the grammar aeveloped to

defi ne the oroposea Stan~~ar~ also syn t actic a l l y  defines the

l9bb A~~SI Sra mcia rd FOR TRAN . Not considered ire tn e des -iqn ~ f

the grammar were languaae extensions that have been mace ~o

1 ’
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ANS i Standard FORTRA N bY l anguage orocessors, unless they

have been included in the Proposed Staridaro .

C. GRMMMA R DESIGN

FO~l tR A N  as described in Refs . 2 ana U has ceen

consi dered an inherentl y ambig uous l anguage. fn oruer to

com ple tel y define the syntax of the language an a in u r us

grammar is re qu ir e r i. Since LA LR (1 ) grammars mu st

unamb iguous by d e f i n i t i o n ,  t b i i n c o m o a t i b i l i t y  createa

pr oblem s during the cieveloom ent of the gramm ar.

V jn tne oesign of t r~e ~i r i m m d r  ~ w O  moc roaches were ~ a e ~

in order to solve these Problems. f i r s t ,  con sioe rati on was

g iven to exoariainci the gr amm ar to aef in e m ore tnan the

syntax al low e a when compen sating actions coula ce p erf orm ed

in the semantics of a c omp il er i m n l e m e n t i n g  the gramm ar.

Second, if that approach fai l e a then the grammar was

restricted to Oct m e  only a subset of the syntax of tne

I anguage.

1. Des ign Goals

T he design goals for the LAL P~(1) FORT RAN grammar

were: (1) to adhere as closely as p ossib le to the procosed

ANS Standara requirements of the FO R T i-AN language

a e f i n i t i o n ,  (2) to m a i n t a i n  overall s i m p l i c i t y  in tr i e

grammar and (3) to develon a oramm ar small ennuon to ~e

-
~~~~~~~ 1~~ 
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ut iliz e d  in a self—hosteo compiler for a m icrocom p uter

sys tem w i t h  lbK bytes of mem ory.

2. Toke ns

The tokens in the i n i t i a l  grammar desic re consisted

of spec ial characters , reserved words, an id e n t i f i e r ,  a

state ment l aoel , a format inp ut , arid character, integer,

real and douole p recision constants. As the aram irar was

— aevelopea it was necessary to create stateme n t t e r m i n a t i o n ,

array ~jen t i f i e r ,  ex cone n ti a fio n ooerator and con cate nation

pperator tokens i -ri orcer to resolve am b iguities.

a. ~eser vei , V Q r J S

In or der to recognize FO~~T~~AN ~~~ wo rdS, Such as

DIt~ .NSjU~~, CUh~~O N, P~~A L ,  etc., the use of reserved wOraS w 8 S

requirea in the language de f i n i t i o n .  Ire the ANSI and

prooosea ANS Staredar o FORTRA N key words were not reserve d

aria Cou ld also he usea as identifiers. Piowever , in oraer to

co nform to normal qrammar tec hn- ioues reserveo wOra tokens

were created to aistinguish them from identi f iers. ire

add ition to the FORTRA N key words the logica l constants

.TRUL . and .FALSE ., the relational operators .Eu., .NE.,

.G~~., ,G l., .LE. a-rio .LF., ari d the logical operators .ANO. ,

NOt ., an d .I)R . we re includ ea as reserveo w~~tdS for ease i n

later im p l e m e n t a t i o n  of the grammar.

1’)
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b. Statem ent Ferm - in ation

T he FORTRAN language does not have a sp ecial

“end—of—statement ” aet i m i ter equivalent to the oerioo in

CObOL or the semicolon in ALGOL. Thus, in order to

term inate each statem ent a ef i nitio n in the grammar an

of—state ment ” token ~as created. ~ itho ut this token, the

LAL R Parser Generator was unable to di f f e r e n t i a t e  betwee n

in d i v i d u a l  statements in th e laricuage. The use of t h i s

token must ce imo lemer ited in any com o i l er that u t i l i z e s  ~he

grammer but shgul~ he transp arent to th e user ot tr i p

com p iler.

c. Stateme nt Lap els

T he sp ec ial token “statement l a be l” was used to

uef i oe the statement lao e l s given to sp ec i fic statements.

lfowever , refere nces to statement labels w i t h i n  a statem ent —

(e.a., GO TO 1 0) were cief inic a as integer constants.

d. 3oecial Characters

Our i ria the develo pment of the grammar tie

i n i t i a l  se t of soecial characters caused ambi guities in the

de f inition of an exoress -ion. The differences in the use ~ f

the m u l t i o l i c a t i o n  operator * and the exponent i ation

V opera tor ** could not be resolved. A si m i l a r  pro olem was

encountered w i t h  the ci v i d e  operator / ari d the concaten ation

ope rator II . It became necessary to create adaitiona l

10
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tokens for t he exp onenitiatio ni oPerator and the concatenation

ooerator .

e. Form at Inpu t

The “format input ” token was inclu aed in the

- 
- grammar design to a l low format statements to be handlea in

the semantics of a compiler im o leme ri tir i a the grammar, rather

than in the grammar.

f. plead Paren

A major problem was encountered in aeve l op in o

th e gramma r to ce fine the FuPTP,~’~ r eag  stet e~ en~~. T~~

syntax of the un t orm a ttel read statem ent ~as Pt.A u I ~cont rol

information l i s t >  ),  w h i l e  the Syntax Cf the form atte a real

statem ent was p
~E,~D <for-rat> . ~‘itb p 0th th e form at ar’.i t r i m

con trol in formation l i s t  al low ed to he an exr ’ressicri , a

aescr ipti on of the synt ax of the two reaa statem ents c e c a r r a

t~EAL ) ( <expression> ) and REA O exQr ,ssion> . Sin ce t r i m

expression synt ax in cluded a ru le that stated <exr ,resslon>

::= C <exp ressio n> ) there was no way for an LA L~~(1) oramm ar

to unamb iauous ly define both tynes of read statement. t~

solve this pr ob lem a “read pare n ” token w A S  createa to

define the beg inning of an unform att ed reaa statem ent.

Although it is synt acticall y correct to paranth es ize tri m

forma t in th e form atte d read, in u t i l i z i n o  t-hC grammar th~

aes ign imposes tri e recuire’n,nt t ha t  a p arent hes is f o l l o w i n g

~
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the HEAL ) automaticall y indicates an unform atteo read

statement.

g. Identifiers and Array Ide n tifie rs

Ide nt i fiers were i n i t i a l l y  designea to be any

sequence of one to six letters or numbers beginn ing wi t h  a

letter, which was not a reserved wora. however, a prpolem

was encounterea in di ff ,renti a t in o between function

refere nces and array element references. The syntax of both

as defi ned in t r i a  oronosed Stanaard con sists of an

i d ent i fier foll g we ~ oy a p arenthesi zed l i s t  of exp ressio n s ,

for exa~rcl e A (u,),d) ar’~ ~~~~~~~~~~~~ Thus , in ~) r ’j e r  to

resolve this  p roblem an array i d e n t i f i e r  token was createn .

,)isti ri~ u i s h i r i a  b etwe en iu ,r it i fi ers and arr øy

identif i ers remai n s a n o n t r i v i a l  p roblem and must om h~~niale rj

in the semantics. Oeperiairia or~ the techni que usea it rrav

i mpose the reauirement that arrays cannot he referenced

pr ior to thei r d e f i n i t i o n  i- ri a dimension statement.

3. Ex pressions

The init ial grammar design included the FORTRAN

ar ithm etic, character arid logical expressions as separate

en tities. These expressi ons are each core stru cte a usi a

iden tica l  operands - ici er i rif ie rs, array element references

and functio n references. Ihe sp eci fic tyne of each operand

(c har acters intener, etc.) must be examined in oruer to

deter min e w h ether it iS v a l i d  for use in a p a r ti cu l d r

18
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expression. The use of these ide n tica l operands again

caused the grammar to be ambigu ous. The soluti on was to

define one oenera~ expressi on for overall use in the FORTRAN

grammar. The ru les that were develoned for t his expression

aef-i ni i t ion enforc, operator precedence for each tyoe. The

semantics of a comp iler that uses such a grammar must be

responsible for determining what sp ecific type of expression —

is oei riy useo, ana whether the operands are v a l i a  w i t h i n

that type of exor essic ni .

An oth er orgolem encountered in the expr ess ion

ief ,r i i ti on ~as in en for cin g p aren tn e si zea exp ressions -~~~~

reQ uired in some ~iJ~~Tk A -~ statements. Tn~ syn tax 0’ a’

expression in cludep the rule <expression>

(<expression>). This  resulted in the reductio n of a

parenthe size a exp ression to an exoress ion prior to its use

in a statement. In oroer to enforce a p ar enthesi ze l

expression t h e  rule was moai tied as follows:

<expr ess ion> ::: <oaren express ion>

<paren expr ession> ::: C <expression>

The seconia rule coula then he used in any statements where

parenthes ized expressions were requirea .

4. Comd ex Constan ts

• A further ex amo le that i l l u s t r a t e s  the problems

encountered in construc t ing an LA LR (1 ) grammar is the

ae fin - it i or i reauirea f o r  a como lex constant. S y n t a c t i c a l l y  a

19
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comp lex constant was cefined as C <real constant> , <real

constant> ). However, this definition could not be usea in
V 

the grdmm ar. Examination of the followin g gr amm ar rules is

necessary in order to understand the oroblem:

<complex constant > ::~ C <real constant > ,

<re al Constant > )

<return statement > ::~ RETURN <e xpression>

<e’xp ression> ::= <consta nt>

: <paren expressio n>

<oaren express ion> ::: ( <expression> )

<constant > ::~ <r eal Constant >

oased on these ar amma r rules the he oinn ina ri f gnm

oer iv a t i o n  f~~r the return statement was ~ETU t~h 
( <real

constant > . Durin a the oarsin n of t h i s  statem ent w i t h  a left

p arenthesis and real constant on the stack tri e L~~L~ ~-‘arser

could not determi ne jf the real constant sh ou la be reduced

— to a constant for eventual use in the return statement, or

whether to stack a corr rria for ev entual use i r  a comp lex

— constant.

In attem ot in g to overcome the nrob lerr several

alternative rules were examined for the com Plex constant

a efini ti on that produced s i m i l a r  amb iguous results. The

final unambiguous definition was as follows:

<co m p lex Constant > ::: <com p lex heaa> (expression> )

- <Com p lex head> :: ( <exp ression>

These rules reauire the semantics to ceter rr in e it the

V V~~~~~~~~~~~~~~~~
- V V -
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ex pressions in the complex constant defini tion are in fact

real Constants.

S e  Input /Out out Sp ecificat i on

i he syntax of the FUPIPAN input /outout statem ents

i ncludec a large numbe r of inpu t /output sp e ci f$ cat i ons

associated wi t h  each statement , in cluding unit numbers ,

error sp ecifiers and f i l e  sp ecifiers. The ordering of these

soecifers and the sp ec i f ic inPut/output sp eci fi cations

a l lo~ e~ w i t h eecn statement were i n i t i a l l y  inclua e~ i~ t~~e

grammar design . However, oue to the large numoer of or amm a r

rules re .~u ire d t~ en force t h i s  S yn t -~* a qene ra~ in cu t/ ou t ou t

s n e c i f i c a t i o n  repl acec triem in the f i n a l  ~ rarr.m ar . P-is

requires the inter p re tatio n of sc ecif i c input /out Put

so ecifier s for the inp ut /ou tp ut state m ents in th e semantics.

o. Statement Restrictions

The grammar for the individual FUPTR~ N statements

was originall y designed to s t r i c t l y  enforce tri e syntax of

the statements in the prooosed standard. Lu rin g  tri e

develo pment of the grammar it was aecided in several cases

to de fine onl y a subset of the syntax in the grammar in

order to  dec rease  the num oer of rules. Roth the comm on and

dat a s t a t e m e n t  s y n t a x  e n f o r c e d  by the  gra mmar  a l l o w  onl y one

ria m e l i s t .  up t iona l commas for the go to , tyoe ana ao —

statements were also excluded from the arammar develoned .

- - - - ~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _
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The i m p l i c i t  statement oosed a specia l p roblem which

was never entirel y resolve d . The .lengtn so ecif i cat i on in

the character i m p l i c i t  statement can be an exr,ression and is

defined by tne fO llo win g syntax:

<-i m p l i c i t  statement> ::~ IM PLICiT CHANACT E P

* <expression> ( <letter range list >  )

The comb ination of an exp ression and a left p arenthesis

caused  a m b i g u i t i e s  in the gram mar that cou1a not he

e l i minat ed. The eventua l sol ution was to restrict the

syntax for the cha racter len gtn to an in tege r cOnst ant .

7. u ct io n a l Sta te m en t Desian

jf reouirea for semantic andl~~sis , m any of t~~e

grammar rules in upperid ices A and B that def ine t r i p FtjPTPA~

statements cou ld be restruc tured 8
VV

~~d the o v e r a l l  F U ~~ I P ~~M

g r a m m a r  would s t i l l  meet the requirements o~ an L~~L~-< (1 )

grammar .  T h e s e  a l t e r n a te  s t a t e m e n t  d e f i n i t i o n s  m i a h t  ce

use ful in semantic Code generation.

A sim p le exam ole of this is i l l u s t r a t e c  by the

following two alternate defin i tions av a i l a b l e  for thm

dim ens ion statement:

<dimension stm t> ::: L)IMENSION <arr ay declaratio n>

<dimension stm t >

<arra y d eclarat i on >

(almenSion St rn t > ::: <dimen head> <arra y aec l a rati on >

<d i me r l  riead> ::: L)I’~E,SI ON

(dimen head> <array aec larat i on>

22
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The first definition was chosen for use in the fi n al

grammar because it required fewer rules. The secona set of

rules may be desired for a compiler u t i l i z i n g  the grammar in

order to  d e t e r m i n e  when t he l a s t  a r r a y  a e c la r a t i o n  is being

processed.

8. Spl i t t i n g  the Grammar - 

V

t he o r i g i n a l  LAL i~(1) gramm ar was desiqneu t~ ~~~e fi r ie

the syntax of a l l  the statements in the FLVJ R I RA N  lar ~qua”-ie .

The i n i t i a l  gramm ar d e f i n i t i o n  tha t was aeve lopea Cort at n e-~

app r o x i m a t e l y  3~~0 rules. rh e t apl es generated t~y t he L1~LP

l~arser for t h i s  gram m ar took over 11 ~K ~vteS gt ~P Q r 9 .

Ihese tables were much too large to be imnl e ”~entQu 
jn

sel f—h os ted c om p iler for ~ lo ’( m icrocom p uter system w i t h  ~ 
V

4$~ oPerat ing system . Consequently tne gr amm ar was s p l i t

into two sections. The first section containe d the rules

for the data and environm ent d e f i n i t i o n  statem ents in cl uu i n r i

program, suhrout~~ne, fun ction , bl o ck data , form et , ert ’ ry,

aata , sp ecification and statement function statement s. Thp

second section contain ed the rules ae f i ni n g the format ,

entr y , data and executable statements.

So l itt i n g  the gramm ar in this manner had tw o

advantages. [he large table size was reduced to i~~ O ryt e s

for section one ana 4200 byt es for section t w O .  lb e s p l i t

grammar made it necessary to so li t the com p iler in to

separate orograms for each sectio n thus d i f fere n t sem ant i c

actions associated wit h  identi cal gr ammar rules CO u lo t’e

23
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var ied w i t h i n  the separate programs. For exam pl e , a

- 

-
- r e f e r e n c e  to  an arra y element could be handlea in a

different manner in each of the programs.

A s i gnif i cant disadvantag e of s p l i t t i n g  the grammar

w a s  the  d i f f i c u l ty  imp osed in th, design of a compil er t h dt

ut i l i z e s  the  gramma r  to  p ro c e s s  more than  one p rogra m un i t .

V
- -

- 
Ihe t wo gramm ars were aesigned so tha t the y could

easil y be combined f or use in a com p iler that ocerated in ~n

environ m e n t ..here mem ory size was not as restricte d .

. ~~~~~~~~~ .I V V~~L J l: .I T
V.;~~~

1. üv e rv i ew 
—

[he i n i t i a l  g ramm ar aesign in clu ge a ru les d ef i r~~r~n

the relationshi p s among proaram un its, en forcin g statem ent

order ama ae fin i r i ci tri e statements a l i o w e g  w i t h i n  tr i e oroqram

unit s. these rules were suhse guent ly aroopea p r i m a r i l y to

reduce the size of the parse tab le s. In an environment

where the s i z e  of the c o m p i l e r  i s  not c r i t ic a l  t hes e  ru les

would pr ovide a use ful extension to the grammar.

d .  Proeiram Un i t s

The p roaram u ni ts defin ed oy the FU P 1RAt ~ la nguage

a r e  t he m a i n  nrogram , ~n1 the functio n, subroutine and block

d a t a  s u h p r o o r a r n s .  .~ F()R~ R~~ oro gram m ust riav e no more tk~~n

o ne m a i n  r i r o g r a m  and can have any number of add i tio n a l
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subprograms. Further , these program units can be in any

order. Ihe LA LP (1 ) grammar rules that were aevelopea to

enforce these relatio nshi r s are as follows:

<program> ::: <program unit>

<subprogram>

<subProgram> <Program unit>

<proaram unit> ::~ <m ain pr ogram>

<program unit > <suoorogr am unit>

<suoprogram > :: <subpro gram u n i t >

<suhorocr am > <Subp rogram u n i t >

<suprogram u n i t >  ~~~ < ‘u n cti o n subp rogram >

<sub rou~~i rie ~ u rV n r o ~~ ra ’~’>

<bloc k oa ta subProgr am >

these pr oductions cgu la oe of value i f m ore than one rrogram

unit is to be com p i le r at the same time.

3. Statement Ur~~erin n

Several versio n s of an LA L P (1) gr amm ar were

aevelopea to enforce statement or deri ng w i t h i n  program units

ama the types of statements permitted i n  each proarar u n i t .

An LALR( l ) grammar th at met these reQuir ements is nresented

in Ap p end ix C. The parse tables generated for the orammar

in A p p end ix C took appr oxim a tel y 2200 bytes of m emory.

These rules ~culd oe inc lu aea in a co m p i l e r  th a t

im p l e me nts the grammar ~f th e m emory space re nu irp a is

ava i l a p l e .  An a l t e r n a t i v e  would he to substitute th e

25
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- aopropriate semant ic actio ns as is described in the aesi gn

- 

of the compiler presented later in t h i s  paper.

26
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V UI. SYSTEM DESIGN

A. OV~ I~V IEh

The system design recommended for im p leme n t ati on of the

FOR IR4N language on a mi croco mputer consists of three

; • subsys tems: a FORTN Ai ~ com p i l e r  that generates a reloc a table

inter m ediate language mo aule for each pro ararn u n i t  (mai n

• program, subrouti n es , functions, or b l o ck aata ) in tn e

-
. - f 0 ~~J f ~ source fi le , a loaa er th at l i n k s  t~~e m oaul e s t~~at

nav e been gpnerateo bV  tri e c o m p i l e r ,  an’i an Int e rp reter t~~~~t

executes the interme o ia t e lanouage.

[he system that is described is aesigned to exe cut e on

the Intel 8080 microcomputer w i t h  loic bytes of mem ory under

the CP/M (31 oper -atinc system . CP/M is a monitor control

prooram tha t provi d es a number of basic input /out Put

functions, a console command orocessor, aria a compr ehensiv e

f i l e  management package for use w i t h  a f i l e  system . Tr i ~

f i l e  System is maintained on diskettes (floppy disks) wh i c h

con tai n d5bK bytes of storage. T hi s  op eratin a system also

supports a text editor , a d yn amic dehuaqer and the Inte l

80d() assembl er. C P / M  takes ~~ bytes of mem ory ; theretore

the system desion discussed for the i m p l e m e n t a t i o n  of

FOR I1IAN has 12~ bytes of mem ory a v a i l a b l e .  The use of LP/M

or an eau i v al e n t system on the 8080 m icrocomouter a i r e c t l v

27
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affecte d the design requirem ents ama recommendations made

for t he implementation of F0RTI~AN .

B. COr~lPILER

1. Or gan i zation

S o l i t t i n g  the grammar into two sections, as noted

pr e v i o u s ly ,  had a d i r e c t  i m pa c t  on the c om p i l e r  aesign. Ire

com p i l e r  was o r i g i n a l l y  envisioned as one progr am w i t h

V p r ov i sions for m u l t i p l e  oasses. In, irr r-le me ri t a tmnn of the

s o l i t  Hik l~~AN grdmmar reguired a separate pro aran ~or eacn

gram mar and a c ont r ol p r ogram that p ro v id e~ l i n ~~age re t~~een

the two proar ams.

To execute tri e co m p iler th e user of the sy stem wcul ~

invo<e the control program , and oass the name of the source

f i l e  to oe comp ilea in the command li n e  as a Parameter to

the orogram. [he control prooram would then m anaym t r e

i nterfaces necessary between the oass 1 ama pass 2 c c m c i l e r

proarams required in the c om p i l a t i o n  orocess. The ~i ral

out put w ould be a f i l e  containing the inter m ediate lanauacie

g e n e r a t ed  by the  compi- le r .

The s y s t e m  i s  aes igned  so t h a t  the  c o n t r o l  o rng ra n

resides in m em ory auri nci the entire com p i l a t i o n .  l~’e sy mbol

ta ble area is left in mem ory for use oy the oass 2 Program

after the pass 1 procr am h s  com oletea execution. Th e ~ass

2 program overlays the pass V [  p r oo r a m  when r e u  into memor y

28
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ov the control program. The memory Config uration for the

i mplementation of thi s  design is nresented in 1-igure 1.

CO
~
’IPLLER MEMORy ORG~~N IZATIU N

h E X

31-FF

CP/~

3~~u 0

Co n trol Program

“Scratc h Pal ” A rea

Symbol Table

Pass 1 Proararn

or

= Pass 2 Program

100

System In form ation

Fi gure 1

29 V

L _ _ _ _ _ _



T h i s  s e c t i o n  C i s c u s s e s  t h e  f u n c t i o n s ,  the design

requirements ama recommen dations for the control program ,

the pass I and oass 2 programs, and the inter faces reuu ired

among them necessary to im p lement Phe FUR1A ~ com p iler based

on the LA LR( 1) FOR IRMti Qrammar .

2. Control Program

The ma in our~ ose of the contro l orogram is to

control the overall co m p i latio n process. In order to

acc omolis h t n i s  it m u St p er form two oasic functions: (1) the

loading of the oass 1 ama pass 2 programs aric the

i n i t i a l i z a t i o n  of t’~e ir execut i on , and (fl t~~e m ainte rar iC e

= - 
- 
of common in fo rma Pi on Such as compi l er toyales ama ~ ymh o l

ta ol e necessar y to both oasses. Ihis reauires tn~at tne

control pr ogram rema in in m em ory duri ng the en tir e

compi 1 at ion .

- 

I the oul k of the execut aole code for the control

proaram resides in memor y just oelow th e CP/M op erati ri c

sys tem (see Figure 1). Uoon i n i t i a t i o n  of the prooram cv

the user , execution begins at 100 hex (100)-I ) and am

imm ediate jump is performed to the first executable byte of

coae located in the unper part of memor y .

The first task the control oroqram must rerform is

to decide whet her it is b eing invok ed from eit her the pass 1

or p ass  2 prOgram or at the i n i t i a t i o n  of the F0PTPA~J

com p i l e r .  T h e  a p o r o p r i a t e  a c t i o n s  can  then be provided

30
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based on t b-i s d e c is i o n .  A control flag whi ch can be altered

by t h e  pass 1 ama pass 2 or o g ra ms  can be usea tp imp lement

V 

t hi s reauirement .

V 
- when the control program is executea for the

i n i t i a l i z a t i o n  of a com p i l a t i o n  it should perform the

fol lowing functions: (1) i n i t i a l i z e  its “scra tch pea ” a rea

f o r  use by t h e  ness  1 and oass 2 program s, (~~) save the

f i l e  contr ol block for the FQRTPA~
\. source f i l e  and open m e

f i l e  for iririut , (3) main t a i n  the f i l e  control b loc k for tri p

interm ed iate languaae f i l e  ari a open it for outPut, ( ‘-i )

i n i t i a l i z e  the symoo l table area, (5) reca th e ex~~cu tahl e

(C~~~) f i l e  for t hp  na~~s 1 oroara~ i nto m em o r y b eci nr.i r~ ~ t

100~~, ano  ( b ) j u m o  t~~ 100H to trans 4er contro l to th e pass

I program.

v~heni the control program is invo xeo at tne

com p let ion of the pass I orogram it shou l~ check for a fatal

e r r o r  in t h e  o a s s  1 phase ~ f com p i l a t i o n  which w o u l d

t e r m i n a t e  ex e c u t i o n .  If none i s  found, the CO)- f i l e  for th e

V pass  2 program can be read into mem ory and contro l

t r a n s f e r e d  to  IOOH to begin execution of the oass 2 proaram.

~V hen the  c o n t r o l  o r o q r a m i s  e x e c u t e d  v i a  a t r a n s f e r

f rom the oass 2 p ro g ra m i t should again check fpr a fatal

e r r o r  in the oass 2 p h ase  of c o m p i l a t i o n  ama terminate

execution if necessary. It must also d etermin e i f another

program un it is to be com oi -led . If an a d diti ri nal Program

uni t is to he com oil e a the con t rol program must r e i n i t i a l i z e
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the symbol table and “ scra tch pad ” area, wi t h  the exception

of com pi ler toggles , and reloaa ana trans fer control bac k to

the pass 1 program to cont inue the com p ilation process. j:f

no more program units are Present on the source file ,  the

control program must close the FORTRAN source f i l e  ama tne

interm ediate l-anouage f i l e  and return contr ol to the CP/~’

operating system.

M a i nt en ance  ~ f the f i l e  control bl oc ks by tr~

control Program for both the I-O~~TRE-~ sou rce f i l e  ari a

interme d iate language f i l e  is c r i t i c a l  to the system .

Phin t er s must ~e r n a j n t inerl  for both f i l e s  ~~ cr~~er to

~jet ermine th e correct record to oe orocessen for ir -r- u~ ~ r

outout.

[he “ sc ra t c n oaa ” area loc ated in the ~cn t r o l

prooram is a v a i l a b l e  for use by bo th the cass 1 ama pass ?

programs. Information m a in tained in t h i s  area can ir i clu a e

comp i l e r  toggles, error flags , and any oth er inter fa ce

inform ation required b y the pass 1 and oass d proorarns .

3. Pass I Program

The pass 1 program imp lements the grammar oresented

in App enaix A. rh - i s  program orocesses the FuR IPAN

s t a t e m e n t s  uo to (but not including ) the first e~ ecut ahl e

sta tem ent. Routine s for syntactic aria sem antic a n al y sis ,

symbol tabl e m an ip u la t ion , and a parser must be in c lu d ed in

the oroaram. T his sectio n discusses the design req uire m ents

________________________
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imposed by the FORTRAN grammar and some ad a ition al design

c o n s i d e r a t i o n s  n e c e s s a r y  for implementation of the program.

The parser and scanner descrioea in this section were

imp l emented aria tested .

a. P a r s e r

[he parser that was adootea for use with tri m

pass 1 orogram is based on the parse action generation

-
~~~~~ algorithms usea to analy ze LA LP (1 ) gramma rs.

The parser Contro ls th e execution of the ‘ass I

prog ram. It receives a series of token s from tr i m sc~inn~~r

ana amal y ?es them ta c e t erm i n e i f they fo rm a v a l i i  Ser t e~~C~~

in the HJRTf~A t—l gramma r. It bases t h i s  decision on the ne ,f

input toKen and ~n fo rmat i cn p rev i ous l y accur ru ie ted on a

parse stack -where th e parser states are m ai ntained.

The basic actio ns performed Dv the parser

include a shi ft actio n tri at reads a flew token ari a pushes tri m

pre vious state onto the stacKs a reduce state that poos I- ri o

number of elements equal to the handle of the oro duction and

o u ts  a new s t a t e  or’ the stac k, ar-i a c c e p t  s t a t e  t h a t

i n a i c a t e s  t r i e  input c o n f o r m s  to  t h e  g ramma r , aria an e r r o r  H

state that iri aV ica te s wrien a syntax error has occure-i .

Ad~ jtional s t a c k s  ca n be used in c a r a l l e l  w i t h  the oerse

stack that relate to the translation of the prooram , Such as

poi n t e r s  into the Sym bOl table arid tem Porary values used in

reauc t ions.
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In order to stoo the execution of the pass 1

program the grammar allows the parser to proceea unt i l  it

has analyzed an end statement , when no executable statem ents

are found in the crogram unit, un t i l  it rias analyzed fli e

reserved wora in the first executable statem ent , sucn as uO

or READ , or until an assionme nt statem ent is recognized. In

the case of the assignment statem ent, where no reservea word

is contained in th e stat e~ er,t (e .g . ,  A 3), it parses up to

the eoual sign. Tri m i nf o r m a t i o n  p r e v io u s ly  scanned f - o r tr i m

executable statem ent must be saved for use by the pass ?

proaram to oroviam i n i t i a l i z a t i o n  of tri p scanner and to

a l l o w  for any Se~’a ”ti C actio n s th a t neec to he p e rf-~r-e-j .

dy m aintaining a stack tria t a l w a - i’s co n t a i n s  the l a s t r~~r-~e

tokPri S orocessea, t hi s informatio n can then be nrrl viu ea to

the pass d orogram via the “sc ratc h pau ” in the cor ’tr3~

program.

b. Scanner

Ihe function of the scanner is to p rov inl e t r i m

t o k e n s  d e f i n e d  in trie FORTRAN grammar to the oarser. ThCse

V tokens in clude reserve a words , sp ecia l characters, tn e

exp onentiatior i and concatenation operators , statement

la bels , ide ntifier s , array iaen tifi ,rs , “form at inpu ts ” ,

“erid— of— state ri- ents ” , and int °ger , real , character , and

doub le p recis ion constants. The scanner tha t was

i m p l e m e n t e d  in the pass 1 proqram encountered no special

pr oblems in recognizing these tokens wi t h  the exce p tion of
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I
4 id e n t i f i e r s,  a r ray  id ent i f i e r s  arid the “e n d — o f — s t a t e m e n t ”

token.

Identifiers and array i d e n t i f i e r s  both have tri e

same structure. They are a sequence of one to si x letters

or d ig i ts that beg in with a letter. In oruer to

di f f e r e n t i a t e  b et ,~pen them , it was necessary to incl u a e

interaction w i t h  ttl e sem antics necessary for processin g

aimen sion statements. ~hen the reserved word DI P~~N~~IOti ~~~

encounterea a fla waS Set to in d ic a t e tri at a toxen of t h i s

form fo l lo w ed b~ a lef t  Parenthesis n-a s am array iaer~t i f i ’ r . H

-
~~ 

V T h i s  fla g was chec .eo Dv t r i e  scanner f o l l o w i n g  the ~ r~i t i a I

test to n re servp i wor- is. If t h e f l a g  w85 not set, t~~~-~

Symb ol was looked uo in the symb ol t ab le to oet ermin ’~ i~~ i t

w a s  an array i d e n t i f i e r  de fined in a p revious 1i~~ens iori

s t a t e m e nt .  If these tests faile a , the token was assumed to

be an iden tifer. The use of t h i s  tecnniaue imooserl tri m

requirement that arrays cou ld not be referenced in any

FOIiIRAN s t a t e m e n t  p r i o r  to the ir aecl ara tion in a d i m e n s i o n

s t a t em e n t .

‘[he reco gni tion of the end of a FIJP (PA~’I

statement by the L(~LP(l) grammar imple m entat i on reauire a an

“e r - i d — o f — s t a t e m e n t ” t c k en t ra n s p a r e n t  to  the  user . A

lookaheaa feature was usea in the scanner to nelo determi ne

wlietfle r the next l ine was a con t inuatio n of the pr evious

s t a t em e n t .  S i n c e  norm al I- O kThA N cara conventions ~ere

maintained, the decisi on could he basea on a l i n e  posit i o n
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p ointer that ma intaine a the “Card colu m n ” oo siti on of tri e

Current symool being considered by the scanner. ~hen a

carriage return and linefeed were encoun tered , the p ositio n

of the next nonb lank character was determ ine a . If the

posi tion was not “ c a r a  colum n ” six , an “ en d— o f—s t -ate’~ent ”

token was passed to the parser. The l i n e  p osition p ointe r

was also used to recognize the end of v a l i d  statement ir ri ut

at “Card colum n ” seve n t y—t wo .

C. sem ant ic A n a l y s i s

~~ no ted p reviously, t h e  grammar for t ri m ca~~s I

crograrr aoes no t enforce ~hp order an’~ t~~e ty~~es o f

statements a l lowed in m acn p rng ra ’~’ u n i t .  Uruer can cm

enforced in the sem antics of t ri p orogram by the use of tw ’~

flags: one flag to d etermine the tyce of orogram unit h e in c

processed (main program , suoroutine , fun ction , or bl ock

aa ta), and a second fla c to d etermine if a p a r t i c u l a r

statem ent is v a l i d  based on the pr evious statement s th at

have been processed. Each statement in the grammar for t h i s

program has an associated reservea word. ~-n e never a

reserved word for the statement currentl y be ing processed is

encountered, the flags can be checked to determine i f tri m

statement order is correct and if that tyoe of statement is

va l i-o in the orogram unit.

The use ~ f the “for ma t input ” token i n the

grammar recuires the processina of form at statements in  t r i p

semant ics of the program . Zr, addit ion, t h i s i n f o r m a t i o n

L _ _



must be saved fo r  l a t e r  use by the oass 2 program in the

processing of the executable statements. Tn is car be

accomp lished by either w r i t i n g  the in formation requireu to a

flo ppy disk f i l e ,  or by saving the information in the

“scra tch pad” area f the control program. since the numbe r

of format statements may be large, the exact implementation

must be based on the actual memor y ava i l a b l e  for use in tne

control proaram.

th e general e~ pre ssion d e f i n i t i o n  jr the FU~~TR~~-j

gramm ar has a direct i-no act on the oass 1 orogr~~- . T rip

seman t i c s  must enforc~ t rim t yr’e of p xc re sslon (c P - a r a c tm r ,

l o g i c a l ,  or a r i t n m e r - t i c )  a l l o w e d  w i t h - i n  each st at e en t O~

the FO~~T w A ~J input. In some cases, suc ri as dim e n s i o n

st3tem ents, onl y integer const ant exp ressio n s are V9 - 1 i 2 .

Integer constant expressions are a soecia l case of ~~ne

ar it r imet ic express ion in w h i c h  onl y integer constan ’s or

va r i ables of tyce integer are a llo w p a . The sem ant ics of m e

com p iler must also process these sp ecial exp ressions an-I

pr ovide for their evaluati on and use.

a. Code Generation

The tyoe of code gen erati on produced by a

comp iler is rii ghl y  ompendent on the system in -whi c h it is

im plem ente a . The design decisio n to orgauce an in ter —e d i at e

l anouaqe in ste ad of executable m ac h in e code was Dase:i o~ tw o

major consid erations. F irst, the cro duc t ion at an

inter m ediate l anauage enhances the t rar iso ort aoil i tv ot an
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eventual system imple m entation of I ORTRA N to other

m icrocomputers that suoport PL/M . Second, the exi stence of

an inter Preter of RV a s ic E (5] , w hic h  translates an

intermediate language output from the Basic-E compiler , “as

alrea dy been successful l y irn ol ement ed in the comm uter

- : laboratory at the t~aval Pos tgraduate school . Thi s

i nterp reter is an exce l lent candidate for m o d i f i c a t i o n  for

use wi t h  FUR T PAN if tri e i n terme d iate lanqu a~~e p roaucpa & y

the bU~~1I~.AN com o il er is c om o a t i b l e  w i t h  the ~ -a s i c— E

in termed ia te lanquaae.

-i’ --i . P~ass ? Pro’jr~i.r

The oass 2 c r o q r a m  i~r i n l p ment s the gramm ar r r e s e n t~~~~~

In  i~OQenCix a. Tri is oroaram processes FO~~T~~~r~ e~~ec urar ]e —

stateme nts. S y n tacti c and sem an tic a n a l y s i s ,  sym t oi t~~- l e

m a n i p u l a t i o n , ari d m arser routines m ust again ~e imcl u a e ~ in

th e pro gram. This Section describes the oes-ian r e g h i r e m e n t s

i mposed by the FO RTR AN grammar and ad o itio n a l -Jesi~~r,

consi derati ons necessary for im p l e m e n t a t i o n  of tr i m oroara,- .

a. Pa rser

the parser, w h iC h  controls the execut ion of m e
p

pass 2 program, Car, he identical to the parser described in

the previo us sectio n .

~xecu t i ori of the ma rser is terminated after rhp

eria statem ent is carsed. At t h i s  p oi nt the p rogram must

determin e if there are ad d i t ional pro gram units to cm
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compiled. Th is can be done by checking to see if anything

ot her than a soft e n d — o f — f i l e  (lAt -1 ) or a hard e n d — o f — f i l e

occ urs after the carria ge return and linef eeo fo ll owi r i n f r i e

end s t a t e m e n t .  Th e approp riat e fla o shoul c then he ,8et in

V the ‘~sc rat ch - pad” area of the control program ano execu tion

- _ trans ferrea to - rie con trol Program .

b. Scanner

Th e scanner -im sigried for use in the oass 2

program can c~ ver y si m i l a r  to the scanner in the c a s s  I

program. m e  “ reao  pa re r ~” t o k e n  i s  t r i m  ~n iy  ari~~i t i o ne l

tOk~~~ t h at  mu s t be reco r in i izpi  by t r m  ~ a s - ~
i m p l e m e n t a tion.

T he d i f f e r e n t i a t i o n  between i a m n t i ~~,ers ~ n’1

array i d e n t i f i e r s  is rio longer regui rea in the semant i c

a na l y s is .  A t t h i s  Point a l l  arra y s have been aeclarec anci

the array i d e n t i f i e r s  are contai n ed in the symb ol table ari d

can be easily recognized.

A t the i n i t i a l i z a t i o n  of the scanner , the tOK enS

p re v i o u s ly  pa rsed  in the oass I progr am for the first

e x e c u t a b l e  s t a t e m e n t  must  be recovered from th e “scra tch

pad ” . Coae for Pr oviding these tokens for an al y sis aria usm

oy the scanner must be in cluded in the pro gram orio r to

obtai ni ng any new tOkens for the f i r s t  ex e C u t able statE .~me nt.

~ 
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c. Semantic An a l y s i s

As noted p reviously , the format specification in

the format statement must be han aled in the sem an t ics p f t’i e

program. In addition , orovis ion must be made for r e tr ip vin a

the information that was produced for any format statem ents

that were processed by the oass 1 program.

The gra mmar for oass 2 imp oses ad3 i t io n ~~l

re quirements for exoressio n evaluation not necessary in tri~ —
pass 1 Program . F or ~ x a m m l m ,  one torn of tre ~ r i nt

statem en t w n i c h  is acce otab le to the aram~~ar is P~~J j T

<ex orp SS ion> . T ’e exp r essio n may C i t r i e r  b~ an i~~te~~e-~

cons tant Q e s i g r a t i n g  a statem ent l a b e l ,  or a ch ar a ct e r

express ion. Thus, the sem antics mu st a l l o w  the st at m ~~Pnt

t aoel to he va lin ’ as it is parsed uo throuari the expre s.~i~~n

a e f i n i t i o n  associ atec w i t h  a or int statem ent. S i m i l ~~r

requirements exist for the read statement ano com~~l~~x

constant d e f i n i t i o n s .

a. Coae Ge neration

Si nce the pass 2 Program ~e r f o rm s cr~cie

generation for a l l  FORTRA N executable statements, the

prooram may exceed the m em ory size ava i l a b l e .  lf t h - i s

occurs , Consideration shou la he given to either r e s t r i c t i r i a

t he t y pe s  of statem ents allowe d for use i n  the F~~R~~PA ~

i m p l e m e n t a t i o n  or to oroduci no parse actions in pass 2 ari d

addin g a cass 3 program to orocess these parse actio n s. Tr i m 
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additio n al Program could then generate the inter m ediate

language oasea on the parse actions, associated information

and ava i l a b l e  symbol table information.

C. LOA Or~

T he basic task of the loader program is to process the

intermediate language modules generated by the com p iler for

the various program units , and to produce a zero—a c~~r e ss

in ter m e diate lanouV aqe module that can oe execut ma ~
y t~~~

interp reter.

T~~e f o l l o w i n ’ i  t v om s o~ in fo rm a t i o n  asscciateu ~ i tb eac~

intermediate langua ge nodule are necessary for ioal er

i ’iip lern entatio n (I) th e name of the curre nt m~~~ij le , (2) a

li s t  of external names ari a references w i t h  a e t i n i t i o r i s  o #

t heir use, (3) the aaoress of the first b yt e in the coom

area of the current mo ci ule, ano (14) the lengt h of the coae

area  of  the  moau l e  in Pytes . out p ut from the loader sh ou ld

be aes-igned to enab le further linkage i f a l l  external

refere nces have not yet been resolvea .

T he actual impl ementation o f  a loaaer was not considere d

pa rt of this thesis oroject and is left for future

consi deration.

14 1



0. INT~J~l~RETER

The function of the interpreter is to execute the zero—

ada ress int ermediate languaqe Produced by either the

como iler or the loaoer. A t this n oint a l l  ex ter n a l

refe rences must be resolved in order for the inter m ediate

lan guage modu le to be interoreted.

Ihe desian of an interpreter is dependent cn t-h~~

soeci fic mac h ine on ‘x r i ich the FORT RA t -~ languaoe is t-p ~~

- - imp lem entea. The r~jn -t ine m o n i t or used for ex ecut in g ~ne

• inter m ediate lanauaae produced by the ca sic— ~ c o m p i l e r  lii

i s  an exa m p l e of an i r t e r c r e t m r  t h a t  has been suCceS~~’u~~ l v

imp lem en ted on t r i m  ~ PdO under the LP/~ ooeret inq system.

the m o nit o r p rovi aes a number gf features that would oe

use ful in the ir it er o ret atio n of FOPTR.A i ~ such as the use of i

floatin g ooint oackaqe [71 to p er form a r i t h m e t i c ,  function

evaluatio n and conversion opera tio n s on 3d bi t  f l o a t i n g

point numbers. If the intermediate language generated ~
y

the bO I~TPA?~ com r ’iler is designed to be c om p a t i o l e  w i t h  tri m

l a n ~ uaqe oroducea by the ~asic— ~ co m o iler ,  the m o o i f i c a t i o n

of thi s int erp reter to acceot FORT RAN wou la ore at ly

f a c i l i t a t e  the im ol em e n t ation o4 FO RIRAt ’J on the dObO.
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IV. CONCLUSIONS

T he s u c c e s s f u l  c o m p l e t i o n  of the formal FOkT NAI ’~ gra mmar

de m o n s t r a t e s  the  f e a s i b i l i t y  of  d e f i n i n g  an ambiguous

language, such as F O R T RA N , using an LA LR (I ) grammar.

A m b i g u i t i e s  in the grammar can oe reso lve a by orov ia in ci a

broader d e f i n i t i o n  for th e language and comp ensatin g

semantic actions by a c o m p i l e r  that i r ~i p le ’nents the gramm ar.

T he F U RT ~~L~ gram m ar ~hi~~ri w a s c i e v e lo pe a  w a s  s t r u c r ~~red

to ci e f in e the !arqest p ossible Sy n t a x ~ f the 1°,n g r ar ~

proposed ~m ,ricari N a t i o n a l  Stanciara FO r~T~~A -~. P~o~~ever , t~~1S

sh ould not orevent a user of t h i s  g rammar from re i ef in in ~ i t

t o meet  the  requirements for im p l e r r i e n t a t i o n  on a p a r t i c u l a r

machine.

T he use of a formal lanouage ana automatic p arser

generation methoos proved extre mel y va l uaole in tri e

const ruction of the FO R TRA N com oiler . The parser that was

ava i l a b l e  for use in orocessir i g the parse taoles, ~.hen

com bined wi t h  syntactic and semanti c anal y zer routines , led

to a m odular aesi gn and the system at i c construction of a

como i ler rather than an ad hoc techniou c .

[li e system design w h i c h  was oresent -e d to support ~nm

F O~~l r ~AN lanauage on a microcom puter system w i t h  1f1 \ bytes O~

memory is feasib le. however , the lack of me m o r y space

£13
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remains e prob l em. It is  recommended t ha t  c o n s i de r a t io n  oe

g i v e n  to the rep lacement  of t hose  r u l es ,  e s pe c i a l  l y

inpu t /ou tpu t  s t a t e m e n t s ,  wh IC h coula be t ai lorec to  t ne

s pe c i f i c  mach ine  on A h i C h  the comp iler is implen ’enteo.

It is hoped that the LA L i~(1) t ORT t~AN grammar anu t r im

accomp anyina system aesign recomm erioations w i l l  e stab l ish a

ba s is f o r  the impl em entation of FflHTR4~-~ on a mi cro comp u Per

sy s t e m .
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APPENDI X A — FUR IRAN GRAh1 MAR S~ C1!UN O sE

<pro gram> :: <orog stmt > (Program body> <end state>

<prog stint> <end state>

<orogra m body > <end s t a t e >

: <end state>

< sub r  Stmt > <Program body> <eri ci state>

<subr st m t > ‘en-~ sta te>

<func sP mt> <Program body > <end sta~~e>

< func st~~t) <end state>

<b loc k ga Pa st in t> <p ro gram hoOy > <er~~ Sta Pe>

<pro gram body> ::~ <st at em en t >

<Program bogy > (statement >

<st atement > ::: <label> Coarm st in t> <eOS>

< lab el > (imol stmt -> <cos>

<l abel > (dimen s~~i t > ‘eos’

(label> (Common st int > (eos>

<l abel > equ iv st~~t> eos>

<l abe l > <type st in t> (eos>

: <l ap el > (external stin t ’ <eo~~’

<label i n f r i n ~~ic st~~t> <c’s>

(label’ <Save st in t> <005>

I (label> (lata s t~~~P >  <.05>

(lar,e l’ ( S t ’ t f unC st P’  <~~0S>

L- L- 
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1 (label> <entr y Stint > <eos>

1 <s t mt  lap el > < fo r m a t  s t i n t >  <eos>

<end s t a t e >  ::: < label> <exec stmt reserved word>

1 <l abel > <i dentifier > =

<l abel > (array plemen ’- >

1 (label> < substrin g name>

1 (end s t m t >

< exec st in t  reserved word > ::: 00

h F

A SSIG N

1 GO

1 CUNT Ti-nJ~

: sro~
P A (J SE

CA LL

RE A~)

I WRITE

1 PRINT

OPEN

1 CLOSE

IM~UIRE

: BAC IcSPAC E

1 E N O F I L E

1 PEeINO

RETURN

<ena st in t> ::: E~~l)

or oq s t m t >  :: : <l abel> I~R U G R A ~ <-ia entifi ,r> <ecs>

~~~~~~~~ 
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<block data stint > ::: (label> BLOCK DATA <eos>

I <l aoe l> BLOCK DATA < i d entifier > <eos>

(subr s t i n t >  :: (label> S(it3RO (JTINE < i d e n t i f i e r >  <eos>

1 <l -aoel > SUBROUTINE <arg list > <eos>

(func Stint> :: <label> <func id)

1 <la bel > <number typ e> <func ia>

1 (lapel> <char type> <func io>

<func id> : FUNCrION (i de n t i fier> <,os>

FUNC 1IO ,~ < i a e n t i f i e r >  C ) <eos>

1 FuNL T IO ; <arq l i s t >  <ens>

(Dam st in t > :: PAk~~hiE TEN < i d e n t i f i e r >  <Consta nt >

1 <p a r ’. ’  s til t > , < i d e n t i f i e r >

< imp ) St in t> 1!~1PL~~CIT < i m p i  l i s t >

1 (impl st in t> , < i m p i  l i s t >

(imo l l i s t >  :::<i rr p l l i s t  hea~~> < l e t t e r  range> )

(imo l l i s t  head> ~~ <number typ e> (

1 ChARACTER C

ChARACTER * <in teger constant > (

1 (imp ) lis t  head> < letter range>

<l etter range’ ::: < identif i er>

(identifier> — < i d e n t i f i e r >

(di men stmt> :; DiMENSION <array dec)>

1 <dim eri stin t > , <array cccl>

<common stm t > ::: CO~iWUN (Common name> <commo n n l i s t  item>

1 <common s t i nt >  , ‘co mmon n l i s t  item> 

- ----~~~—~~~~- - - - _ - -~~~~ _ _ _ _
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<common name> :: : <em pty >

1 <l abel common name>

<double slas h>

(Common n l i s t  item> ::: < iaentifier>

1 <array id>

(array cccl>

— 
~~V (label common name> ~~ / < i d e n t i f i e r >  /

equiv  s t i nt ’  ::: EOUIV~~LENCE <eauiv n l i s t >

~ I <equiv S t i n t >  , <egu iy n l i s t >

<equiv o l i s t >  :: <equ iv n l i s t  head> <e nu iv n l i s t  i t e m >  )

<e qu iv n l i s t  head> ::: C <eauiv n l i s t  ite ” >

- - 
- <ec~u i v  ml i st heaa>

• < equiv n l i ~~t ite m>

(equiv n )ist item> ::: < ide n t i f i e r >

<arr ay id>

1 <array element >

1 (substrir i g name>

( < t y p e  s t i n t >  ::= <number type stint >

1 <char tyoe stin t>

(number tyoe st in t > ::: (number t -yoe > < ty pe  i t e m >

I <number type  s t i n t >  , < ty p e  it e m >

< t y p e  i t e m >  < i d e n t i f i e r >

: < a r r a y  id>

< a r r a y  dccl >

<Char type  s t m t >  : <char  t y pe >  ‘char  name>

1 <Char  t ype  s t i n t >  p <char name>

£48
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< char name > ::: (i d e n t i f i e r >

<i dentifier > * <char  len>

: <array dcc l>

I <array cccl> * (char len>

1 < a r r ay  id>

I <arr ay id’ * <char len>

< e x t e r n a l  stmt ’ ::: EXTERN A L <ide n t i f i e r >

1 <exter n al st in t > , <iden t i f i e r >

< i n t r i n s i c  stint ’ ::= Ii~Tr~I -~JSIC < i d e n t i f i e r >

< i n t r i n s i c  st in t > , < i d e n t i f i e r >

<s a v e  s t i n t >  :: : S A V E

1 < s a v e  l i s t >

<save l i s t >  ::= SAVE  <save item >

I <save l i s t >  , <save i tem>

< save i t e m> ::: < i c e n t i f i e r >

1 <arr ay i n >

<l a o e l com mon nam e>

< data st i n t >  ::: < dat a  l ist> (data c l i s t  item> /

<data l i s t >  <data head> <data n l i s t  item> /

l <data l i s t >  <data c l i s t  it em >

<data head> ::: DATA

1 <data heaQ> <data n l i s t  item >

(data n I-is t item > ~~ <id e n t i f i e r >

I < array id>

I <array element>

• 1 <Suost ring name>

— < i m p l i e d  co l i s t >
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< data c l i s t  item > ~~ < identifier >

1 < c o n s t a n t >

1 <int eg er constant> * <Constant>
- 

1 <integer Constant > * <i dentifier ’

<i d e n t i f i e r >  * <constant>

< i d e n t i f i e r >  * i aen ti fi er>

<impli ed do list ) ::: ( <array element> , <do l ist > )

1 ( < impl i e d  dO list ’ , <do l i s t >

<st m t fun c st in t> ::: <aro l i s t >  = <exn> 
-

1 < i c e n t i f i e r >  ( )

<entr y st in t > ::: E- --4TRY < i d e n t i f i e r >

1 ~~~~~ <am l i s t >
V 

I ~.N1~~’r < i g e n t i f i e r >  C )

<format stmt > :~~: FOR~~AT <fori’at inp ut>

<do l i s t >  :: <i d e n t i f i e r >  <exp > , <e xo>

I < i d e n t i f i e r >  <exo> , exn> , <exp>

< fun c ref > ::= < i d e n t i f i e r >  ( )

I <arq l i s t>

< arq l i s t >  ::: <arg head> )

(arq heac> ~~ < i d e n t i f i e r >  ( <arg elem ent ’

1 < ar q he ac > , < e r g ele m e n t >

< er g element > ::= <Cxc>

: ‘array id>

1 *

(a r r ay  d c c l >  ~~ < a r r a y  id> <dim en dccl l i s t >  <d im en dcc l )

<dim en dcc l l i s t >  ::: t

1 <dimer i dccl li s t >  <l)imen dcc!> p

~

i-;

~ 
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<dim en dec)> :: <exp>

I < ex o> : < ex o>

(ar ray element > ::: <array elemen t l i s t >  <exp> )

<aray elem ent li s t >  ::: <array id>

<arr ay elem ent l i s t >  < ex p > ,

j <substr ing name> ~~ < i d e n t i f i e r >  ( <substrina dccl>

1 <array element > I. < sub str ing cleci>

< subs tr ing dec )> :: <exp> : <e xp >

I <exO> )

<exo> )

I •

<ex r> ::~ <l c c i c a l  te~~~>

< e x p > .uR . lo a i cal term>

<l~~a iCal term> :: <l o gic ai factor>

1 < l o c i c a l  term ’ ~~~~~ < l o g i c a l  factor >

<lo g i cal f3ctor > :: <logical pri m ary>

1 .NOT. <l o g i cal p r imar y >

< lo q ic a l  P r i m a ry >  :: <c nar  ex p>

<c har ~~~~~ <m c i  op> (char cxc >

(char ex p> :: arit r i  e xp >

1 <char  ex p> <double slash> < arith exr>

<a ritPi exo> ::: <arith term>

1 + <arit h term >

1 — <ar i th term >

1 < ar i t h exp> + (arith term >

1 < a r i t h  exp > — <a r i t h t e r m >
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<a r it h  te rm> :: ‘a r it h  f a c t o r >

< a r it h  t e r m >  / <ar ith factor>

< a ri t h  te rm> * (arith factor>

< a r i t h  f a ctor > :: < a rit h prim ar y >

1 <ari t h factor> <expon oc’ < arith p rim ar y >

< a r i t h  p r i m a ry > :: < c o n s ta n t >

I < i d e n t i f i e r >

1 <array elem ent>

I < sub strin g name >

1 <tun e m i >

I <par°n exo>

<caren exo> ::~ t <~~~x p >  )

<const ant> :: <i n teger Consta nt>

1 <re al constant ’

I <d ole ore cons tant>

1 <lo g i cal constant>

1 <crar constant>

I < compl ex con stant>

< c o m p l e x  c o n s t a n t >  :: : ( <m ea l  C o ns t a n t >  , <real Const ant> )

< re l op> ::: .1.1.

• I
• .~~~

1 .Eu.

• p.~~$ . ~- .

1 .GE.

.G~~.

<1-oat-c a ? Constant> :: .TRUE.

I .FAL SE.

— 
__________________ -
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I
<number type> :: INTEGER

REAL

1 DOUbLE PRECISION

1 CU~ PLEX

1 LOGICA L

<char  t ype>  ::~ CHARACTE R

C HAR~~C T E R ~ <char le n>

<char len> ::: <paren exp> - •

1 <int eger con stant>

<l abe l > :~~ <em p ty>

I < st in t l a b e l >

- 
¶

•1
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<program> :: <program body > <end stmt ’

<progr am body > < statement>

I <Program body> < statem ent>

<s tatement > :: <lab e l> <datd S tin t> <eOS>

1 < l a b e l >  < l o g i f  Stmt>

<l a bel > <co st in t > <eos>

(la p el>  <e n t ry st in t> <eos>

1 < S t in t l a n e l >  < f o r m i n t  S t i n t >  us>

1 < l o g i f  exec st in t >

<l o gi f exec St int > ::: <labe l >  <a >siqn S t in t > <eos>

1 < l a p e l >  <goto st in t > <ens>

I < l a p el > < a r i t n i f  st in t > <cos>

I < l abe l > <c on t inue stmt> <CoS>

<laoe i> <Stop stint > <ens>

< la bel > <pause st in t > <eos>

1 < l ap e l > <call st in t> <cog>

< label > <return stm t > <eos>

1 (label> <read wr i t e  o ri n t st in t > <eos>

1 < l a b e l >  <open close inquire Stint> <eos>

1 < l a b e l >  <backspace e n d f i l e  rep, ir~d St in t >

<eos >

<end St in t > ::: END

<data stmt > :: (data l i s t >  <data c l i s t  Item> /

L _ _  ~~~~~~~~~~~~~~~~~~ 
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<data l i s t >  :: <data head> <data n l i s t  item> /

1 (data list > <data c l i s t  item> ,

<data head> ::: DA TA

:4 1 <data heap> <data n l i s t  item >

<data n l i s t  item > ::~ < i d e n t i f i e r >

1 <array id>

1 <array element >

I < sub stri ng name>

I < i m p l i e c  pg l i s t >

data c l i s t  item > ::~~~< i - i e n t i f i c r >

1 <ConSt ant>

1 < j r . t p q~~ r const ant > * <ccns~~~r,t>

1 < in t e jer constant > * < i a e n t l f i a r >

1 < i d e n t i f i e r >  * <const ant >

1 (identifier> * < i a e n t i f i e r >

<i m p lied do list> ::= ( <arra y elem ent> , <do l i s t >  J

I C < i m p l i e d  do l i s t >  , <oc l i s t >  )

V <pause stm t > ::: P#WSE

I PAUSE <in te g er constant >

I PAUSE <crta r constant>

<stop stint> ::: STOP

STOP <inte ger constant>

1 STOP <char constan t>

< continue stm t > ::~ CO NTIN UE

<r eturn stm t > ::: PcETU RN

1 PETUP4~I <cxc>

(ar i t h i f  S t i n t >  :: I?- <paren exo> a if slap el s>
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I
<a i t slabels > ::= <integer constant> , <integer constant >

<integer constant>

<l og i f stmt> :: IF <paren exo> < l oqi f exec stm t > V

<ass ign  s t m t >  :: : A SSIGN <integer constant> TO < i d e n t i f i e r >

1 < i d e n t i f i e r >  = <exo>

<a rray element > <exp>

1 <SuoSt ring name> <exo>

<do stint > :: DO <integer constant > <do l i s t >

<COto S t m t >  ~~ ~,O TO <in te p er coms t am t >

1 GO 10 < s trn t lab e l l i s t >  ) <exo>

I GO 10 < i d e n t i f i e r >

: Gu TO < i d e n t i f i e r >  <st~~t ~oe~ l i s t >

<s tin t lacel l i s t >  :: ( <in tecer Constant >

1 <stint label l i s t > , <in teger consta nt >

<ca ll stmt > ::: CA LL <~~ient i fier>

1 CALL <ama l i s t >

<entry stmt> :: ENTRY <i d e n t i f i e r >

I ENTRY <arq l i s t >

1 ENTR Y < i c e n t i f i e r >  (

<f ormat stmt -’ ::: FORWA T <format input >

<open close inq uire st in t > ::: <open close in quire head>

<exo> ) V

1 <open clos~ i nou i re b~~ap>

<io spec >

<open close in quire n~~ad> ::: OPEN (

1 CLOSE

1 It~~u Tf lE C
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<open close inauire beau>

1 <ooer$ close ina u ire head>

<io  s pec>

<backspace end f ile re~~ino stmt > :: bAC KSPACE <hem l i st >

1 ENDFILE <ber li s t >

V 1 REWIND <ber lis t >

<her list ’ :: <exp>

1 ( <exr,> , <io spec> )

1 t (io s c e c >  , < c x c>  )

<reap w r i t e  p r i n t  st— p > ;~~ <read pr i n t  st in t>

1 real ~ r i t m  C l  l i s t

V 1 <read w r i t e  io l i s t >

<reap pr i n t  s t i n t >  ::: t~E4D exp ’

1 ~-E~~L) <array ij >

I RtAU *

1 Pr~Ii~T ex o>

1 PRINT <arr ay id>

I PRTi~T *

F 1 read pr in t  s t i n t >  , ‘io l ist item>

<read write io l is t >  :;: <read wr ite ci l i s t >  < io l i s t  ite m>

1 < read w r i t e  io l i s t >  ,

<jo l i s t  item>

4 
< read w r i t e  c i  l i s t >  :: : <read w r i t e  heap> <ci  l i s t  item >

<read  w r i t e  head> ::: (read paren>

I bRIr E (

1 <read write heau> (ci l i s t  item >
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<ci list i t em> :: : <exp>

1 <i o spec>

-
~~ 1 <a r ray  id>

1 *

<array block item > :: <array element> : < a r r a y  e l e m e n t >

1 <array element>

1 : <array element>

V <10 im p l i e d  do li s t >  ::: <comp lex head> <do li s t >  3

1 <io do li s t  nead> <do l i s t >  )

J 

<10 pg l i s t  nead> ::~ <compl ex head> <cxc>

1 C <array Id> ,

V 

~ 1 C <arr a y oloc~ i t em >

• 1 C < io i m p l i e d  do l i s t >

-
- 

~
- I < lo do l i s t  head> <i c l i s t  it e~’> ,

<i o li s t  item> ::: <exp>

— 1 <array iØ>

I < ar r a y  b lo c k  i t em>

I <i o imp lie p do list >

<10 spec> ::: UNIT =

1 ERR <integer constant>

1 REC <exp>

1 END = < in teger  c o n s t a n t >

1 FMT <array Id>

1 FMT = <ex p>

: FMT = *

FILE ‘cxc >

s~~ ru s = exc”

L 
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BLAN K = (ewe>

I ACCESS = <exp>

FORM = < e x o >

RECL = <exp>

V ‘~AX REC < c x c >

EXIsT =

1 OPENED = <cxc>

1 NUMbER <cxc>

NA MED = <exp>

1 NA~I~ <ewe >

1 N EXr P EC

~~o l ist > ::: <i~~en ti f i ,r> = <cxc> ,

1 < i q e n t i f i e r >  = <ex p>  , <e xn> , <exo>

<fun c ref’ ::: < Id entifier>  ( )

1 <ara l i s t >

arg li s t >  :: <ary head> 3

(ara head> ::: <iden t i f i e r >  C <arc element >

1 <arc heap> , <arg elemen t>

<arq element : ::: <cxc>

1 <array Id>

I * <integer Constant>

1 *

(array elemen t> ::: <array element l i s t >  <exp> )

<arav element li s t >  ::: <array ip > (

1 (a r ray  e l e m e n t  l i s t >  <exr’>

<subs t r ing  name> :: : < i d e n t i f i e r >  ( ‘suhstninq d e c l>

1 <array element > C < s u b s t r i ng  d e c i >

r 59

~~~~~~~ 
_______ ~~~~~~~~~~~~~~ V V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—



- •V - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ V - -

<substring dccl> ::: (exp> : <ew Q > )

1 <ewe> : )

1 : <ex p > )

<ewe> ::: <loaical term>

1 < e w p >  .OR. ‘logical term >

<logical term> :: <logica l factor>

1 <l ogical term > .ANU . <l o g ical factor>

< l o g i c a l  f a c t o r >  :: < l o g i c a l  c r i i n a ry>

I .~~UT. <loc ica l p rim a r y >

< !oq-~cal p rim a r y > ::: <cr~ar exp>

1 ‘char - cxc> <rd op> <char c*~->

<c fl~~r ewe> ~~ < ar it r i exp>

1 <c~~~r exo> <doub le slash> < a r i t n  ewe>

< a r it n  c x c >  :: < a r i th term>

1 + < arith term>

< a ri t h term>

1 (aritn exp ) + < a rith term>

< ar ith exp> — < ar it h term >

< a ri th term> :: <a rith factor >

1 < arit h term> / < ar itr i factor >

I < a r ith term> * < arith factor >

< arith factor’ :: amit ri p r imary>

1 <a rit h factor> <expor i 00> < ar i t h pri ma ry >

< a r ith p rimary> : <constant>

1 < i c e n ti fi er >

1 <array elem ent>

bU 
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~ 1

1 <subs t ring  name>

- 1 <func r e f >

<paren ex p>

- <paren exp> ::: C (cxc> )

• < c o n s t a n t >  ::: <integer constant >

I <r eal constant>

I <dbl e pre Constant>

1 < l o q ic a l con stant>

1 <char  C o n s t a n t >

1 1 < com pl ex Con stant>

I < c o m p l e x  C o n s t ant )  ::: < c p m e l c x  nead> <c * p>

- - -~ <c om p lex heap> ::: ( <exo> ,

- -I ‘rel op> :::

I •

I .E~ .

.NE.

• r TI •,J

1 .GE.

<l ogical consta nt> ::= .IRUE.

,FAL~~E.

<label> :: (empty>

1 < s t m t  l abel>

- ______
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AP PENDIX C — FORTRAN GRAM MAR FOR S 1A T E~IENT ORDER

<program> :: <Program u n i t>

(subpro gram >

1 <subProgram > <orogram uni t >

<p ro gram u n i t >  :: <main Program>

1 <Program unit> <suocrogram unit >

<subprogram> :: <subcroqram unit>

- 

I <subprogram> <suporogram un i t >

<suhoroaram u n i t >  : <f un ction Su cp rqqr-3m>

V 1 < suOrout ine Su~ proaram>

I <clock data subprogram>

<m ain Program> :~~ (prog st in t > (main Program bogy>

I <main program bOd y>

<subrouti n e subProgram> : <suhr st in t> <Sub progr am body>

I <Subm st in t > (main crogram body >

<suor St in t> <bl oCk aata hod~,>

I <subr St in t > <end st in t>

< f u n c t i o n  suborogra m > :: <fun c stmt > <sub program body >

<funC St in t > <m ain orogram body >

I <func st in t> <ol o cw aata body >

• I < furi c st~’t> ena stmt>

<block data suborogram> ::: <bl ock data St in t >

‘b l oc k da ta 000y>

1 olock data st in t > (eno stm t >
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<m ain program oody > :: <m a i n ~J ex e c >  <end stmt >

<subprogram bocy> ~~ <m ai n i imo l > <end strnt>

<mai ri 2 spec> <end stint>

• I <mair ,3 furic> <end st in t>

1 <subl imo l > <end stin t>

I <suo2 spec> <end St in t >

1 <sub3 func> <enu s t m t >

1 <sub’J exec> <end stin t >

I <suoS return> <end st in t>

b lo ck data body’ ::: <blo ki h i d ) <end S t m t >

V 1 <b lokd spec> <end St in t>

1 <ol ok3 data > <efll st— t>

<Howl imol > ::: < Impl stint )

1 <carm stint>

1 < bliwl m el > (imp i st in t >

1 <b lo kl i rnp l> (parr’ st in t>

<b10k2 spec> :: <spec st in t >

1 (bloki m d >  so ec s t i n t )

1 < b lok 2 sp ec> < sp ec st i n t >

1 < b low 2 s pec> c p a r m s t i n t >

<blok,S data> :: (data stint>

I <b lok i imp l> ‘data st in t >

1 (blow2 spec> <data st in t >

1 < h l o w 3  data> <data stm t >

<m aini im p l > :: (format st in t>

1 <b l okI im O l >  < f o r m a t  s t i n t >

1 <m a in l im ol> imp l s t i n t >

-~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
T
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1 <m a in l im o l > <Dam stint )

• I <m a i ni imo l> <forma t Stint >

<ma ine spec’  ~~ <o t h e r  soec s t m t >
V 

I <b loki i m o l >  <o the r  soec s t i n t >

1 <bl ok2 spec> <oth er seec stint >

1 <b lok2 spec> <format stint>

1 <m ai n i i rnol> <ot her scec st in t >

1 <m ain l m d >  <spec s t i n t >

1 <m a in ?- spec> <oth er spec S t i n t >

: <m ain? spec> <spec Stint >

1 <m ai n? spec> <car~ St’t>

1 <m~~ in ?  spec> <fo rm at st in t >

<r ai n~ func> ::: <st ,-t furi c st in t >

1 (hl~~~l i m c l >  < stmt fu n c st in t>

1 (b lg<2 spec> < stmtfun c st— t>

<b lo~ 3 data> < stmt func st in t >

• 1 < h l o c 3  d ata > < format st in t >

— 1 <m a in I im pi > < stmtfunc stm t >

I <m a ini im ol > <data st in t>

1 <m amn 2 spec> < stm t fun c str ’t>

(main2 spec> aata st in t >

1 <r ’ain3 f~ nc> <s trnt fun c st in t>

1 <m ain3 func> <data st in t >

1 <m ai n 3 func> <f orm at st in t>

<m ainLI exec> ~~~ < e w ec s t i n t >

1 (blokt imo l > <exec st in t>

I ‘bloic 2 spec> <exec  S t i n t >
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I <b lo~ 3 data> <exec stin t>

1 <m a in l imp i > <exec stmt>

V 1 <main2 spec> exec st in t >

I <m ain3 func> <ewec Stint >

1 <m ain 4 exec> <exec stmt>

1 <m ain U exec> <data st in t >

m air~4 exec> <format S t i n t >

(subi im p i >  ::: <entr y stin t>

1 <b l o kl im p i >  (entry st in t >

V 
1 <m a i ni im p l >  <entr y st in t >

1 <subi i m p i>  <im p l s t i n t >

- - 1 <SW)l hind > <parm st -t >

1 <suol h ind > < form at st in t >

I <subi m d >  <entry stin t >

<Sub? spec> ::- (save st -nt>

• : <bl o ki im o l> <save st in t>

1 <ol okd spec> <save stm t>

1 <b lok2 søec> <entry st in t>

1 <ma in i Impl > <save st in t>

<mai r~ spec> <save stmt >

<main ? spec> <entry st int>

1 <sub ) imp)> <other soec stint>

1 <sub ! imp) > <seec stint )

1 (suo2 spec> <save  s t i n t >

1 suo2 cp~ c > <o ther  spec s t i n t >

1 <sup2 spec> <spec stint >

<sub2 spec, parm stint >

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~~
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I <Sub? spec> (format stint>

1 <sub? Spec> <entry stin t>

<subj furi~~’ : <suhi im p i>  < stm tfu n c stmt>

<Sub ! imp)> <data stin t >

1 <sub2 spec> < stmtfur i c st in t>

1 <suo2 spec> <dat a st in t >

1 <b lok3 data> <entry stint >

1 <m a in3 furic> <entr y st in t >

1 <suo3 func> < stm tf u n c st r~t>

I <suo3 f unc> <data st in t >

V 1 <sub3 func> <f orm at st in t>

1 <strn 3 fur’c> <e~~t r -y st — fr>

<sub4 exec) ::: <~~uh1 Im p l <Pxec st in t>

1 <sup~ spec> <exec stmt >

1 <sub s furic> <exec st in t >

1 <m ai n 4 exec> <entry st in t>

1 <sup4 exec> <exec st in t >

I <sub4 exec> <oata st in t >

<sub 4 exec> <form at st in t > I -

1 <SUb4 exec> <ent ry St in t>

<subS return> ::: <return stint >

1 (blokl m gi> <return st in t>

1 <b lok2 spec> <r eturn stint )

I (blOk3 data> <return stmt ->

1 <m ai n ! im p i> (return stmt >

<main? spec> <return st in t>

1 m a i m 3  f u ~ c> <r eturn stmt >

~ 

~~ V V  ~~~~~~~~~ 
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1 <m ainM exec> (ret urn Stmt>

1 <suo l im ol > <return stmt >

I (sub? spec> <re turn stm t >

1 <sub3 func> <r eturn stmt >

1 <suo4  exec> <r eturn stint>

-~~~~ 1 <sueS return > <re turn st in t >

•
1 

I <subS return > <exec st in t>

• I <subS return> <data stint >

1 <sueS return> < for rn at stint>

:4 1 <sueS retu rn> <entry Stint>

<spec stint > ~~ <d imen st in t >

1 <C0u1 ’Ofl St ’t >

- 
- 

1 <eou iv st -n t>

1 <type st in t>

<other spec st in t> : : z  < external st in t>

1 < i n t r i n s i c  st in t>

• <exec st in t > ~~ <assign stmt > 
I -

1 <goto st in t >

1 < a r i t h i f  stint>

1 < l ogif stint >

1 (do st in t >

1 <continu e st in t >

I <stop St in t >

1 <pause st in t>

1 <read s t i n t >

1 < w ri te stmt >

1 <pr in t stin t>

61 ii 
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• 1 <r ewin d S t i n t >

• 1 <backs pac e  s t m t >  V

- 1 < end fil e stint>
- 

1 <open st in t >

I <close stmt >

-
~~~~ 1 (inqu i re stin t> 

V

- ! I < ca l l st in t >

.

I
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