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20. Nevertheless, it has been our intention that the language not have
idiosyncrasies reflecting the particular nature of the application area
or target machine. It should be reasonable for VAL to evolve into a general

• purpose language appropriate for writing programs to run on future general
purpose data flow computers.

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

We have undertaken the design of a new language because existing
languages for numerical computation have a serious deficiency: they reflect
the storage structure of the von Neumann concept of computer organization
in that each language has some method of effecting a change in state of the
memory which cannot be modeled as a local effect. Fortran, still the most
popular language for large scale numerical work , is particularly blatant
in this respect since it was conceived as a high level notation for program
to be run on a machine of classical design (the IBM 704).
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\ ‘A l - -  A ValIie-Orientecl Algorithmic Language

1. INTRODUCTION

The l)r0~.~ 
IITI111II1 langua~ e \ ‘AL ( 1’ ali,e oricnud A lgorithmic Language ) is designed for

ex 1uess in~ al~r’t ii hms for e~r’cIit ioIi on computers capable of highly concurrent operation. More

specific al ly . (III’ ,11I1)liCa t iot i  area to be supp or ted is numerical computation which strains the limits

0 IIicjl If~I t o t  maui-c fl llC) lIflCS, and the ia imary ta rgets for t ranslation of V AL programs are data

cli IVeFI Iii I c i I i n c s  cl i t h e  fc’ i m uIIdCi development by the Computation Structures Group of the MIT

Lahorat I i y ~or ( r ImIILItCI Science for high performance numerical computation.

Ni-vet tileless . it has l i— cu our intelltion that the language not have idiosyncrasies reflecting the

pat ticul.~i n a t u t  e III the a1ip lic4t lo I I  area or tar get machine. It should be reasonable for VAL to

evolve 11110 a ~etIe !a l p~ rp~~ lu t i ~ ua~ e appropriate for writing programs to run on future general

put pose d I t a  t lotv (01 I1}UIICI S.

In t h e  di’si~ ti of \‘ Al .  we have t~iv en ca ref t i l cons ideration to the recently developed body of

knrtwl i-d~ r ahruiit III am st i uctu t i-s and Iangt iagc characteristics which support program

vet i I I( .~ t I1III. ~Vi’ h a v e  found a natural onsistcncy between language design for support of

colicut t en cy an d lati~ uagc design for cot icc tness and ve t if iabihity. This has made it possible. in the

dr’sic~n of \ ‘A L. to adhr ie to pro~,ram structures and language characteristics that have been found

desitablr ~ for C:ISI’ of tIIide rstan dii Ic~ and verification , and ease of building a program by combining

sepal  .i nly c1 u~r i i  iI ~d ITIO(IUICS.

We  hav e  I l l I d e r t a k e l I  the desi~ n of a new language because existing languages for numerical

• com~ tit~
t i r p u hav e a serio us def icII~ncy . they i ef lect the storage structure of the von Neumann

concept of ComiIIitel Olgani iat inn in t i lat eac h language has some method of effecting a change in

state (If t hii’ u1)i-IclOI ‘f w h ic h c a t i t l o t  he modeled as a local ef fect. Fortran , still the most popular

laI1~ Il:I r lot lai~~’ s a lr flIIInrt ti -al woi k , is iiaiticu la rly blatant in this respect since it was conceived

as a llt~~h level ,11tation tot ~~ii-i~~i arns to he un on a machi iie of classical design (the IBM 704).

Key words : programming languages , applicative programing,
modular i ty
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r ue  diiticu lty wit h languages t hat allow Spec ificati On of global state changes is that programs

may tIC wt iucn w hich a t e  very c hilf i cu ht at impossible to anal yze for parts that may be executed

coi icurre i,t ly . It is impossible In geuieral to trace the flow of data with less than a complete analysis

of t he ciii ire program. Only with such ana lysis is it possible to find and eliminate inessential

constr a ints on the sequencilig of program parts.

In contrast , the langu age V AI .  as entirely free of side effects : each module or well formed

poi f inn of a V Al 1)1 ogi am rnr iec pondc to a mathcmati cah function and the entire effect of putting

two  pat ts to~ r the r  is to comprise the corresponding functions. Such a language is functional or

a~~~’~c~ rz: i  AItiIolIghi dec,c~,is for aj ) 1ilicat ive langua ces have been discussed many times in the

hite ratu t  e. th e t  e have been few at t em pts  to construct a complete and practical definition. This is

clue to the di f f icul ty cit i i l corj xi ta t i l lg  file Updates and inpu t /ou t p u t  operations within the
• app licat ive f ramewoi k . aulc i  the quest ion of efficie ncy of implementation. The efficiency issue is

co u i i t p red iii V AL by our goal of highly parallel execution , which is supported by applicative

langiiai~cc . atari our aim to develop computer architectures specificall y for efficient execution of

pro~ t a i t ~~ ex p t ecced ~ uiinctuoi~al lan guages

T h e  f ile u pd at e  and it l j l i i t ’Out p l i t  issues wi ll be address ed in future versions of VAL in which

stt rams of v a l l irc will 1)1’ intt oduced as a principal means for communicating between program

mod u i— c Mod nh— s that 
~ 

od t ice streams as out put or accept streams as input can be used for

un put/oiIt hIut processes. Fiirthici . the implemei itatuon of transactions on a data base may be viewed

• as thii in ucCc SitIi i-if a st r(’.InI of counlnail ds by a data base secietary ” or “guardian s module that

holds tli. dat i II,~~ i as u i l t e t  11:1 1 da ta If it is desired to realize more concurrency in processing

I i i  II:. • I’ II~~. t h e  d a t a base may be divided 11110 pa rts . each w ith its own secretar y module.

In lI~V i~lflhIIII t h e  stt u i - l u te  of V Al., it was nat ut al for us to start from a language design

w h~~ hi ,s it iII~~f i  qu a lity , is wi-Il doaimrntrd . and is dose in spirit to our goals. Such a language is

c LU ii. ~‘I. clr~’rloj ,rd at td I] by the Progianami ng Methodology Group under Professor Barbara

I . Ic ~ t iv In Il-i t i ui lat . C Lt I ic (lesit ned for com plete com pile time type checking, and it has a set of

well hini h~r out ouat i ol stt u turcs and liasic data types consonant with modern principles of

511 1i r u t — r h 1 , t t 1 i I la f l t i l uc 

~~ -.• - • . .- .~~~~~- .~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~ : .~ -
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W hile we have adopted many of the fundamental ideas of CLU, VAL differs radically from
CLU an tha t  the latter , like many new languages , is object oriented instead of value oriented. In

keeping with i c h i c  di lf ete nce . t h e  syntax and genetal structure of VA L are designed to reflect the

f unct ioui al cil.l t a c t e z  of th ue language and oui des iie to support highly concurrent program

executuc ~n.

1.1 Acknow ledgement s

Ctiui’nt wi : i t k  on thie development of VA I. is funded by a grant from the Lawrence Livermore

[ .ahora to~ y of the University of c.alit’ot n ia (LLL). We a t e  thankful to Gus Dorough, George

M ichiael and I ans lug Sloan of L[.L for th ic ir enthusiasm and support.

Sr. r ~ ilel l Ile h a v e  wot ked wi th t is during the period of design of VAL , and have ma de

flil J SII  ( f i l i t I  ut t u tuo t us  to the la iiguiage and this ti- port , they are James McGraw and Charles

\V ethc t i l l  of LLL itu d Itcaui Ruock aiid Ken Wel Ig of the MIT Computation Structures Group.

hi, c i  iuul l i cuiced t i le dev elo pment of \ ‘A l. by suggesting features or requirements , and

th u • i tu ~,h r h ieu j cr  t :  l i - I S I l cii ou r document at ion  These are Chris Hendrickson and Tim Rudy of

LIL . .u iud Au id y r.uu ,htuu’u . R .anda l I~t yant . Clement Leung, Lynn Monti, and David Hirschman of

t h e  ( m i u ii
~ ‘lit a t u i lu St t  (h u ll cc (,I otI~

)

Tile idi- i s  iii t h l r  h1I ~~~tIi , i- g t ew  o u t  of our gradual self-education about data driven

c omputitur ln h~~ t in tu i ~ at of i ru d I~IV7 The students and staff of the Computation Structures Group

who h a  vi ’ (( t I n  d il uted idi ic iuuc ludc Earl van I lorn, Peter Denning. Fred Luconi, Suhas Patil , Jorge

Ri,idt i~ u ti ’i. ( .hiuuudi ~t Ramt hauuda ii i , John Fossc’en, Puakash Heba lkar , Jeffre y Gertz , Austin

Het idri si ’ ui . Sti ’v i Zilk’s . C ra ig Schi a f fer t , Eliot Moss , James Rumbaug h, David Misunas, David

1st uniii , Pa oh I~ o~u u  u~ . i , Dav id Ellis , Sheldon Fot  kuui , and Glen M iranker.

We thank t u e  N:utionil Science Foundation for their continuing support , and acknowledge

with •‘i1i1ii e r ua r ru in  th ur lone 
~~ 

m d  of s u I~ Ipor t provided by the Advanced Research Projects Agency

of t h ur rue1 i . i t t  nuu~ of r) rteu use
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From outside MIT we have enjoyed support and inspiration especially from Joe Stoy of

Oxford Iiniveisity. Gilles Kahn at IRIA , Paris, and from Arv ind of the University of Ca1~fornia at

Irvine

In addition , we thank Bau’bara Liskov and her students for providing in CLU a convenient

big hi qu ality start in g point for our woi’k on VAL.
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(2) Lickov , B. H.. et. al , “Abstr action Mechan usnas in CLU”, Communications of Me ACM 20,

8(Au ist 1977). ~~‘i-~76.
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2. LANGUAGE SUMMARY

A pi og l urn in V At us a collection of se patate ly translated parts called modules. Each module
co i i t a u u i s  he d c l  utui lm o n ut one cxte r u ial  fu nct ion. This function is accessible to all other modules of

the \ ‘AL h)ro~~.nt by misc of its name. A module may also contain the definitions of internal
f uuuu ,ouus Thi’cc i uur. ’ t  uual Iu uuc t uon s a t e  used only within the module, and are not accessible to other

inudule~

Tin ’ V \ I lat i ~ uta ~ e us :i1ip l icat iv c , that is , va lue-oriented. In contrast to many other

lan~ u r i r ~r’s . t h l r t i ’  a r e  uuo “ob j ects ” thoug ht of as residing in memory and being updated as the

couii 1itut i t  ml i i i  pr n i t  -s c e s Lvcti 31 lay s  an d  ui-cot c is are treated in VAL as mathemati cal values.

A tu in c ti o l l (OII1 1) l l t CS ou ie or mote d a t a values as a function of one or ; ore argument values.

Ex ce pt to t uulv oc ,atm o uu s of othe r  functions , a function invocation has access only to its arguments;

t hur ’  .ini ’ umo sid e rftr ’ ts Furthier , a f u t r c t t ou i  retains no state information from one invocation to

au — i t h ue t , ‘ .u ~hi m i  lOl l ill V O ( i t  our u s s t r ic t ly  miude pendent Hence values returned by a function

di’1 irtud onl y I’ ll t i ne i t  uirnent c’a h ues pt escu ited to it — —  a V AL function implements a true function

in t hu e l~r 1thi cu ) .uhl ( . i l ~eri~r

T u e  dat a t s  ii ol V A L uncli di- tlui - basic scal ar types : boolcan , integer , real , and character.

i i d  nile va ht i  s a i ~ r ’ rthr cr recor d va lues or a r ray values Records have a fixed format in

w hiR ii i i  hi luc Id l uac  a s1i~i - i t u i’d t y j i c  Ar t at ray ty pe has ~n inte ger index set and its components

a t . ’ rut ,l I i t t i  .u r y  i ‘ r ut I t tu ik i ru n ty pe Dat a sti uct ut i-s of arbitrary depth may be ..~,ecufied using nested

3t i . i  y ii id t i ’ on d t ii’s hJ iuuon ty 1ies ma y be formed in which tags allow discrimination among a

it med sf ’ t i-u i (oi uct ni — hut ty pes

F.i i-h d.u t a t y~ ie has i t s  a ‘.cr’ t: u ~rd SCt c t  operations and predicates. Array and record types are

t r e ated us uiaat hlrulr .a tR al ~,- tc of v a lues -- j u st as the boolean , integer , rea l, and character types The
n~ IC~ ut uui uuc lot i i i  u yc auic i r i’ or ds a n ’  chosen to SUI)POt t ude uutmfm ca t ion of concurrency for execution

on a li i . lift p i n  ilhi’l 
~~ 

rue ’ c ’ . i i r

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ 
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I ~. i’1it ions :i r e iua tad led in V AL t hr our’ Ii special e r ror  elements in each data type. The

eleuiwnt undef Lila Is th at one cii mote opct a i id t  val es ar e not in the specified domain of an

iet i t  a l i t u F I Ic i’hi’uit .’uit miss _cit su~ uia Is t hia t a i i  a r r a y  uinipouaent is absent. Other error elements

arc pt ‘iv in li-cl iua the i u uu un aer ic t to mu id iC3 t C a rit humi - tic except iotis.

~1
i’hrt’ des i-~u u of \ ‘ AL perunits type checking to be per formed by the translator. The type of

each at ~ ui mr’ iu t or result va lue of a function us spec ified in the function definition ’s header. Each

va lmur na in ie used it i t i r e  body (If a f ui ic t io t i  niui st have irs data type specified The operations of

V A L i t  e drc i~ rii ‘ I so thu a t  r i te ty 1ncs of the t es u lts can ire detn mined if the types of the operands are

knoscuu Since tiii’ ~y I n rs  ri all atomic ex 1lies suon s a te  manifest , the t ypes of all expressions can be

d eter uiu i ri i

Since V At. is a s ide ct lec t  t r e e  language , suhex pressuons may be evaluated in any order

wi t i t d l t i t  c t  t i - ct ou u co uni j i ut rcl resui lts Thus the cont rol structures of V AL use a syntactic form -- an

e\ 1ir ‘ s ~u i  r u  

- - cv r l tuat i o u u of which yields a tup le of va lues Language constructs are provided for

coini ii iru uu II r~~~i rcsi oiis (if/ thentelse ), and for ite r atuon ex puessuons .(for/iter ), the latter being a

~chruiii- 1(11 r i ’ 1 n ~ I ~c uutu rn c ~ it e r :utuouis ~ ; tai l  recursions In addit ion , ex pression structures are provided

for du c t it it i t i~~ crliii puitatrruul of the n~ornponeuus of a new ar t  ay or of values to be combined by an

opet i t  .\ foralh ;co rtstruct ex pt i-scion is u sed to compute the component values of a new array

s urv uuih t n r n c n n i c i y ‘\ fora hh/e val ex p ress ion comb ines simulta neously computed values by an

a S5(I C r i u v r open at ui- in ci u i- lu ~,s addition , nuuht ip l ic at mo n . or maximum

2.1 Notation

Ill t in.’ RN F pt ,c e iu t .u t  our of the c y r l t a  \ . lii ~c cur ly brace s  { . . .  } indicate zero or more

r1ni r it i n s  cit t hu r l i i i  t en u t I  w u t i .un  I a ~e hr .uc kets [ . . .  1 itud ucate that the material within may

f il l)  t i n t s  or ( it)( i ’

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~. - ~~~~~~~~~
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3. PROGRAM FORMAT

P r c’ ~t nns at  i’ Wi itti”n using the ASCII character set. No “control” characters other than tab
and new hinc a t e  uuscd . exce pt in charact ci  couis t a ii ts. The prog ram elements are operation and

pt unctu ia t ic iui sy nul ‘ohs , t c u  I a uud ui u t : ~ cr ntumbers , character strin gs , reserved words , and names.

T ue  uper at i u t i  ~ui mcI 1nu uu c ru ati or i symbo ls are the following:

* /

5. ‘.,= > =

( ) [ I

Ar t utit i ’~ i’t inuuubct is a sequence of d i g i t s  without a decimal point. A real number is a

sc qt icnc c or d uc: i t s w it  lu either a cicci ma I point or an exponent field. An exp .nent field is the letter

“E” or “ C ” , .i ii opt iouu.i I si~ ii , at ud otu e or iirot e digits.

A i a  r,u n i - I cot ist ,i u u t is a sing le c i a  t acter enclosed in single quotes. A character string

Co iic t aui t  us a s it t r i ~ rut ze ro or mot e c ha rac t e rs  euacl osed in double quo tes. Within each of these ,

tal iuu l .iti ’. ~p idu’. n c l im e. I ncr cent , aiud all ccin t t oh c h ua ra c te rs t e resent th iemse lves. A double quote

may hr pl mccd ri a 5 1 T n iT , by uic in s , tw o double quo te characters.

A rese t veci wc itd is .i word t ii~ t a lways has a special meaning. Reserved words may never be

used in any context for other than tiìe ir special meaning. Reserved words in program examples
and in the sy u ita x a r “ ~ 

uuutcc l in boldface in thus report.

Fire reset veni sc ot ds are

abs do if over

and else in plus

a nt  h_error else if integer pos_over
array endail is pos_under

array_ addh endfor iter real
array _addl cndfun let record

L .  — .-- i.-~~~ ~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - . -
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array. adjust endif make rep lace

array_ empty eruditer max returns
array_ fill endlet mm tag

array_join endtag mniss _elt tagcase

array_ Iimh error mod then

array_ lirnl oval nag_ over times

array_ remh exp neg_ under true

array_ reml external nil type

array_ setl false null undef

array_ size for oneof under

boolean fora ll or unknown

character function otherwise zero_divide

cons t ruc t

.A t u nic is a sri1urtucl: of l,u, ’ : s . c i r p i t s , and under scores , of w hich the first character must be a

letter A uiaiiie i r u .u y ulut Inc  r I c  same as a res et ved wo rd A name may be used as a value name, a

fu t u c t i t i u t  I t i n t ”  a d .t  i r rcd t ,  pe u r a n nrc , a t i-cord fre1 ~i unan~ or a oneof tag name These uses all

ha vi’ their os~. ti t i i i hun n r s r i is fo r ’ inN’ c : c~,n :tor i , and heruce a name i-na y be used without conflict for

scc ’ Pt al rut i i i”  r pur pos es For r - \3m1 te , a r eco rd field name occurs only in a record type

s p e c u i m c .u inn cit recor d c p.’t 4 c r 1 , a oct het ice will never he co n fused with a valu e name

I J~ipet aun d lowe r a . I’ ’ t t i ’i S r um ri nu ns 3rIL ri-wi vc~r words are not disti n guished . but all uses

of a in ime ru t e ’ ’ ’ .’ed 5’.’f i t ’ i  n nn r s t  h i v e  d(nIlSiSN t ) t  c a j nuta l iz at ior i .  Names may be of any reasonable

lent rh

1 hu e ~‘‘l .1t ,i t u i i ’ c i r i t ,i ti i s  sj n .uce , imI m u lat i’ , 111 ( 1 n r e ; v l r r r e  a re  eq u iva lent  ( ‘:~‘,it in delimiting

cc l m n m i ’ m L s l , i n t ’ l in lay  ‘~ n p m ’ n i  : I inywhe re r \ c i 1 n 1 ~s it h in i  a ptci g ra m element Hence they may not

a l i t WI t  hu uu a tI Ll p ml ~‘ i or I we pu I t ire cin~ racte r s of a two char a ct et  operat ion symbol such as >=.

A ‘ a  mn t n i  LII “i u s i ‘q n nn:  I (I unil~’ between id ( C )  ce nru st ,a nrs, names , or reserve d words For
r x n n ’ ip hi’ . m l 1 i m t n : n n l  c i’, , a t ,w ; n i c  Iii’ r e q u it ed  to d nsi r n i  t u sh t I le f t 0 ~,t3 f l 1  constr uct ~nf p then 3 else 4

end f ” t i n t  r t h u r  u n i t ’  if ptlieo3t ’ ln.’dendnf ” Sc 1ot a t t n  ch a rac te rs  not required next to operation or

()t111l t n i t  ui - i t t  cyuaul rut ;

— - — — — - “- . ‘r ~~~—~~- - -‘——‘- —‘ ‘ “-  - - -

~~~~~~ .~~~~~--~ - 
_____ 1
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~‘\ cuut ~t~n~’r~ inc~ ins with a lii- (Cult su~ui au ic i continues to the end of the line. A comment is
eqtuuvak ’ u u n ro .1 space , and hieiuce may be placed an yw he i’e exce pt within an program element.

Lx.r unj i lt’s fit iI,iltit’ S 411(1 cotu s t a nts

ABC3 Q

3 .1 1 ’ ’ ~ T~ 1

_ _ _ _ _ _ _  

~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _,- ~~~~~~~~~~~.
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4. VALUES AND TYPES

r h i -  uti 1n ,t s and outputs oh V AL expressions and funuuons are values , The entire collection of’

values t ir.it in ia y ho’ 
~‘ cse iut ”d to or produced by V AL programs is the va lue domain of V AL. The

s’ahie (101113 in us cuhdiv ir lecl into distinct disjoi nt stubdomains that are the data ty pes of VAL.

Thet e i t ”  l’a cr c  t ; i ’ t wilidil include tire famili a r scal ar va lues of computation; structured types in

the ton m r  (if in t s a imni t eccit dis as def ined by i Ire laiìu~uiage user in ter ms of simpler data types; and

d i~ O itilini ted t i l l  uru r n t y 1  cc

4. 1 Type Specifications

A ts ~i u’ s p c c i t u c a n u o u r  in \ ‘ A L us a synt ac t ic construct that specifies a data type .

pt Icc t5.i c m ~‘1 1  0

c a  n 1ic i i tu icl nj  ne spec

-, j i i - in m u ’

h , , ~ nn S r  - i :: - null boolean integer real character

( m m n I n j n I n t m n : ~ ‘ ,1IC - 5 1u’(  : : — array ~ty 1 e s ito ci

recor d [ “-l i 
~l 

ICC { fie ld 5PeC } I
oncof ri~ sjiec { . rag -sj iec } )

d c l- I i  : I icli tuimle { . Iield-nanre } : type’s pec

~~ s j ’  : :  t l c : ’ n n i n n n ’  , t.u ~~ni.inre } [ type-s pec ]

I ur’ lcl t n i  n ni’ = it ant.’

t . l 0  11 . 1 u i’’ : : ‘ 11,111)”

t S 1 iP  mu In mi ’ : I n t l I a P

It  ‘t i Ii i  ~ic t ’ n j  i ’ . t I ne ic it n i t  u n  p us  ~il1l1 iiy t ile rn.tun e of the type~ For a compound type, the

i’ I u it  inn ( n r u n ‘d S rut a 
~‘ !  ~‘ con c i t  i n  t~~’ g ic’ing t h e  nanre of tine com pound type followed by t he

ri,’ , ~u ’  t I  ii ’ I n  ii u rnIt n i  ni ituri t i .5 r t i lu l r  lit id k et s

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ._ .
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Time a t  u i ’ 1’ t ’1~ ’r coi us t t u ic t u i  1 , uc r s  the t y1ne of t i nc • i’n re rn:s of the array
jc u u r ~

i Ii’s

array [ integer
array [ array [ real ]]

Time reco tcl type const r “~rot p~iv. ’s t in’ lucid names and the type associated with each field
‘Flu e field n.m I t i c  t u ~ ’ .1 w i t iuu i i  any t i- co t  d c~ II it icat uon must be distinct Where several field names
at e  list’ ni w ith  on” t~ Inl’ , tin” tield~ a t e  ~lI (if t ha t type

L\ a t t i j l l , ’s

record [ I. i integer ; ~~~~ real 1
record 1 :  record [ x array I boolean ] ;  V character ] ;  TEMP : real )

A t n  t i t i e  t in  i ’ lie us’: I as a field n.ime and as any other name (hut not a reserved word)

wit  liout co t it  i icr , s rt ic .’  it us uuuts ’ r 1i ret ed as .u iu~id n:m nile o nmI ~ in the record constructor and in record

01)5’ t ,it ul it Is I I t. ’ l i t  P fie ld in m e  may be sused in sevei ~ I recor d types without conflict ,

Ti ne oneof In ir u ru n ) r ’t ’pc co t ns nr~uctor g ives the ta g s and the type associated with each tag. The

,n~ m n n n  t i c  nmu .t I ~‘ du~,tmna c t \V hen e sm”\’ ci a! ‘tag unames a r e  listed w ith one typ e , the ta gs all indicate

in~ t t y~ i” It t i l l ’  n i  il t itu a i re! follow itri~ ty pe speci f ica tion are onnitted , tire null type is assu m ed.

i x  in t~
t irs

oneof [ LIP , DuW’~, LEFT , RIGHT

onc of [ F I X  integer FLO rea l
oncof In~~ array [ integer THAT , THE OTHER record [ C real ; D : boo tean ))

Ac in t iu e c a l’ i t  tuck! tuanr ~’s , a i~, ii au mr r may coincide with any other name without conflict , and

the a inc I ig iiii n i n i t t y  lp, ’ u ise ( l in several  iinuon types wi t  hout conflict.

‘\u u I”  113 lire used :15 a type 5PCCi luca t iou lutist be defined by a type definition (see Section

-~~ ± i ~~~—’
~--’. ‘ ‘~~~~~~~~T~~L~~ ~~~~~~~~~~~ - - ,_ ,_‘~~~~~~~~ -- . —, — ~~~~~~~~~~ ~~ .‘.
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4.2 Value Domains

L.scli da m i y 1me it a clc’inra in of vaiues is desc ribed below . As will be seen , each data type
includes pt opet e leirwi its , au id eruor elements which occur as the resu lt of an expression when

coini l lm it it t o n of :t p to j . ic r va lue of the ty pe is iiu)j )OssibIe. Each data type us further characterized by

the set ut operat iouis that m a y  lie used to create and transform values of the type . The operations

for c’,ich data ty pe of ~‘AL a te  def ined in Section 5, as are conversion operations that convert
va lues of one t y 1re into val ues of another.

4.3 Error Values

The eu t  or ek inne t rts a te  iuuc lt ud ed to stu huport the unusual treatment of exceptions adopted in

~‘AL .rc n l i sc ius c , - cI iii Srcsuo rts 5 arid 7. The ftuII nanne of an error value consists of an error name
folkiweul liv the t ype specific ation euuclosed in hr ack et s , for exam ple zero .,divide[real). This is
hec at use i’v .’t  y ca Ine . innltuding all err or values , must have a unique type , so, for example,

zero_dividelreah] is a differ ent value from zero_divide[integer).

Two et to t  s ’a luies a t e  mi-tu bers of e v e r y  data ty pe. the element undef[type) results when

o1rei,i tid v a lue s i n c not t , i  t i r e domain of an operator , for examp le, if the index of an arra y access

open :ut ui ln is Oi i i S t . i ’  t huc t a t I~ e 01’ t h e  array; t ine element miss_eltftypel results if the index of an

ru a y .i~ i ’ c S  Olin it  iou us wi t h u tu thi~ ar ua y range . but no data value exists at that index.

4.4 Basic Types

77,’ A’ c~,n/ 7 .,.~~

~) nt
_
il ICI i’ leinar i i t s  nil

rt i ot c le urre t i t s  undefinull), miss_elt[null)

1 F i t ’ utu ll ty pe occurs in a distinguished union (oneof) type where in one or more alternatives
no d.it.t v ,u lnt’ us re qt i iu ccl

- . . - 
___ -•_7-__ - — - - ~~- - — — -..- .— - -

— -.-—_~~~ —- -I--—- 
‘- _— --- -_ ‘_~~~~~~~--~~~~~~~~~~~~ .~~~~. —a
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nij ur n iii n ‘ n’ - I i t \  true . false

ii n u i ’ t u t .  undcf~boolcan miss_clt[booleanl

‘J ’ - ’ i ’ l ’ i~~n t  1 ,~’(

h u i t t l i’ ‘ ‘ I ’ ’ nn n ’ u i ns  I in ’ ’ i r n t , ’ - . ’ t c  bett ~-ee ui sonic hinnits which are
ilillilt i ‘ t n t ’ t ( t t

i t  t i c  “li -n ’ , ’ I i t  undeft int eger I. muss _cit [integer] ,

pos _over~intcgt’ r ;. neg_overiinteger),

iinknown[~nteger) . zero _divide~unteger)

lit ’ i i  i - II . pos _ovcr~int cger itu d ncg,,.over int eger) it id ucat e that the integer value is

t ( i n i  i.i t i I n t - - - ‘ I ’. i’ i t  i i i- , .a t i . i ’) i n I I  ‘ I t  - n ,  n n t ’ ~ l i t t  t ine m t tn p lemen tat i on .  1’ he element

unknown intcgcr) n r n . i t  i t ’ s  the ie s iu lt  i t  a comir pur a tuon that has exceeded the capacity of the

— - i u ’ n 1 i I i~ui nt u t io t m . t i nu ’ ‘- F i n ’ ’  t t t t i  s due ic tuot ~tn uwur to be out of ran ge The elem ent

zero_divideiintcger un in a ’ . t in e t estil t of .1 i l uvusuct im t n t  modulus opetat ion with zero divisor.

T i  kt :/ T~,-: ’ t-

j i t  nip’ t i’Ii ni n n ’ ~ F I t n i t n u c ~ ‘ n i t  r i j : c ~ n~at i ot1s of t e.al nunabers

nil , l i t ’  i n n  I i  t n , w t ; iu  SOuiw exponent range which us
lil t li nt t i  I ‘ u t  (lu’h ‘ ( t i n  c mi

i - i t t  -I - u n i t s  undef, re~j ! , mniss _clt [reaI~,

pos_ovcr [rcal ) . neg_ over lreal).

pos_under rea lj  neg_undcr[real).

unknown[real), zero _divide~reaI]

t in ’ - i l  n i t  ru t s  pos _over ireal) it id neg_ ove r[real) indicate that the real value us larger

t 1 u i i - u n n ’  .‘ u ’  i n ’  1 15 - i t ‘ I n  in i~ n , ’ j ’ t r ~ t n i t . i t ’ l r  in lip floating point method of the implementation.

Tint ’  i l .  i i n t m n s pos _under[reall , i t t i i  neg_ under t real) r i- p resent non-zero values too small in

rim i , lii i’ I to I c  I I i n n - l i t ihlr u t u t i n e liii i’ unu, , 1iulunt method of the umpkrnentation The element

un k no~vrr re aI I ;n n ’ I t t  i I i ’s  time t i ’ nIt u t  ,i n u t n i t j n u t . t t t t n r i  that has exceeded the exponent range of the
i u r p t’ n - t i 1~ t t ui .i im , liii .‘ In ’  ~- n  t n t ’  v ,u iiic iS 1101 ktuow’ui to be out of range. The element

-

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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zero,..,,dividc~Ircta l) iu i .I i i ,, mii ’c t h u i ’ t i ’ctult (If ill .it t . ’ mnl 1 u t , ’ ut divis ion m y  zc io

1 “- t ’ n” : I

1 m r  I t 1 u r t  cir u iremur s Tiu c L’S clma u .liI i ’ ~ u t  nl ue ASCII ci ua t acter set.

V t F~~1 ,‘leunientc undef[character), mis s_elt lcharacter )

4.5 Compound Types

- i ’ ’~~ I ‘,i’ n’S

h i t  ‘ i~ i i i ’ ~ ,j i , ’ iI.’tiiued I’y some V AL type speci f i cation 1, an ar ra y  typ e may be defined

hy t i n ’ ’  r v 1 iP 
~l”~ 

m t t t  it  ic ’tu arrayET ]

1 n t  o
~

i i  eleua ne ntc ~n 1ino~ner a t  t my al nu c in array [1) consists of two

c u m I n  ‘ onet u t s

dl A , z ’ t~~i (LO , H I ~ wi rct e LO and III are integers and
10 HI + I l hese a t e  in c lusive bounds on the defined

rlm-’ in n i ’ un ts If [.0 = H I + I t in e ~ t ra~ has no elements.

n . ) -\ c e , j ~~
, i n ’  of HI — L() I t’Ii’uii eiut s of t yp e T

r u t :  t ’ I u i i n n ’ . I s i t  y l it  a ‘ ‘ ,-j ne array[T) includes the elements

undefiarraytl fl and miss _elt larraylTl)

n ’ ~~/ 7 ’ ,’ ’ ,

It t 1. . t , i r e  \ ‘\ I .  ~1 r c j ’ r n u t i c a t u o t u s  t n t ,  n 1, . , ni,, a re distinct names, then

record [ ri~ t~ - - - ; t~ ) ‘ j ’  c i t i e s  a record  ty pe

1t oj ir t ’ i r u n i i t t s  I a i h  I ncl i ner  s , i l uu , ’ ii? t l r c  ii’~ (n t i I  t spe  is a set of I.. pairs

u u 1, v ). . ( um ~ . v~ )l c’ . In , ’t e each v 1 is an element of t 1 .

en or rh , ’ m n ne tut s undef F1, miss _eltET], wh ete T is the record ty pe

4

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~
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I ‘nt(r fl T’,’~’~’t

Eaci m rleuirciit of a union type is an element of one of several constituent types, accompanied by

a ra~ w im ich mnd ic .ntcs the constituent ty pe from which the element was taken. If t 1, . . - , t~ are type

s1ne c mIi catic uns , :i imcl ii 1. - , un~ are distinct names, then oneof n1 : tk 3 specifies a
Union type

proper elenrents: Each proper element of the union type is a pair (n1, v~)

where I i < k and v is an element of t 1 ,

ton  e lt ’mc ruts- undef[T]. miss ...eIt[T), w here T is the union type

4.6 Type Definitions

typc -def t ype type- luam e type spec

uu a in le  im arile

A t tuu m ( t io uu  cle f uuu uti on may cot ltaii i a number of type definitions which specify

Pt n-~ r i  to m let ‘n:mmin”d ty 1ncs used iii tine function Each type definition specifies that a type name

denotes the tv l le r epr u’su’t iti’d li’1 the - is ’e n type specification - The type specification part of a type

dcl  imn utm i  ‘ in m l v ~~itt r .n t n type names defined in the same or other definitions, Recursion and mutual

i Cdiii ~moIl i t ’  ‘ u n i t e d  in type definit ions Such ty pC definitions may be used to construct data

t ypes ci i t  u , ’ ’ ’  F (if an  r a y  or eco ud stu ( m ctu it  es of tm nh un nute d depth.

m u 1  Ic

type ST .CIc - oncof enTup t y : null element record ( value real ; rest STACK 31;

The uia u mr e  u t  a cle Iiuird ty pe may be u sed anywhere that a type specification is permitted, e.g.

as  t h e  t ’1 1ne 1n .a I auc m (  ‘e n b r  co t i s t a un t s  such as miss_eltEtype-spec).

‘\ i l _ i l  tie un lay he t is~ t as a type itanne and as any otheu’ kind of name without conflict, since ft

is i t ut e r ~‘ 
i- n i ’ ’ l  .m~ - i t y 1 i . ’  l u tu l l e or mly iii v-i’ll du’f iuied context s

~~~~ 
‘ —‘——— -———- - - — V’ ,-e’-—”- ’.-’—~ .‘,-•‘r— - — ‘ — ~~ 

-

- — - . -  - -_---~~~-~~—‘- -- -- - -- - , _ ~~~~~._ _a ~~~~~~~ — -_- _-— ----—-—-
_ - --_ —-.---‘ _— - - - -  — .‘ - ------_— ‘ -
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4.7 Equivalence of Type Specifications

i’yin” check m m m ~ i s m e t  t o i  inied by t ime V AL t ram usl a nor by test uuig that the type of each expression

or siul .u”~1,tccs ioui rura t ci m u ’s t Im e type iequired by the cotut ext in which it appears. The type of an

ex pt rssuou i ou su itex lli& ’ssiIu iu is dcterinniiieul by its couilposition from operators and elementary terms

as descu ih’.’d iii Secl iou us ~‘ amid 6. This must match the type required by its context: an argument to

a f unctio mu must n-iatc h tI-n e at~tLiunn ent ty pe indicated in the iunction’s definition , and an ex pression

eu tire r i~ i~i iu , m t ud ~ude of a ctelin it uo ui (see Section 72) must match the declared type of the name on

t he left hand side

The nec rsc a n y  test is to deter mine if two type specifications a r .  rqu~ua!ent , that is , if they

denote t u e  s-rmc type rwo h,a~ic tYp C speci licat iot i s are  equivalent if they are the same. Two

array 5 1) c c ificarm nt ) s at - c cqum val c ui t if (incur eleul)cnt types are equivalent . Two record or oneof

t ypc spec if ica t to t ~~ a t e  equiva lent if their con espond ut ig ly named component types or constituent

types i re eu1uival i’uit: tine ouc ler in which they are listed us not sign if ica n t - A defined type name is

equiva hi ’ tmt to the type appe r n uu ic ~ on the ric~ht hand side of its definitio n-

A iom1n, inu u nd type s pe cu fic - it uon can he v i~uaIuze d as a tree whose nodes are labeled array,

record , or oneof . w inoce a rcs  m orn record ou- oneof nodes are labeled with field or tag names,

and win o~e I t- ,i s’e~ a t ”  basic ty 1i s Equivalence can he Ionu’rnt latcd in terms of this characterizat ion:

Two t ype s p cc u lm at uoins a r e  equivalt ’urt if t ireir t I  ccs a t e  identical , disregarding the order of arcs. If

a ty 1ie 
~~ 

mi i i  iri ri u i uses recur sucun , t ints t ier’ is i t t f i uu i te;  two such specifications are equivalent if these

i i u t u i m m t m ’ t i e r ’ s i t  c md um t uc .a l

I-:s . n u n r1uli’:. — —  ,m s u i i u t lv ’  t in t ’ bo l iu j sv t nn - ’  ty pe l i ’ t uu t i t uo t s

type NUM = real
t ype STACK = oneof [ c m - p l y : null - r’ Icmcnt ITEM ~ ;

type ITEM = record [ value : real ret.t STACK ) ;

----—  -
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Their ilnu’ tol l tmw miu ~ pa i rs of type specuti cations are equivalent:
real (A defuned type is exactl y equ~vaIent

to the type that it is defined to be.)

record { a real b : in t eger 3 (order of fields is not significant)
record [ii integer ; a real 3

oneof [ t ” m p t y  null element : record value : real ; rest : STACK ]]
(Tire (unf in ite ) t rees implied by these

- 
- type specification s are equivalent.)

It__, 
-

~~~~ 

-

~ 

- ‘
~~~~~~~~~~~~~~ *~~~~~~~~~~~~~~~ 

-
~ ~~~~~~~~~ ~~~~~~~~~~~~~ -, ~~~~~~~ L~~~ ~~~~~~~~~~
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5. OPERATIONS

It u this section w e s p i c i ly  t ire sets of Op c uatuot i s  aInI,iicahle to each data type of VAL. In the
exam 1 t b’s of t iot ation , P amid O sta rid for boolean va lues , J and K for integers , X and V for reals , C
and I) for cha rac te r s , A a u m d B for a r ra y s , R for records , U for union (oneof) values , and V for

values of i t hu t a r  y type.

- • 5.1 Error tests

A uaunnhci of tests arc provided for - error elemet its. The following three are defined for all

tY I)( ’5:

opet ,nt uunn notation functionality

tes t foi undef is undef(V) any ~ bool
test  fo r miss _cit is miss _eIt V) any

test for all er rors  is error (V) any bool

Flu’ nest is error is sat isfied by all er- i-or values for the type to which i t  is applied: undef,

miss_eli , ar i d  :iuiy oti ner errors such as zero_divide that exist  for that type. Additional error
tests , such as is over , i re  de futu ed below for- cer t a in ty p es .

,‘\ll e rrc n n res t o } nu ’ t atiorrs a lw a ys retur n t rue at false , never an error value , They must be
tu ced b i t t  t v - s t  i i i -, t o n u - n m r s  in 1n r efen ence to the eq ua lity operator (eg. “X = undef [real)”), since the
lat t e r  t i-flut ~ c undef[boolean] when N is an e ruo r  value

5.2 Null operations

The null t ’ ~1ne u~ t iced to provide a case in a t i nuot t yp e f or which the value us irrelevant.
Ther e i r e no o p e ia t i o l n c  lot thus type except the error te s ts is undef, is miss_elt , and is error.

~ 

_ _ _  ____ ______ J
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5.3 E3oolean operations

Tine hoolu’a ii oj uer,a t mot is a te  the lollowitig;

oper a tu ri n notation functionalit y

and P &‘ Q ~
01 PIQ

not 
~~2i—~~22i

eqt u v I  P = 
~~~~~~~~ bool -~ bool

nut ei1ui,u I P —
~~ 0 

~~~ 
bool P22!.

test ton undef is undef(P) bool ~ bool
rest to t  miss _eli is miss _elt(P) bool ~ bool
test m m  undef inn miss _elt is error(P) bool -. bool

It v i i  en n ’ t  ‘ - a t t i c  us air operand to a Itoolcaun o peration other than an error test , the resu lt is
undef [booleanj

5.4 Integer operations

The int , -~i -: n i f i t ’r n t t t ’ n u s a t e  nine fol lowing .

o1ier a t uou t uuotat iot i functionality

.ld(Iitiuiii J + k !.~L !fl! !fl!.
s u i t  t~ it J — K !!iL !.~! ~ !.~!
muml tu 1nl ic t r c uru  J ~ K 

~_fl~ 
m t  mm

di. u~ ut ’ in  J / K 
~~~ 

m t  -. m t
r i m ’ , mm l u ms mod(j , K) —‘ in!

P t n i n n t i  t t iu n um exp(J. l~) h i,!,, !.ti!. —

ni p tn u( JIm — J iflt ~4 iilt

_ _ _ _  

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .
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~

’uniu udc abs(J) m t  -. mm

i ierxumlr i u i i  maxJ, K ) hilt in,!. ill!,

miunm nitum min(J , K) mi,, unit .
~~ m t

equal J = K hilt -4 P.291
nor equ ma l J~~= K  !nb ini-’ P22i

great e r , less J > K .J < K ~~~ m t - v  bool

greatr m/e i~nial . less/eq ual J >= K ,J <= K 
~~~ 

m t  bool

test lot pos .,...over is pos_over~J) ~~ 
-v

test h i t  neg _over is neg....over(J ) in.!. -.

test lot unknown is unknowncj ) unit — boot

te st t n t  zero_divide is zero_divide(J) m in t -+ bool

test  io n pos _over or neg _over is overlJ) uni t -v bool

te st  tot pos_over . neg _over , is arith_error(J ) -.

unknown, on zero _divide

t est  lin t undcf is undef(J) m t  -‘ bool

test ton miss _cit is miss _elt(J ) unit -. boot

test lot undef . m iss_cIt . pos _over , is error() ) unit -~ bool

neg _ovcr , unknown , or zero _divide

Tine en r n :  .‘ .il rue zero _divide[ integer] may r csult ft cm the division or modulus operations.
The f I  t ’ t  ‘.- 

~i nu ~~ pos_overUnteger) or neg_ overl integer) may result from the arithmetic

open t n n n nc  if t i ne  e s u u l t  u’xcec ’rlc t inc t ange of numbers representable on the target computer.

If t ine cr m om value undefUnteger), miss _elt[integer]. or zero_divide[integer) is an

open a t i n t  t n  a t ry  t i n t  i’~.’ er opera t ion other t ina n a ti error rest , the result is undef of the appropriate

t V
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Th y’ tnt t i ’ . rt  1 .v t o ns  Ira c e  t h u  folknwiru ~ ~~~~ 1 belra vuo r with respect to the error values
pos_over , neg_ ove r, ;nird unknown These ru les a te  of course symmetric with respect to

exc i u v n r ~ c rut t h y ’  i n  l i n t t t n l t s  to + , ~~ , max , it rd m m .  Th ese rules do not apply if an y operand is
undef , miss _cit . or - zero_divide

Ia pos_over + 3 = pos_over j 0 or J pos_over ,
unknown otln ~t w j se

lb neg_ over j -, neg_ over uij  c O o r J = neg _over .
un known ot l n r ’ t w use

Ic unknown ) - unknown

-‘ pos _over = neg .,over

71) - - neg ..over = pos _over

2c. -. unknown unknown

— K 
~

- j + ( — K t . su , cnn t’~a ui n 1ul e , h’, rules 2a arid Ib,

J - pos_over - neg_ o ver i n J < 0  o t J  neg_over ,
unknown ot i iet wis e

‘1.-u J -.- pos _over - neg over J c, -~ or J = neg _over ,
pos_over if J ~

‘ I on J pos_over ,
It m l J — fl

unknown o t hui t  w j c y ’

41 J ner,_ovcr = - (J pos _over)
‘ic J unknown 0 ml j =

unknown oti ne rwuse

r,,~ j  pos _over true tr t u l css  j  p05_over or unknown,

u n  w In ir in c .t cc t ire resu lt is undef

~nh neg_ over J true nu t nh e s c neg_over or unknown,
run ~c - hn  In c;+ s~ tine result us undef

T u e  lit ~
- P ~uInr . t ’ .’- n u n  ides .ijc o y ie ld true if t h e  con n ect ive is <= , and false if the connective is > or

_ _  - 
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>= . ‘i’ Ini ’y a r e  al~o of coumi SC syu in unret ; mc c’,i~b n res pect to e xchange of the arguments and reversal of

the oun n r c r t nv e .

G.m abs(pos _over) = abs(neg_ over) = pcr~ over

6b abs unknown) - unknown

7a rnaxt pos _over . J ) = pos_over
7h rn in~pos _over , J) = j

7c n1ax~neg_ ove r,J =

7d. rnin(ncg_ over , = neg_ over

7e. maxwnknown , J ) unknown

7t minunknown , ~ = unknown

Oth. - n l n n n  t i r e  :ut ,os ’ r c t c e s . if a i ry  ol r ena un d ~o a in te ger operation other than an error test us

an err or dim e . t t t e  re su lt is undef ni the appropr mate t :.’pe

5.5 R e al operations

l’ine n e i l  n i j u - t a t u o n n s  a re tine f ohlowirn- ~,

O 1ni ’ t  t t l n ; ’ t  not~~ ( n t  functionalit y

add r ’ ro rn • V real . rea l -.. rea l
cn ui’ ,n n . nn - t u nm r N — V T e a l , cal  re a l

unui l rn p l i r r i n n o r r  * V cal , Lc~J —
~

di v-u rn N / V Lci!. ne a l — rea l

e\ 1n uin ’ n r : i  m r t c uu u cxp(N , \‘) real , real — rea l

r’c 1 n n rn u u n u y ’ u t n n u  ‘- t i l t  r unt v - .er exp(X ,J) ne a l, m t — v  real

nr c - i n i n u  - N real — real

n i r v - n n u ’ n ~~t - abs(N) real — rea l

ri i \ m u t n n u u l n  maxt\ , V~ rea l , n’,d tea l

nlm p n n n n m n j t  n min(\ , V ) real , r ea l  — rea l

- -~~~~ ‘-~ -- — ~~~— -~ ---
_ _ _ _  -- —...-_ ___J _ 
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ei1ui,il N = V real , real bool

m i n t  eu~ui.’m l N V rea l, real — boot

r n t ’ ito n , i c c  N > Y , N <V rea l, rea l — bool
ui - mte r r 1 n i r l  - ; c v — n~nu i l  N >~ V . N <= V 

~~
j ,  

~~
j  P221

te s t  hot pos ,_over is pos_ovcr (X) real — boot

t i ’ c t  t o t  neg_ over is neg_ over(X ) real — boot

pos _undcr is pos _under(X) real — boot
n e . ~ to n neg_ under is neg_under(X) real — bool

tr~ t n i t  unknown is unknownrN) real -, bool

tes t for zer o_divide is zero_divide(X) real — bool

test t n .: pos_over on neg_over is over (N) real — bool
te n . :  t i l t pos _under cnn neg_under is under(X) real -. boot

: v s t  or pos _over . neg_over , is ar ith_error(X) real -~~ boot

pos _under . neg_ under , unknown, ot zero_divide

test to n undef us undef(X) real — boot

t n n ;  m i ss _cIt is miss _eIt~X) real — bool

r e s t  t t t ;  undef , miss_eli , pos _over , is error (X ) real — boot

neg_over , pos _un der , neg_under , unknown, or zero_divide

nit n. v linr zero _divide[rcal) n - n i y  result fiom tire division operation. The error values

po~_ovc r r ca l] . neg_ over [re al), pos _under[real), or neg_ under[real) may result from the

.1 t i Inn ii mc n r t , i inn c ml ’ tI ny ’ re s nul t e\ cr eds the ra ng e  of numbers representable on the target

coui 1 t ori-

tine ‘ ;  n u n :  ,nln ie undeffrea l) , miss _elt{ real], or zero_divide[real) is an operand to any

t i  n n j r t ’ : , u n m ( J t l  ‘ ‘ ‘ I n ’ - : 111)11 t n t  en n on- n,’ r , t i ne n e ’ t t l t  is undef of the appropriate type.
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Tine te a l  o 1ner ,a t ors m a  ye tine (nnlknw u t n~ s 1;nccial behavior with respect to the error values

pos_over , neg_ ,ovcr , a tn d unknown These ruIn’ s are of course symmetric with respect to

exc iua n’ - e of nine ar~ n Ino t : r uns  to ~~, *, max . and m m .  T lnese rules do non apply if any operand is

undef , miss _elt , or zero_divide.

Ia pos_over N pos_over if X � 00 or N = pos_over or pos_under,
unknown other wise

lb. neg_over ~ N — neg_ over if X 
~ 

00 or N = neg_over or neg_under,
un known c ntln r iw mse

Ic unknown t N = unknown

Id. pos _under + N = N if N ~ cn .o and is a i)rolnem value

Ic neg_ under + N N if N ~ fl O and us a proper value

If pos_un der + pos_under = pos_under

neg_ under + neg_under = neg _under

Ih pos_un der + neg_ under unknown

ii pos _undcr + f l f l  
~- pos_un der

neg _under , (nit — neg_ under

- pos _over .- neg_over

- neg over pos_over

7c. - pos _under = ncg_ undcr

- neg_under = pos _under

2c - unknown = unknown

3 N - V \ + ( -- \ ‘ I, so , for exam p le . by rules 2a and lb.

\ pos_over neg_over ml N ‘~ cn .0 cur N neg_over or neg_ under,
unknown oth e rwi se

— d i  N • pos _over - neg_ over ml N � -10 or N neg_ over ,

pos _over if N ~ 1.0 or X pos_over ,
fl~ t if N =

un known ot het wise

- —

- 

-
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dl N s neg_ over -- (N * pos _over)

ic * pos_under = neg_under ii -10 � X <00  or X neg_under,
pos_under if (no N 1.0 or N pos_under,

( ni t  ml N = (to ,

-
‘ 

unknown nr iu y ’ rwmc p

-id • neg_ un der = - ~\ pes _under)

4*’ N unknown In nt if N = o n ,

un known u n :bo ’n w i c i ’

N pos_ovcr -- true m i t-s c N = pos_over or unknown,
urn w )t ic ) r  (.t se the result is undef

~ti neg_ ove r N true ut ulr ’ c s N neg _over or unknown.
ut - n wi n ch ii c.’ the result us undef

T ine 1 u 1  i c ’  i n n  , tw o tu nIc s m i c e yie ld true it tine connective us <= , and false if the connect ive is > or
-
‘ =‘ lin e ’ , i t t ’  t l~(n (ii rn t i n  5*’ s yn nnt t , ” t mc wur i n r eupecr to exc h an ge of the arguments and reversal of

tin e v- it ln u r n - t t ’ n ’

abs pos _ over = abs~ncg_ over) = pos_over

Ghi abs poz~~under~ = abscneg_ undcr) = pos_under

G .  abs unknown~ = unknown

73 max pos _over , N) pos _over

71 mint pos _over , N)  N

7c max neg_over , N) N

7d mm flog_over , N) = neg_over

7e max unknown , \ = unknown

71 mninnunknown. \ n  - unknown

n t  I n u n t  t i n e  ,~ I ‘ t i  vn 0-c , if n ny UI n y- i  and to a real operation other than an error test is an

en n ’ n ’.-’ ,m l n t ’ - I n ’ -  n i -c u m I n is undef nit time )j t 1i r( i 1u ri ;tt e t ’ ,1nC

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ _ .  = _ - - .--
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5.6 Character operations

lii. c h i t  utt ’t  open .at mui rc a re  tine followin g:

o~ men .n t u on not ,a t u u iii fu tic t mona lit y

equ al C = D çj~~r char — boot

not i’i 1 cmnl  C — -c 1,) &~~j~ c inar —’ bool

— 
test ton undef is undcf(C) char — bool

test ton miss _eli is miss _elt (C) char — boot

test t o t  undef or miss _cIt is error(c.) char — boot

It t i n  i t  n i t  ‘- m im i c  m c air riper ami d to a ch a rac te r  oj ic : atn otr other than an error test , the result is

urudef~character 1

5J Array operations

Tin t  o m i t - i  .1 ‘toi l s Ion nine ,r t r y  cta n. i type arrayll) urndude cre ation of new arrays , selection ,

1 n n t i  t I - t n t  - new t n t  a~ n. n liii’s tn ’,- a ipenciunn~’ onnponentc tcn a n n a n t  a y va lue , and combining arrays by

i n n i n n n  Pe .ii l t I n  it a tn . 4 t t I V  ci lur c n t i c i n . t S  of .~ a n t e defined by a low index 1.0, a high

m n J n -\  III . ,iuitl a s n - m i — r ice  o t i l l — I  04 1 c t e n t n n n n ~s (It t in e g mvcn type , some of which m a y  be

miss _clt~ F)

liota t lom i funct iona lity

( l i n t ”  array_ emptyt i) - ar~~~[T)

c t r . i : i ’ , t u ii array_ filI(I, K , \ ‘) irur , 
~~ 

T
cii - :  ~j~~y[T), m t  -. T

a r~m in - i n t l  A ( J  V ) a n r a y [l’]. m r . T arrayjT)
— c r e t e  1’~ I n n  inn - r u t s  

~] V )  mn~,, T —.

m n I ~~x ol I nn I n  -.r arrayjimh(A) 
~,LL~ ’[T) —

- _ _  - ---i-- - r’*~~ • - -~~~~~~~~~~~ 
-~ ~~~~~
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ui)( l(’\ n.n t Ii icee st array_ limnl(A) 
~iL~Y[TJ —. m l

i i t i i f l h im ’t c i t  i’ i n t t ne i i t s  array_size(A) arr ’a,~[’T ) — m t
:1 set I i i nmumu ~~. array_adjust(A , J, K) ~ y,[T), ~~~ m t  -+

m-’\ t ” m iu i i i- in array_ addh( A , V)  ~j~j[T], T —

e\te i,( l  I n n - v  array_ addl(A , V)  ~j~~y[TJ, T - ~~~T]
I (‘ii no ,  i’ Ii u~ in array_remh A) 3ij~,y[T) —

em nit ‘~e k iw array_ reml(A) ~j~yET) —. 

~!!~~tT)
c i t  I~ iw Iu u nut ar ray_ set l(A , J) ar~,~~(TJ, min t —

clnn u,,I t en n i t ”  A 1 B ~~~ y~[T]. ~j L~~[T] — ~~~yjT)
mit  t’ dcl ut ’  i i i i  n u n  u t s  array_jo in(A , B) ~~~~[T], ~~~~[T) —

test t c un undef is undef(A) ~~~j ’[T) — boot

t t ’s n t n ’ t  miss _eli is miss _elt(A ) ,~~~ [T] — bool

t * ’s ( t o t  undef c n t  miss _cit is error tA ) —

I n n n n ni - n ml , t i n , -  t n -s mu t : nn l i in i t  a open at ciii ms the c ur  or element undet of the appropriate type
if ~~~~~ i i i  l t t c ~n \ iqii’ t .n nn t i  is m u l t n n I  ‘, ,t~ n ni ’ or in an n a y  operand us undef or miss ,_elt. The
r y ’n n m m mi i ,  no’s i i i  ~c I n m n  hr the n ccu l t  us in en ton a t e  s pecified below for each operation.

C ‘~~:‘n array_ c’mptytr , pc spc’ )

l in u s u~ ii n u n m i i ~ .1 n , t n n . r  t i lt  it is aim it  n a y  of t ine undicated type , whose low index is one, high
iii I n - , u s l i - t o , . m m n  w inu c i n  tb n e t e t c nr c  c on t , nu u ms tie eler- rwnts

( n e : . ’~~ 
ii ” array_ f illsi 0, I I I , V )

This r u n  n ’ a im a r t  iy sc ’ i t b n t ime - iv em i  n .mn u ,c  and all elements equal to the given value. If

LO - 11 1 4 1 . tI n t ’  ns ’ s k u h t is undcfiarrayU 1) ‘FI -nis operation yields a proper array even if V is an
c i t  or v mi mic  s i  in undcf ot - pos_over

- - s— - — —  —n’ “— ~
- 
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Fi’s.iinn ple

array_ f ilk 1 , 10 , 6>

is aim :n t my wi t  In lu) elernciitc . all equal to 6.

Scku’ A[J )

T in ts  open i tmo mm yields tine elemiwnt of the a n t  a ’~ A i~ m m udex J If J is not within the range of the

at ua y . the u esu it is undefti ’) Ot ine rwu ce , tine result is whatever  value us in the array , which may be

au eu - tot va lue s t u ci n is miss _e lt iT )  or undefiT]-

.4pf ’ e ‘n ’ A [ J  V J

T inu c r e rm u n t i  .um n y i n  a v ide ntica l to A exc ept tha t  t im e element at index J has been rep laced by

v ilim* ’ \ ‘ T ime n rn’ r of A us ex panded a s needed to mm nc hude index J, and any new elements in the

i’d r a t m  - m - i n c c - m v r n r  the valu e miss _elt [T) Fon examp le. if A has bounds I and 3, and J is
10. r’ lm - inr r m m t c  4 t in t  cauit~in ‘I scul l m e  r-niss _eit[T’ ] in tine result.

( ) n : ’ n / ‘~ ‘n ‘ n ‘ t N  1 1 “‘

l’hmc n i n i n , n ~ i i i  it r iS scnn bt  low ~utd Ith ,In n i l  icc ’ s hncu t i~ J . and one element V at index J.

I In i’ n e a r c  .ninh m cc mat e d no tat ions for co nn 1,os ut iotn s of St /e C t , append , and create by elements

o1ier m i ii r t s  t o mun 1i lit y t e n t s ’  tu i t ion  of rnuult i1nle element ar rays and for operating on

nr m mlr i -nit uln ’ muc iomn l I a r r a y s  See Sect ion Fm 4

I itilt ~~ ‘ , i ; ~~ l tt S t , lorut ’St arrayj imh( A): array_ Iirnkfl)

t in -s e I n i mm ctu ( n i uc  retu n m m t i - ne in n in or low index of A . respectively

-

~ 
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ttl t, n’ ,!.i-, 
~ e’-’t n’:~

’ nt~~s array_ size A)

I lii. r t ’ tm un nms array_ Iimh A~ - -  arrayjiml(A) + I

~ t I’~;.- ‘;!; array_ adjus t (A , J , K)

1 i u m s  n r t u m n  i n n.  i n n  i n n  n s n’ . n t b t t i 0 1 u’ t j .  K . containin g the same data as A where possible, IfJ is
u ~t .  t t i  m u m  arr~ y_ lu rr,t \ i nun K is it ’ss t u rn array_Iimh(A), some elements of A will be absent in

t ine n i om it  It I is ~s In on arr ay_ limi (A ) cnn K us c~nca t c r  than array_ Iimh( A). the newly cr eated
m m n n d m m n m u m s  nm ’ ~t I ii niiss_cI([ I

Ls ~ ti! ‘-v. ‘.‘;~~ array_ addh ‘~, \‘ , array_addl(~ , V)

T in , ~“ n e t t un un t ime ,rn nay  A with its hi~ in ut idex increased by one or its low index decreased by
a t i ( l t ine ,, u c n - n u  va line V mc tine new eleme n t

i 1 , , /‘ , ~~~~ array _rcmh(A), array _reml(A)

I’ Ini ~n -  r t n i : n u t i n ’  t i n  ay A w it h  its h u h  it idex decrease d by one or its low index increased by
one A i r  ‘ -  n i  ‘ t i n t  t n i l  -\ us lin t iii t i m” resu lt It the ar ray A has size zero, the resu lt is uridef.

5cr -‘ -
.- -  ‘i”,,! array_ se t I(A , J)

1 m i s  m c k t c  j - array_ liml(A) to all elcmiac nt indices and to both components of the range.
y m el I mm n n~ n ii i tt  a v s uuinil , n u to A butt w i t i n  t u e  ori g in - n shifted. Its low index is J.

array_ se 1l~( 2 : > , ‘Y , 7 J, 5)

den otes t Iu ~ samine vn luue as

[ ~ i : X , V 
~‘ ]

when , ’  n i un ’ y i n i n t . ’ s  i t t ec l  t runaumo i m ms defined in Section 64

— :~~ ,‘:~ 
- 
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(on un ’tt7 r A II B

‘t In t s  u m ’ tmm i n n s  a ma ar t  ny w inose size is the sum of t im e siz es of A and B, formed by concatenatin g

A and I~ lhe 1mw um idex of time u-st ilt is tire same as tine low index of A , and the elements of A

reta in their on u~’, ummaI  ut m ( Iiccs ‘line indices of B a t e  s in uf tecl as necessary.

A lc? g -  h’fi ’ned y ’lecmcn ts array_join (A, B)

Ti nt s m ac u i~t’n. t ine a n t  iys by elements The low undex of the resu lt us the minimum of
array_ iiml(A) ,utud arrayj iml(B). and the hig un index is the maximum of array_iimh(A) and

- I 
array_ limh~ r, t [hose e lemetuts of tine result that a r c  not within the range of either A or B are set
to miss _cIt 1 hroc i’ t i na t  a r c  w i t l n n m u  t ine rat n~ c of omie a rgumenat are set to the corresponding

elenarnnt (it tli ’nt a t  r.( umc m nt ‘Fim osc t in a t a r c  within the raulge of both are set to the corresponding
dci ni i t t  ot A it ’ t ine (n t i n i . s i io u ding ~- Ie o r cr u t of B us miss_eli, to the corresponding element of B if

the Cut m ’ s p ou n c lm tn ’ - m ’ Ic n nc ’ u ut  of A us miss_elt , and to miss _elt otherwise Thus operation is

i u i temn ’ t ” -  i to lie used to n-net tte lilt tu al l y defined i n n  a ’~s , such as an ar ray wi th only even elements

dc l  m ccl n, n Inc ni t  I nn s h n e m m i , ~ miss _elt) atici an array with only odd elements defined.

5.8 Record operations

I in’ ’ (t 1i( ’ a ’ mint ’ to t  a t i’cciid type t ’ j necifmed as T = record N 1 T 1 - . - N~, : Tk ] are the

follow m m t -  N 1 - i n c  t ine  t ie ld t ia n tnes . a mi d T~ - T~ are the corres ponding ty pes .

u~i’ ’ n , mt i i im m un ot atioun functionality

cm c u e  record[ N 1 V 1 - - , N~, : V k ]

T 1, . . ,  Tk - T

s t i n t  I” u~~~k R , N  T~~
T

ne 1 n lm i  n~~, I < ‘ m k R replace IN V ) 1, T m -. T

—

- 
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nest ~iit undef is undcf(R) T — bool

test ton miss_cit is miss_elt(R) T — bool
t es i  t n n n  uncief cit miss _ cit is error(R) I — boot

— - — — - —  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

C, ~ n ’.- record[ N V 1 ; . .  - N~~. V k ]

linus hnu u ld c .a mn ’iond valu e { (N 1. V i~ 
(Nk, V k) } All of the field names ass~~mated with

t he tv 1 ii’ ci: t ime t ’~ n _ ni ci it , n nn ,~ co iuc t r ucted n n n ~s: a m) l)car in the list , though son e may appear with

“ r i o t  .il mui ’c su(In i s  undef i I~) or miss _elt[1 , ]

\ , , , ,, :  R N

T his t e 1 n m t n u ~ t ine v , ml t m e 01 the m u n rna ed field , t inat is , V~ it N N
~-

1?,- ,’ ~~ . R replace I N V I

1 hut s  h u m t i c  .n n n - n i n d  s un t i u L an to R ex e1,n t i tan tine N’f meid is changed to V

-‘s i t  t n ’, i n ’- t n cn t , n t ls .ut r s .ini’ provided t cm r (out r1)outnd selectors and multiple va lues in replace
st j  in ’: i i u i t n s  ~‘i”- ~ n - m om , &

5.9 Operations for union types

i n n  I n  t L m (  i i ) ,  I m T m n n u i ’  tom i unmo m n t c i n n  ‘~~~
, i t n i d  as I . oneof[ N 1 ‘1”~ - , , N~ - T~ ) are a

c n t n t ,  u ’ j ni I 1~ io u a mid -t test 0! .u I n~ l’he t agcase com mn ro l structure exp lained in Section 73 is the

tn ’ In i u i i s n - 1  t i n  i t  i- n.~ u nn c ~ ‘ ‘ t n ’ ’ n ’ imn ’ i n t  va l ues I n unit a s .tlt ue of unumon ty pe In the following, N1 -

a n e I h~’ - -m~ mm a u - t i  ~, m i m i  T
~ ~ ~re tine neo n es 1nound ing co nst ituent ty pes

ui j ir i ! mim tu m m ’ i t m Omr functionality

c i i i ’ .- I make 1 1 N V 3 T m — T
r m ~ r, ci I :

_ 
:

_ 
, us ~ (Ii) 1’ —. bool

L ~~. —-  - -—
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F.

test ton undcf is undef(U) I — boot

test for miss_cit is miss _eit(U) T — boot

test fo t undcf cnn miss _cit is error(U) T — boot

The riper ations make T I N V I and is N (U) are type-correct only if N is a tag name of the
ty pe T and \‘ is of t ln~t constituent t ype. The result of make I I N~ 

: V I is the pair (N~ V) for

an y elemet it \‘ of T 1 The result of is N (U) is t rue if U (N , anything), undeftboolean) if U is

undef(T J or miss _elt(TJ, or false otherwise

5.10 Type conversion operations

Type m i n t  c t-n sr nimi ( t 1 n C t at  nou ns a t e  provided betwee n integers and reals and between integers and

ci n,m n .a ct ’ - n 5

open ,a t urin r nota tmcnua functionality

n m - a l  to m n u fn ’~,e r intcgcr(X) rea l — m t

unt. c-m ”t n i n - n e n l  realçj ) unit -, real

c hnu t .nc t c n - to - u imn . ’~ rn integer(C) ç~j i~, —

nit’- . i t  -n un cinnu n c ”  character (j ) mm -
~

Inn e m cl n n - a ct ’ u rn ii n ul i li n un s’ ,al nu c ’ nt undel on- miss cIt t ’ - nu l l s  the result undef. For other values

tin t ’ n nu n ’ , n 5 m m  t - n t .i s tyal lc ,sc ’ s

intcger t \

It \ is I ~~‘ - ‘ n tn t  nil u- im ut t i c le t hn n n is m e 1nr ese ma n.3 t ilt’ as a proper element of in t eger , the result is
pos_over ut ncg_over if \ us zero_divide, pos_over , imeg_ over, or unknown, the result is
undef It \ is pos_under or neg_under , the result is zer o Otherwise , the result is obtained by

r ot imrdum n - m mc imm u t u t ,  -~t ii v . ml t iy ’ c  of .\ toward z eta

- ~~~
_ _ _ _

~
__
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-
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reo li p-

Al l l ) rn n l t i ’ n c’ ,m Run’s t n ~ J m r c c o m uv er neci  to the corresponding reals. If J is zero_divide,
pos_over , neg_over , on unknown, the re s n u lt us undef.

integern. C):

Thu s n i ~ ‘ci at nn.nn yie lds tine ASCII code for the cha racter C.

charactc r~p

li n u s u1i, ’ z .i t r n nu  i s  the m n t v ” n  se c n~ integer(C). Its result for values not in the range of
integer~

( t us i n n  c 1 t , ’m m t rt’d

5, 1 1 Type correctness of operations

i n n V “sL tin ’ ~i 
in ’ ~m v a lue It : mid uc ctl I ny ea ch ex pi-essuot i can be determ ined by the translator

~n n. ’ n tn  n l nn j i t n ’ 1 m n  n u n ’s n i t  In n opet .m tun .n im s n t ’  S I i t ulum ’d mit t itus sect ion. An operatmon in a program is type
((in n  ‘~~t ii n u n - i  n n n l ’ , it tim e t~ 1nes ot i t s  a r c n n n nnn- nn t  ex press ions are the same as the argument types
s i n  - m n  n n n i t  t in e (i1it’n . i tn o tn .  Note t in.mt  for each open ator the types of the results are determined
csn inm ’ tm t i n  1 ’ ,

~ ~~ t n ~ the a n . -  t i t ] ) t , i ’ . a re knnc n s ~’n

L :..: - - _____ ~~~~~~~—~~~~~~- —~— ~~~~~~~~~~~~~ ~~~~~— — — - -  -~—~~~~ -
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6. CONSTANTS, VALUE NA MES, AND EXPRESSIONS

“sin rnn. j nn  m ’ c s mnn u m m~ n ine in :tstc sym - nt a c tmc utnit c i e nn c n tnm n n  a tup le of values of some types . T i-ne arit ~
of amn “~1it ess uoui is ti ne s i i i ’  01 ti ne to p ic of va R ies it de m otes Two expressions are saud to con/ann if

they ii ;n ‘ -c  t I ne c m i i i ’ ,a t u t y  a t rd tine con n cs 1ionidnni.., val u es a nn -  of the same ty pe. The design of the
\ ‘  A l  i n  i n  n u  u~~’ t -  ~ s n ic i i t i n ar tine an uty unci t y pes of an ex p re s sion , and hence the conformity of two

ex 1 n n i- s ~ nn ‘ t i c  n i t  n ,  lie det i’ n minmnnc d by im u s p et tu o t i  ut t in e p o~racni. Ti-ne sim plest type of expression of

a t  it~ (tin ,’ in. 3 (nn u s t u n n t  . .n v n ltie mia m ’nar , on arm ope n atuon app lied to other expressions of ar ity one.

T in’ ’ t ’ n u i t 1 n i r c i  I~ j i’  (it -‘ .f J rn:~~tr i t n ot hmP,ireh ar m y is a St ’  ICS of expnessions of ar ity one separated by

c O ui - nnnas

6.1 Constants

‘\ unu st .a na t is I s~ ni: ac t  n m ini nt cut a r i ty  on-nc whnc nsc ’ va lue anid type are manifest from its form,

t o r t ’ - ’ n m nil true false

I t n i n - e t  -mm nn i  n l ’ n n n c.a l-nit imnln c n char ac :er-con st a nt character -strin g-cons tant

a rray_ emp t y t ~1uc s i n ’ : ]

undef n -
‘ ir n.j ‘“ii miss _cit [t -. ic-

po~_ovcn ri:y 1ni- -s pcci neg_ over[tv 1ie’spec]

pos _under [ty 1mr sPec) neg_under :yj ne-spec )

I unknown~tv 1ne- s 1 irc J I zero _divide ttypn- sj ne cj

I lit ’ n. t i n t ’ s undef u~~n c j i n ’C j  .in~ fl’USS _CIt :I u j n c~~ j n  ] a r e  Cc t r is t  ints denoting the undefined

t i n . ’ -  u n - I  ‘ ni ‘ i n n - - n n t n \  n ’ t ’ - ninn ’t n t ‘.- n l t n e  of t in e \ j ’ - n t id I (~~t P:~ in the ty pe-spec. For examp le,

unde1 rray~integer ~ di - tnn n -
~ n u t ’  um uu de l unie d va lt ie cii type arraylintegerl- These two constants

P \ u c T  t i  i~ ill t ’,
~~

n - ’  n n n s t n n i j i n i :  i n n  ~ny .  r ecor d , and tu m im on t~pcs The remainin g constants for each data

n.’ ,i i i  ,i~ t ( u i l i tSc ’c

T ine nna iy f i n n s :  m u  of t ine null r~ 1ir us tint ’ r rcc nve d cso~d nil.

- - 
~~~~~~ , - -.,
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lime c . n m n c t  ou t s  ut t i ne boolean type a te  t he mes e rved wonds true and false-

The 1 nt m u o i j n  ii mouus t .mn t t s  on t i- ne integer and real type are integer numbers and real numbers ,

t ine tot l i m i t  ot s~ln icI n un i- e u ’ . n ’ nu  m u  Se c n m o uu 3. TI ne:e are also the following arithmetic error constants :

pos_over l integer] pos _over{ r eal)

neg_ ov er~ integer ] neg_ over[re ali

pos _undertre at]

neg_ under]real)

unknown] integerj unknown[reall

z& ’ ro _divide[integerl zero_d~vide{real)

lin t ’ t n m u v . t n c  i t  i~ character t y j m n ’ i nc t ire characters enclosed mn - n single quotes.

‘s in~ n i ’ ’
- : I n n -  n ’ t n ~ c n s n - j  mit  clcnni lule quotes ns a constant of type array[character)

c m nnn : i n n n n n n -  t in,’ r m n d n c ’ n d u m . a I c i n t n . o n - i s  of t inc n . t t t t L  a s elements. The tmrst character us at index one.

1 hi i n :  n ,  ‘‘ ni n. t  i n t l  a rray_ em p t y t ’ - j  ‘) ,‘ i ic ntcs t ine in na y of t ine indicated element type whose

t a r n  ‘- ~ ~i (i~ . in i  i t t t t c n ’ t i n s m o  n l m t t ) C t i I S

‘T it e r c t n ”  t i n ’  m i m er  a r t  iv . r n’cotd . on i tn uuo ni c o ns t a nn ts , but various con structing operators may

iii n uc c i “ t I  in i in n . ’  n m t  ~1 i i t ’ O ’ n n t s  no d e n n t e  “cot is t .a nnt ” a r r a y s , records , or union elements,

I ~ n I - i~ 1

1 , - ~~ . ‘ . ~ I ( , , rr a -/  c onst a nt , see Se rm on 6.4)

r e c o r d  . : 0 ; : 7 d ( re coc d enstant)

make 1 : ] (cor’.laot of union t ype  1)

6,2 Vd lum e odmes

‘s n t i n t ’  m n n n in’ n ’. .1 ii i n t o’ n. . m u d , drnnatt ’c .m s mti ~ ie computed value of a specific type. Every

n. t i n t ’ - - in t n t , ’ 5 t n n t ; n l - l n n r r ’ I i ii’ n urn nRc in, a ict of a f nnui c t t o t - n definition (if the value nan ’mre us a

ton i tn . ,l in i n n - n ’  t n t n t  t in t ’  . n n n l Rnm n ii’ i nn -  ~I ’ t t t i n ’ ~ii or in a i 1ç i~- : , i f l 5  construct such as a let block or a

for t in , ~ In - n ~~ ‘ i n n  ~n. - t i n  V.1 Itic anne h is  a ~
-
~~/ , - ar - nd a type , and has a unique value of that

t i n  n n . m  i n n - ’ l n u t i t m o u i  d u m t n m n -  n \ i t n ’ uot i it t ine f tn rnctu oru or block ~‘ m t h s~nhnc h the va lue nai’rme is
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I n ’ I Tine sCo 1ii’ (i i .1 v a lu n c ma n ic  us the t n - ron of pn on.~t am text inn which a reference to the

value m na u i u e  de n- nones ins ‘,- ,alt m e . The sco pe arn d ty pe of an’ ,- va lue name n-nay be determined by

mns F n ’ cruu t nu of nin e ian ogn am c o m ist t - u m t t h a t  introduc es in Its va lue of course depends on the values

precu’nit diii t nun. : t i ne  p tm nt  uc in la n m mus t m nl r m a tmo u of ti - nc tunct io un or- block

‘l’inc sco t ne cut a va inic ir a n- ne ut itroduceci as a tUi md arp,ument of a function is the entire

f u m u c n iou ciefu unit i m i , ln ’~~ i rt ~- m unn i e r  scopes ti - nat re- introduce the same value name. The type of such

- m v ,m It t .’ m I m ic t:i ‘‘ ‘n i i~~ a ty~ne c iu ’cl .iratmon in the function header. t ; value is the value of the

con mn ’s i no u nti mn ~, at c - , nuui et n t fc nn the re levant in vocation - n of the fu nctmo ui -

Exa in pie

funct on F ( X : integer returns real
- i”’ p r o ’ - . Or- ’

end fun

- ‘ _
, 

A m n j i j - n  nc” t n t  v.n it un ’ i n n  tint ’ \ in the expression - n de m otes the value of the argument with which F

w .ic u t i n . n n~ c-i Its ~ j n ~ us integer,

T ~n s in 1  r of a c - a m u ’  nn in _ ic o ut :  oc inuced in a pi o,: a iii construct such as a let or for block is

son-ne t n - - i t t  c it  t in t ’  d unn ’ t  nu c t  t in  d ej ncmn dc or -n tine na t i m n e of the cons t ruct , less any inner scopes that

t e - u r m t n  r i m  o n ’ t i ne i i’ val u e u a n -un’. The manuict in w l nuch the ty pe and value of the value name are

~st - i i i I i s inrd n . I n j  m m d c  ciii t ine len t ni ot the construct

i t  In -

let
x : r e a l  - 3 0 ;

,a r ’’ t  f npr dii l~t - t -

I n~’ r dec Idef -

— ancti t i t ’ r  d c  cm -I —

in ‘ e~ ntm ’’ - (nf l ’

endlet

‘~h~ sr i, i- ni t \ in. t l n~ r n u t u m r ’ blmnc i... ino i iu : t t i i  t i n ”  c - , j n c s c I o n  after in , less any inner scopes that

m e m m l i  n n r \ I n s ty pe is real , i t s ‘. .alue is ~- Ii 1hc let construct us described in Section 7.2. If

ti nu c I ‘kin t n~ ci . u j j n  n - t i  w i t h  rim t i - ne scope om X m ntn oducc’d by son-ne outer construct , that outer scope.

sc ut l n  mrs ‘.‘ , ikn r m mci  n ’ , 1ne , woulci ci us.n 1 nj ne a r wit h- nun ni - n us let block.

— -

— ,, , ,_,_,L 
—~~~~ __________________
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6.3 Express ions

r~~n . t ’ ’ t i c  ‘ nm’  i t i l  O u t  (it n.n m . ,ilu ’r e \ j i n (~ ’uoni5 bc nuc~m ns of operation symbols.

n n n ’ sc n r t u n -, in v n ’l I r- \ j ) n ‘ j r n - ~~ n ’ it  ‘- el - i e \ j n  ithe a mi t ies are added)

Iii t i n t ’ ii ’ - . :  ‘-n. 1 m m - ’, the n
~~

n’: t n t  i i - ,’ only I n ’  t In . n~~i ut iii operands are of a m ity one.

I i’~.1 i :: — in ’, n I  2 - x j m  level-I m - n . p  1m ’~~rt ‘-c ’ \ p (boo lean “or ”)

el ~- u”.j u  ii’s’el - ~- n - ~~j n In ’ - , el -~ ’ - n ’ \ j )  ~ Iev el ’3-ex p (boolean “and ”)

Ii . t’i “- -U\~ m = ‘ “ ‘ ‘ 1 -1  i”\~
i —‘ ‘‘ n i  -i’~’’~p (booiean “not~)

ii -;, I e\ 1i les t r i s j n  i r - .- e I -~~ ,‘~ p rrl :i t uO m iai -o p level’5’exp

l i i i” ,’ ‘sp :: = in~~ n i  - ‘ - c  ‘p I li ’vc i -~- r~~j i II levil : - c x j )  (arra y concatenate )

- . ~~j . 1 = lcvel - 7 - n ~p ln ”.C I- ~- - n \ j i  acl dt nig’o p k’ve i-7’ex p

I n ’ . i i  n \ j i  :: = lev el - S - en - p lcv c ’ I ’7-cx p multip lying-op leve l’8-exp

le n d 
~ ‘~~ ‘ m ’~~°°~~ I uni~n~ - o~ j n n  m a n y

n i  m n u c n m n . m i tip :: I ‘ 1 ‘

~ I
- n’ j n  + —

n n i u l t ~ j n k m n i ’  ‘fl1
~ 

/

u n m a n ’ ,- i j n  :: — 4 -

= c c n m n c t : t m n t  I val i : ’ t i n c ic  ( hese ha ve ar m y one)

‘ ( n .j  - i - c n n  1 (sto ic a rmty as expression in parentheses )

I i t s - n t n i  (arI t ’~ us tine number of values returned)

I t c c , n - i n ’ t  ,i n.m y - ( ~ii ” t t ’ i t

— i n - t i t n t  i n  l ii i - n ’ n n cn .n to n ’  (l iuese em g int forms

Lit - ni tn ’t m i t t n’ n c n a t c n  I n .i’,-e u n i t y one)

i ’ no t  - t es t  1 i i t  n i l  ne t a i n t l

-~~~~
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i n - m n ,  ‘ n ’ ni i t

I let ‘ m i u- e ’ ,1i (These f ive structures are

n ic e rx 1i : I e scn jhed mu Section 7.

I m~n -~ , i Imm - nni cx p ‘ T hey have arbitrary amity.)

I cnn ni l-  n - ’ ,
~
)

‘n. mIni’ mn , tuu n n ’ = tiami’

In I nn t n t  ‘.-o ’ i t  m u tu . the in ut y of t in e ex pression m m I_ ia rent hcses must be equal to the number of

a n e t i n c i n  tn t  ‘ j O  t m - i 1i~ t In ’ I m mnn i  h unt

m m m c ’ nt c n :mu n t  = f t u m u c t : u i m  niao - ne (ex p res s m nJ ui )

t n t nmc t ms ’ m n i nnn i ld : i m i n nu e

, n n n . i y n n d  : : =  j n t l n ’ I n t y  [ c \ m i ne ss mo t u ]

a c i ’ , i- n’ t i F t  , m t ç n n  - [ ex p ress iOn : expression { ; ex pt ess mon : expression } 3

I l i m i t  i~~~t V { e\ 1 ’ m - ec ’ mon ex pr e ss m o m n { expression : ex pres uon }
t ’co n d i m ’ t  — — ~nn n u t t y  fie ld -u n- n i l - ne

In Ine n nm ’ \t “ lvi :  t i s , .n II n’\ pc -~~t t ’ n s must ha s e  nc t t ~ oune ex ce pt as otherwise noted , and the resu ltant

~“, ptc cc nc ,t i n .  j - mi ’ .- - m ’,s I, ‘.n’ ‘nt nI~ dint”

n ”  m c d  n n n  . I n i :: - record [ ie i - i - t n at : ie m’ \ J c c s n . t c i n i  { field-name : expression } 3

I i’ mi’  rep lace field n’s. j n .c  es s no n { j t n i - .~ ex pression }
h i L t  : : - -  m i n i !  i n n ’ ,  { . tel ; t i t t i t ’

m m j - !  i n n  mu’ mu m c , ’

( t i c  it t ’ ~n :: iS i -n c - m i t t , ’ ‘ n ’ \ j m t 1 ’:~~i ( m t n )

F 0 m m ,’ , m n m e t  n i m n i  make ‘ \ 1 - n ’-sp rf [ t ; m ? - i m m u l t e  1 pressmon

tn n it’ m u m — u n ’

en run t ’ Y  :: = is under t n . . j , n r c m t n n m n  I is rn iss_elt ~ \ p t t - c c t o mu )

is error I e~ e’. ’ t o tn i us  zero _dm vj de ~t’\ ~nt essuo rn )

is pos _over I t ’ n . j i i  n’~ ’ l i m i t  is ncg_ over  (cx pn essuon)

us p~ s_ un der ii ‘ p cc — i nn ) I is neg_ under (expression )

is ov m’ r n - n .  ‘ i c s m i m m i t  I is tinder (r\ f inn ’n.c tcn fl )

s ar.~ ii _ c r ro r  ( c \ 1 m i  , s s t i n n ) is unknown (expression )

- _
~~~~-‘-~~~~~~~~~~~ — - — ~~~~~~~~~~~~~~~~~~~~~~~ 
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Tine an m u ’ s  in? t ine :i I . um ni ie n n t  e x j u t  escuciru s for a pm clix operation are as shown , and the result arity is

ouae~

• ~~ i - 

~‘I ~~~~~~ i lit i = integer (cnsp n essuon ) (ar ity I)

real s j n  n , cn . m ( n tu )  (amity 1)

character cx pre ssuot u) (arity I)

abs n ’ \ j i i . s c t , t t )  (amity I)

I exp ii ‘ pt  ‘ - n.~~l u t n )  (ar m y — I)

mod I c \ f n n  i ’ sc mcnm n)  ( a m i t y  2)

m a x  c n - ’ s 1 i n , ’ n.c mn -nm i~ (any amity)

I m m  n ’\ 1n nt ’ sc mc n n ) (any amity)

array_ fill (ex j n t cs s mon )  (a ruty  3)

array_ I i mh ~c’ pre ss uom i) (a rmty I)

array_ lirn l (e\ l nn c s n . : m n n n l (ar ity I)

array_ size (
~ in - n.n. ii 1 (armt y I)

I array_ adjust I, x~ ni ec n . I u i n  ( a m i t y  3)

I a rray_ addh ii-~ j n:  n - : . n . i n i i  I ( a rmty 2)

I array_ addl n’~pn & s ’ uo mu ) am i ty 2)

array_ rem h ii’s. f n t n - n . c nom n)  ( a m i ty  I)

array_ rem l (i’~~1 ni  css m orn i (a t i ny  I )

array.join ii- \p i  n’cn. u r nt i )  (amity — 2)

array_ set l t r \ 1) i  n s c uo u m ) (amit y r 2)

“ i ’ I n n ’ 1 ’ r i  a n  it s ru ney nin e ci nsto ma n y pm ccedc nce mules: unary plus and minus have highest

I n u umm! ~ , u n n u l n m l i i t c  m t i ’ ,-r t 1 ncz a t o n s  c* , I) arc nex t , addi t ive operators (+ , — ) are next; “II” is next;
ci i n n ,  u i m  ml  

~‘i” 
t t i c s ( <  , < = , ~~

, . ‘ ~~, 
=, =) a re next ; “

~~~
“ us next; “&“ us next; and T has lowest

J( i~ ~t ’ ~
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ti.\ u m t m lnlt ’s iii ( ‘ \ 1i m k ’ ssm unu s of a m ity one-

A

true
3 - ‘L- ci?

“X ’u’ ,’ ” II [ I :  CJ jj “i’QIV’
array _cmp ty [ integer )

H zero _divide[real J

- X i J . B
3 . i X e Y f

uin -n cm 3 ‘( , ‘n’ t (if “hint’ ” returrn s one value)

[ 3 :

[ 3 : ,‘ ]

“ [ 4 i 1

P . \ . Y . ~~
rec o r d [ A : P ; B : Q ]
1? re place [ A . X : P ; ~~.v : Q ]
is A (1,11

make 1- [ u’]  3

is over i~~t

und eli real I
i t t ’  then ~ else 5 endif ( ‘cc Sec tn o n 7)

6.4 Abbreviations for array operations

F ine n.’, nt ’ n ‘., ~n i u s u r i e s  a hhmc ’ , i a t r i forms for tine select , a/ upe nd , and create by d-~’ments

— 
open . m t u n n n n c . u i  Ilitti ’ c o n m v i ’n u n n ’n mn it :  m y cn cation a und i iamn ~l lnm ng of multi—dimensional arrays .

St ru t ’ mo rm ln i 1 m ui n et ns i u n iu al  a n t  ays are re presented as .i ni u’ of arrays , the strai ghtforward way to

~rlcc t inn i - l n ’n i n ’ ’n i r  m c w m mh i nn ex prt ’cc uon st tc h as

“ I- ’ i~ Ii

1 m m .  t n i v  iii” n.n- t  m ’’ n r n

“ F I . ,

I ii ” .‘x~’ n i s c t n m n  in. u t i u m n i  inn ii k u t s  in,is a r m y  th nec

— -_ - -.--—- ,
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1 1 m m -  in : ‘ : ‘ i n :u l open an iou can be mused for m ml tm ’ dm ui uc nsuo na l arrays by using an expression of

an ut y  c I t  i’,m t ” t  t h i :uun ciii.’ ton the sL m I)scru 1)t s Thus

A l  ,t , k , t : V  ]

us i’q nm m ’ . ,ilrm nt ti

A [ J : A J ] [ K : A [ J , K } [ L : V ] ] ]

t hat m c . A w i t h  lIn. . E , 1 . n’leim’nt nep laced by V.

Sm ’ ’ . ‘‘ n i l  .n l int ’ s nnu , m v Inc ,i 1n 1tet ncl ed at c o t is ec t m t mve mtidmce s by using an expression of ar ity greater
th,i ml (ti ll’

A [ J : V . W ‘~ 1

is n i j t t  I ‘ .1 In mi t t ( ’

[ i ;V ; . c~ l W  J, X J

It n n m m l t i - n t : . un tn— i n t l  i t n n ’~n. .mre hermit , used , tine last m m dcx is the one that varies when multip le data

it .’in l s ,, t n’ I t  i n. i ’ t t t

A [ . t . K , L : V , W , X ]

us u’,] n i u s i t ’  rut  n i t

‘ l i t ’  ~~t i ’ n n ~ i n n - I  m m i i ’ It ,’ u n i m n s t i t l i h i ’ci by l is t in g ex pucssm o ns of armty one separated by commas.
()n , n ’ t  I ’ m  m i s  n u t  n -x 1 n n n -

~~n . t i  i n ns  n.’. i n i u  m u m  a n uty wi ll i,e dcscn - nbcd in Section 66 For examp le:

[ J : I 1.’ jP [ [ ‘1 . i, .3 j

— lull. inn t m n - ! i n -  J .  J i l . t nt ) J ‘2 if 1R1PLE is a function returning thm ee values.

Fit n. i  i i ,. ‘n t - , n ‘ : 1  o~ (‘n ,i h o r n S Oil y lit’ couim1nosc’d by wr i t i n g  the J : V pairs in sequence within the

i - c s , ~n n i t  ml  i I u ’, ~ ‘ - ~ m m o lv ’n us 

J n~~V i~ J

is I’ m ] n i u \ ’ a l t  mit ‘ i n

F I j n V 1 ][ t ?  V 2 ) - ‘ ‘  I -H : V N )

cs - I n n - m n  i n .  t in -n i n l u u n ’ . ’ n ’, J u n t i l - m I  \ , u oay he m ’ n - , 1 ’ me scm o i m s of any anuty.

~~~ —- -~~~~ - -“--- __ - — _ .
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All ot tine alnh revm, it i r ins pen musc ible (ou tine a/u/ cnn ? operation at e permissible for the crea te by

P t ,~im’n lit tOil

Ix a o 1 n l e s

j 3 : X 5 : Y, Z )

is an a n n  .i v wi th t it  c i’  (3, 6), a und elements N, miss_elt , Y , arid Z.

[ 1 : A ]

us a “sirig li’ton ” i i  r a y  wi t i n low ain ci hig h induces both one

6.5 Abbreviat ions for record operations

T Inn ’ re an t ’  . ihitt i - s - im tm ’ c i forms for tine replace operat ion to allow convenient handling of

coin~ icitu t i ( i Si ll’ h u n t  S .uid un i iu l t m p le da ta elennents.

A cc i ’ cc u m n I n incur dc wit h connpcnmn ncl selectors is pet formed in the straightforwa rd way:

P . A. 13.

( i t m i 1 iou i m nc i  cm Ii’, tint n. m m  m y  hn’ used in replace operations by w i lt ing the field names separated

by pet m i m I c

F? rep lace [ A .13.C : V ]

mc cn. 1nmis , ,mle uit t in

P rep lace [ A . P. A replace [ 13 : P. A . [3 rep lace [ C : V ]]]

tha t m c . l-~ ‘ c i t  h - . P~. C su nincoin 1 iui um ’unn rep laced by  V

rep lace c i j  i i - :  i ’  m l ’  m m - n y  l-’c’ cctn-npoce’d by wn m t mn g t he N : V pairs in sequence within the

hn.t t n t - ‘- i — j i m :  .n ted m y ser n mc cu lcn nr s

P rep lace [ A :  V ; 13: W;C.D : X I

is r’i~i t m ‘- .n l ’ ’ nnt t n t

H F - ’ replace [ m\ : V ~ rep lace [13 : W ]) replace [ C.D X

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
—
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6.6 Expressions of higher arit y

Time i m t ~~ , n . m  n: n su ui c t umm es provided in V AL for conditional com-nputation and iteration are

cx pn t - s s mo unc oh a ii in n a n ’, an ury,  a rut’? tu n e described in Section 7. Such expressions , or function

in v c n c a t m n n r n s . i t t  i’, ucc u u m u m  1nroc ~rani next mu place s that require a tup le of values of specified types:

the in m~~m u t i m  nu t Ii.! e n ? t in opt ’rat mon or function invocation , the body of a function definition, a list of

.ini i y m m i i  t n -~ or i ’ h i ’ unn e t mn s inn i i i  array cnper anmon , or in building the program structures presented in

~e et mo m n 7

6.7 Function invocations

A f i rm  n i t  min t m n t i s -  u .n t mi - nut c cn um su st  s of the ma in e of the f umiction i followed by an argument list within

pa n i- mnt lni .’ .n s ( l iii’ ‘‘ n i t  m \  us tine s .muin e tur im ntert ia l aund external and external functions .) The

I t c  n nun ’~mn t lust m c m i t  i n . ?  m t n 5 - ~m Onm , sn. incise a t u t y  a u d  types comnforr ri to the arguments required by the

fui nc t i o un. This nm ut oi rn atmc mn us n 1 mv eun i i i  the lneader of the function definition. See Section 8. The

~,t In i1emt  Iu~ us n s t na l l y cs’ r mt n m ’ ul as a se t - icc of expressions of ari ty one se parated by commas, but it

inn ’  m m :  5- t ’ - . pn .‘~ nun

A mu lc t  u rn  mi ‘.- u m ~ it mi ii mc m t c c i t  a r m  c’s j in m -n. c nc , mn whose a rury and types are the number and types

(it t in n ’ V m i n i m - n .  t I n  t n t ) I uy t in t ” I ntnn  l i n t . sc - m uc h m un t o r u ’natmon lisO appears in the function ’s header. An

m m m v i ’ ,  n I t ’ ’ ,  n t in  it  i n n  n u n  i n n .  omit ’ s’ a lime it .i .n ~n~nca n tm - u ex p ressuo uns with coi’nplete generality, such as an

a m , n mi ii n u t  no , m m u t t  i i i  mn - h i t  - .n n n  .u y , amid n ’ u iii rn1nrn at uo uns ‘\n n unvoc atmon that returns several values

ui .iv ii m n ly i ’e t n—r ~ s’.’ I n . ’ t t ’ i - n . 1 n t  i’~ n . t n n n t c  mn t  ht ~1 1ni - t  in m y  a re  per rn mtted.

In ni ne t i ,Un i c . i t i  n - n .  n n : n j ’ i m ’ c , SINCI F., [)C)URLF,, and TRIPLE each take 3 ar guments and

r Pt n u n  ii I , ~
‘. t n t  .~. n. I nm i s , c c j  ‘‘i i n v e t ’,

-‘ 3 ‘ .
‘ • ~, l i , .I E t~ ~ 1 , 3, ~:t (’i C (X 4 2, 4, W ))

lun the t c i l ln n. ’ - t n t n .  ‘ ‘ . m t : n j n l e , i t  P us false , F , - n nn u C are defined to be DOUBLE (X , Y , Z). while

11 m~ if~’t urn ’ )  ia in n’ \‘n ’

C. , I I :  - if  I’ then T PIP) I 1 ~~, 
y, 7) else DOUBLE (X , Y , Z), w endif

- ~~~~~~~~~ 
~~~~ .:i ., — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ _ _. .  -
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Si,i e ihe a n~’ umumn e mit list for a m y  function m ay  be any ex pression , it may be a multiple-result
fimncruti, n niivo ‘at i nti or unlicu ~nrograni snrt mc ru ur

3 + SING lE (I  PIP[ r (X , Y, 7))

3 + SINGI F (P. DOt JF3 L F (X , v, z~

+ SING? F (if p t hen nt , 5 else DOUBLE (P, Q, R) endif , X )

The i.i~r exauii 1tle iu ivcnhes SINGI,E with three argu ments , of which the first two are either 4 and 5
or t he two s ’ a l t m e s n e t mu m m n e i i  by DOUBLE. The third argument to SINGLE is always X.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
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7. PROGRAM STRUCTURES

1 Ii’ h i n t t m m  ‘t i nf l  n i n e ’  dccc i m t i -~ in t i n S  n . t n . t mon  a te  specific b ums of expressions. if their

ii ii m ’ ~ i n n ’ . t Iii - n n ; n . i  p n ‘ j ’  ii mum . m : i t  m u i r - t i c  t u ~ mm ’ ;  ,4 tminuus

I \ in’  n j ’

i f  P thcn ‘ else “ endif • 3

l i t ’ t ’ 1 n ’ i’.,~ t , u r n  i n ‘. i nun “. n .~‘ i t t  ‘i’ • “ , mi in nt ~i u n m ~ ciii P

7. 1 Thc’ IF construct

Tin e i c t n i ) m n m c n . u i  m l  u \ 1 n t i  ~c u c n u n  y” ln ’n.I c m i i i ’  Cm? - - n - m’ : ii e - n . j n e s s u o n s, depending on the values of

I no~~In ~t t m n 
~I° 

n ’ - ‘i’ ‘ mis

~~n i u i t m t i m u n n  n t  n ’ 5 1 n  : :  - if~ -~~’~ n ’ ’ c l u n t i  then ex 1 ntessu on

e lsei f ex 1n : ‘~ n . u n then expressuon }
else n

endi f

lint - c ’ . j n ’ n . c ui t u i s ‘ un I lm i cs -m n n~- , if ‘ n i . e lseif m : n -  ~e t t  n’ !’’n ’h i t ,~1~$ Them - a ri ty must be one and their

r s 1 i n  beo lean I i i  n - ’  j r  m c c m u uns  In Iln” ...’ t t t ~, then m ind eI&e are the a i mvn s , They must conform to

p i t _ i n  m m , ,i, : i n n -  n n m t : i  ( u n n n ~~’ t i i - ’ n u m n i t ( c t t i s  to t ine am u i t s .

in  t ,ii ’ t C  n . i u n n . r n m m ct ns an i \ j ’ t t  ~‘ uiu nt S’ , l r ( n ’ m ’ tup le of values us that of the first arm sQhose test

,“s 1nt i  S n . n i m n m m~ : t i ’  ti n n i n e  i n n , t  m I n t  mm a ll m , t  m ’ \ i mn essl ons are false. If any test expression needed to

m ’s i Inn 4 n n ’ In” ‘ rn  . :  min i i ‘ m m t i t t  u t  v , m k i n ’ (undef~booleanJ or i-ni ss_elt[boolean]), the va lue of the

‘ n u t  t m  (‘O t t  ‘ t e ;  mc n t i m 1  iii’ ot undef n. m t i m - c  of t he a ppt opr iate types. (If a test expression has value

t rue Ii - 
‘ : tn ’’t ‘ 

- , i: - i i i  m : m ’  u ntil mu ’ - ’ ii I alit ’) m mi.a y have error values without affectin g evaluation

(it hi.’ ( ‘ ‘ n i — t i

T int  i f (m i i u c ’n n u m  I u r : : m ’ - : n m , n  n. m u m ’  i l n u e m n m m ; m n ’ 5  All va lue na ne scopes pass unto an if constr uct.

It ‘ I i ’ -  c u_ n i j i m ’ m t  ‘,‘ I nn ”  mm m m  ,‘ mmu ~ I p i c t i  ~i i  if co n s t r u c t , it inc ludes all of the expressions of that

n. n u n  t , c m i  ‘ i i i : 5’ t i n t -  t i m ,  1’ i n n  V I i ’  i c m - :) . i  mm yw lue r  e uui cud e the couidmtu ona l construct.

~~~~~~~~~~~~~~~~~~~ :~~~~ -~~ — _~~~~~~~~~~~~~~~~~

‘
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7.2 The LET construct

‘I l i e j ini t~~i t m  ol th is Com ms t u uct is to m u tt oduce cu e or ninore va lue nanies , define their values ,
a m id cc’ ,’ iu ia t c  .u mu ‘‘\j .i r i ’ s sm oun ‘c’ut m u  t he ir scope ( r h- u t is . ut nak mu n~, use of their defined values).

l . n -mun i’’. 1 t  : =

let dcckk.’I h i a t t

in n’” 1.m ness u o im

endlet
cie~ In let 1n in t :: -_ cicc Irlef { ciecldef } [ ;  ]
declde n :: -, dccl

cu ed { , dccl } := ex pression

de c I s’a lrn e- uia n-nc , v.n iuc’uiaut ie } : type-spec

(ti - I :: n.- ,u ln ic -un ame { - val u ic- name } := ex l ) ress mo n

I - - n :  s’ ,a 1 m m ’ - un It t i m’ i ti t nc ’ ) mm n 3 mum a let block nuist be declared exactl y once and defined exactl y
it - n I In n n I ‘ In ’  t. ‘Fl-ne d t ’ c l . - u r . tmo n u uinay be part cf the definition , or it may be by itself preceding

tine it ‘ ‘ I i  m u t t  menu u

I ‘, t n

X : integer ; (declaration )
3 (cle f n u t - o n )

Y : real :-‘ ‘4 7 + Q ; (dec la ra t ion  as part of definution)

1 It t  ii ,  t n t -  i t  m i n i m  m i t .i ‘-a loe name ii’nust precede or be part of its definition. Each value name
, t n n n s ’ I n, ( i t  l i i i  ; l in t (i~ P it is uSed (oui the n t~ Inn inaund side of another definition). Declarations and
dr ’ ?um mm r m u m m ns  mm i , m v Im p m i i” . m’ It i i i  n m - nv cinder - as long as these requirements are met.

c - t I n t  in , m t f lCc U n i v  hi’ decla r ed a n once
X , c , .‘ : real

lh un. did n i e ’  ill ‘- in m mc c no i m p real

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ -~~~
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S n - n .  e n - n i  5 i m u ’  u m m t i m i  c t i n  he de uim ned an ouxe. The unimm ber and types of the names must

Ct’)uit ,nt in n t in mitt i n  m t ’ ,  tu mid  5 nn ’n. c u t  tine e\ p ne ssmO m n on tine nig ht hand side.

“. , ‘i, .
‘ 1 0, 2,0 , 3.0

I’ , :~, R I I-’)~~’1 I’  - ‘Y , Z)

s’ -, - -i I s - a In m m ’ n i t n t ii urn , y i -  3,- c 1, n ec? a oct defined at once . In this case , each of a group of

v ,ilumr t l . i n : n n  u u. i t ~n n .  , r n - m ’.inn m r rt t~jne s 1m e cul ucatiou m arc declared to be of that type.

integer , ‘m3 ~
‘ : real : 3, ‘4 ,0, 50

‘l”in m c r t i  t i i m ’ n. \~ ~iu in, - r u I n - n’; , ,um n i t ’ , ’ t i n  ‘m ’ am id 7 to be ucal .

r i m i 3 ’- hr m mi ’ s. 3m u n t i t t u i n.. a mtc l c c mrt i bmn nc d dec lama t ions and definition s are separated by

ci :, ii i i ,  ‘ m m ’  - , c ’  i n n -  n i ’  rn  .1 t I n  ; n Inc Ia st j n .  Oj i t  momn. i I

I ii ’ s cu 1 nm i t  n o  In n.- ,uI ~i~ u n t r u e u n i t ;  e n . l t uc t ’d u n a let block us the em tm re block less any inner

o n m c ’ n m  ‘ ‘ I n n ’ t n  u n m t n , n r r i n : m ’  t in t ’ ur i c s- mIt r e irani e i-iosk’r’ver, a value nanie must not be used in the

i t m ’ m m m n t m t _ n t , ’ n t , ’ , ’ ’ l i i  u t ( c n s c t n  r im ’ i m n t t u m t n i

\ I t  m m j  i n n .  t m :  5’ m t i u ~ mu t i n t ’  ui(nt n u t ;  t i n  m ;  in a ~1mn. ’en let block pass into that block. 1—lence , if

i mm c i  m m 1 ’ ’  nit i n t n u m ’  I n  i n C  ) I n n l i n i t t n m I lii nun t i lt  t co m lsn n i i c m )  unclucles a let block and that value

mu n m - u n  i’ i n ’ ml , in t l  i n ,  mn , , it in , ‘
~ 

t i n -  t m ’’ i’i t m  3 to I n c Iv ‘.n.- i t l n m t  tine block

1 c_ m u

let “ r m_ ’ ,tI I rea l
I: ~‘ . 3 7 ;

• m_

in • T
endi et

Inn ‘liii m - , n ’ n 1 ’ t m -  ‘ I n n  v . n t n n m ’ i t t  I’ m c i i n 1 mon :r.l t n o n i  t i e  u u n i t t ’ t  co unt ex t  The scopes of “I” and )‘~ are

l i m I t  h n m ’ m i n r ~~~n I n l m ui t -\ m u - t m  k i ’  tm _ n \ mu t i n ’ ’  , n t u n i i h u c u n i  ot T would be illegal because it us within

t h i n -  c i  ‘
~~~~

- ‘  it “. i ’ n u t  t i - c ni t  u i d ’ u :c ’ t in e u i n tu i t ion ot ‘~ T he a m i t y  of this construct us one , and its

m c ; ’ m l . I’ , i t t ’ - , -  . 1 ~~ m i t ,  h t m l n i : : t s p  real

- _  - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
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Si uicc ’ a v. luie f la unt’ 11,1 not be used um uti l  af ter it has been defined, and must be defined only
once m m a l,m l ( nck , it rn - nay h o t  a l m pe , i m mum its owu m defm m m itmo n . Hen ce definitions such as

I : - ~ I 1

t i n e  nit ” , u ;  In - ph i m a let lmhmm ck s ( n lmoug i n t h ey rn - n y occur mn - n iter clau ses of for blocks; see Section 7,4.)

l ime c~~j m t  m~ r ns n m t o l lowm u m g tine word in us mm - n the scope of all of the introduced value names, and
h~ uii’ t.’ c.a mu u r n a (,e use emf inenr dc ( uuum t moos. The en tire let construc t conforms to this expression,

7,3 The TAGCASE construct

T in t ’  se lect . nine of a nunilucn of ex pt - e s c m ou s . depending on the tag of a oneof value , and
ex t i  IL lS t t nm ’ c m n t t c ’ L ; n n p m t n  v a l u e

I l~ ’ n . t n . m ’ n ‘,~~m =

tagcase [ s - a line - n a m e  ] expression [ ; ]
‘mc li c t  

~~~~ 
(‘~S i ( u n i

- l u s t . ex ( nr c s smo u

otherwise ex 1m res sm o m i ]
endtag

I m ~’~ u n.  : : ‘  tag n n ~ i n - n e o n  { , ta g - r n a m e

T Ine m m u t t : , ’ I t t ’ - ’ :  ii: ’ is ‘ r n  n ‘. 1 n :  n- n.~uu:i “- hose V n l t ies a t e those of the expression in the arm whose tag
l i t  r n ’ ’  m l i i ’ - m i-n. i n n  1 tI t im e  -

~ mliii ’ of the t n n . ’  ex jm n es smcu m n. I~ no match us found , the arm following the
n.c om d otherwise m c t n c m ’:I A l l  ;m t rw mu st conform to e. ch cinhen , and the entir e constu ’uct conforms
Ii’) t i m e . m i n i ’  —

Ti ne r~. 1n i ecn.m on t t i l t r in.n.- ntn r  t ine sc’ord tagcase must he of ar mt y one and of a oneof type. The
n a i tue n .  ri i~rr’m r j n n ~ um i the a t  ms ot the cou- n snu oct must he ta gs of that oneof type. if they comprise

all ti ne i itt t i n ,  rypi’, I t i n -  o therwise am in us un o t used; if not , the otherwise arm is required .

A- — ~ - ,
~~~ — -
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It .u n. m m m i - i n  n i - i n ’  m u l l “
. - aj i 1 ui . m m  m t t n - n nh m i’ wor d t agcase , that name us introduced for each

m t  ‘ n  m_ m ’ t i n ’  t i n t -  m, I t lmcl n nm .t - ‘ ‘
~~ 

- t in t ’ otherwise arm . Its scope in each case us the expression in that

i r o n  , ,m t i - . i i t s  t , r ”  us ( 1 m m -  e n . u m n s l u ’ i i n - t ; n~ 1ie mnuc ?ica te c i by the ta g nan-ne for that arm if an arm is

m ’ s  , m t n n , n t m  r u - i ’ - m i n t , t in. nt n un’ t ~, n . t  t ine u n - s t  e x } m mc ssu on matc hes the tag u- na n- ne of t i- ne arm), the value

m m - u ’ ’ t ,:‘ t i n t ’  lii I u’ t int ’  t tu n. ( u th icmi t  v.aIi u~ t ro t h  t i me test ex p me ss m o n if the value name and ‘
. =“ do

not .m j n ( u ’ ’ . n n  - tin’ - ‘ m i c t  na u n ’ ml n val t i t ’  us i-not t : n. r n i t ’  ava i lab le inside the arrns

I - \  um u i p im ’

I “\ Inn ’  m i t  I ’,

oncof [ n~i integer [ 3 :  array~intcgCr J C : real ; D : boolean

It \ t i n ’  u - , n o - I  u min i” V u u t ’ t t t  s t  ni p

t ut ~~(. ,n ’ .m ’ - . - .

~ ‘4

~~ - t  - ‘ o n

o t I - ne rw i sc~
t ’ ndtag

h.m s c m  I t o -  7 i’I u n -  l u : ; it  nO t~ I m~ ‘ - i r  rod r ‘-~ l u n . u - n ’ n’ ,1’e ms integer in t i ta t  arm) us defined to be 3,

- ‘ l u - t I n t  m n n. m i u n ”  n’ \ It \ I n n s  mac , R m i m ’ 4  co nis tnn iuc nt va lue son-nc a r n a y  whose sixth element is

‘ P m  n. i l t t t ’ nit h i -  n t - n _ n ’ c i n t t n . : n u u r m’ 2 ii ‘ I n n I  ~. m — e , P ns c t , t n n m m ’3 to be t he an na ’ , ’  If N has tag C

ut I) , t i n  n ’ ’ , i m u ~~ ; m ’  ‘ I n n .  s’ n l u i n ’ “ In ( i t ’ c n n . ”  bc c o r i s t u ’ ; i n ’ n nt val i me c not av am la bl e . since the value

f n : n  - n t ’~ c m -~~n(’ c 1 ’  n n n ’ l  i i .  n t - t i m ’ ot hcrw isc .i nn (This is because the otherwise a r m  can

m ’ lu u ouTu 1 n ,1c~ t I n t :  I n - n u t  c nrnsti ’ i t n  n i ;  ‘ (it ’s . ‘ m u  h’ S 1 n u ’ on lii ’ v , u l u n  nuu’ne could not be determined )

~‘ t m ’ r n ’ tn  in n n t : ’ ’ , n l , n u t u ,  n i l - ’ ’, s In  m I t  the ‘ - , i . i n ’  n t  ri-n i t  they tn i : tuc , i te  the san~e type. in th is case ,

t i n t ’ ; o n u t ’ - - t m ’ dl l n ’ t n : I . S i ’ 1n ,ml n ’ ,:  n . ’~ con n n i u n s , ,m t ; m : t the word tag

1. ’. t n - n 1 ’ 1 ’

‘ I ‘
— “ . I ‘ ‘ - n i t

oneof [ ‘
~ : integ& ~r 1 3 :  real ; C - nntege r

T’ i u m ’ t i  tin t- t , i l l , n . - i i i  n~ m n ’ ; r : n i s  I t

t a~jc~isc P r - ~ X

tag ~~, C n - l i d  ‘ .ic),u
~ 

( P s  -o t c - :,cr h c re )

tag H r’ . n r c ’ ‘ o n 2 (P us real here I

endtag

_ _ _  _ _ _ _  ~~~~~~~~~~~~~~~ 
_ _

~~~~ 1_. _~_~ ,
~~~~~~~ ~~~~~~~
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~~~
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u\lI ci mn j  u t - n. n i l  v .n Inip n n . m t ; tm ’ s  cut hi -n t I i .m n-n t Ime cnrue aj  pea rung after the word tagcase pass into the

con - I n  ( m l  I ‘ \n i mim i’ ‘- ‘ in 1 ‘I’ tn . n t  - n v ,m b e  u- na i l - ne w i t h  ti - ne smn m~ne nau ’ne as the one appearing after the

won - I  t agcase dn’n” n u l l 1 u u c s  m u m t o  the t agcase co us t m um c t

1 t i m e  s a lure at t ime  t t - ’t etn. 1it e n.c ionu us an e r r o r  sal i ne , t i- ne value of the entire construct is a tup le

of unc1e f c i  I n n ’ s  u’nf t hur a 1 1 u n u 1 u I  mat .” t ’~pes

7.4 The FOR construct

T itus  1in-’ t ii; 1(5 s’ ’m ] t m e n t t u  ml u r n - i  it i c i t i  mn - n w hnc i m out .” mtenation cycle depends on the results of

o u rs cy c le’ Tine c om ast n unit m nnu o i rlumc es a n i u n r n h c r  of va lue nam es , called Loop names , which

corns  m~ u nf it , i - n  ‘tot ) ( m ann cnn e v c t c  to time nit \ t

c’ , ’? c m -

i t m ’t a t m c i u m  C\ 1n -

for drc t - i ” r  pai r

cJo ‘ n’; - m n n : l

endtor

it e m mmd :: - : if , \ 1’ ;n ‘- cmo nu then m m —en - nd

c isc i f  m c  ‘ n ’- ’.cu u n n then mtm r ’ n ‘crud

else i t ’  : ‘c u d endif

ta gcasc ‘.‘ dime mn n j , ’ hr ] t ’X p ressm Ofl  [ ; ]
In  n. n ’ ’

it I in . t  u t n ’ : - c n n i  }
[ at her s.~ se m e n  e n d  

~ 
endtag

let I t , - ’ l - l ~- u 1 n i t t  in n ’  - i ci endlet

it n - . ’- nn i n n

l i ter c i t  m u enditer

i t t ’ ?  I’ - ’ t : : — ‘ I n  I , n i t ’ ?  [ - ]

‘ F in n  lii’ ‘t ’ j u a n  ‘ l u - c  m m c i i i’ ’-” l1ii it up r n - n t Ine ded~rat uon s and def m nmtmons following the word

for ‘I hi -~n- c i ’ ’  l n t i r t n , n t c  m i - I  c i ” ; n n n i t o m , n c  In- i ” t in e s m u ’ ,ic ( u r n  as in ,‘m let block.

___,# ~~~~~~~ - 
,____ L__ , 
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“ FInn’ I ‘‘ ‘ I n , m v o n  cuf the for ~o n u s t i  m i s t  us is ullows T ine loop names are m nmt u a l uzed , only once, to
the v a l u u m ’, n. inn iii’ mm ’,t m u m  t int ’  i l n ( n m u u t m o m u s  a f n 1 n n ’ i : n m l c  , a t ’ , r  t he n.votd for , and the first iteration cycle
i n - u n ’  1 m m t n t -, n - o h u tm ’ n n t u c u n n  c ’ , u t e  t in m ’se names i na v e  Imxed values ,

1’ Inn t nmn ,m n n i i t u  n i u : 1 5  us then n - m In i  it  ci , t m s u n t n . d  the c u m ien t defunition s of the loop nan’nes, ‘The
; m ’ n.n n l ;  tnt l u  n I m ’ v u l n i i v ’ n n  is ,‘i; i u n ’: - m ‘I ‘ m n  t i t m ’ ;num n : n t t -  the mte r a t m on , with values to be returned , or

I!’ ‘ non  t n  “ r i O ’  m m um c v i t l i  new s t ” t m m n m u n n t m s  b r  the ioop names

I l u ’  i ’ m ’ :  , r t n ,l u u  i u i r ’ t ~ I i i n u n . i n . I S  m t  . t n n  if cc nnu s t rum c t , tagcase construct , or a tree of if , tagcase , and

let i ‘‘ mu ’ ’; R I ’ , n - - c i t  n n.l i ’ In ’ n t n i  I t  l I s t  th e urns mac either be convent ional ex press ions , or may
(Onl’ i - l  u m t  iter , ‘ - - i ,‘ I” n n n l u t n i ’ n n s . and eadu ter Theme ala’,- be rma any arms of each type.

I n  ‘ I ’ ’ -  m m - n  T I n t ’  m ’  ( I n u , ’ n nn I n ’ ;  n’ ’ ; nhn , m l n l i t n  mc art n ’ \ f : , — ’ s m o r l , the uter at mon terminates , and the
v i t t n c u n ’ ‘ i n ’  ‘ ‘- - I I ‘ ~~~~ m : C I In n- v Pii~’ of the C nu t  t i  for construct. All such arms must conform to

m u  u n ‘ T i m  e; , ~i -  hi ’ ( ( m i t t  C Cou sIn O Ct Cp ni t sim n is to these a n ms

It  i n  d u n ’  ‘ t n  n u n  c i t n is m sts nit ite r , S l u m - i C  :c t ” tm t iuuo t - nc , and enditer , those tmoop nacc~es are

i nn - -ct m ( l d ’ n ; : I n t l , ’  t 1i t In ’ ’  t Int ” ( - nu t  i n m n u d  ~~; l t ~ of t i n —  ;t’ f t ’ ; i tu m nnon s , and eva luation of the body is

l i f t ,  m l ”

I ‘. m t n t 1 ci’ - ’

for ‘c integer :- 1 ; P r integer : - I;

do if P ~~~ ‘ 1 then iter v , ‘ s ’ ’ P :~ P—I ; enditer
eke V

endif
endfor

f l i t s  n i t  n j  I V ’ ’  m m ’  t n ~ n u t  u t  01 ~ I: i n i ; m n n d t m c t ’s too l) tu ,nn)es V m u d  P. wh ich are both integer. Their
mu ) h i m  m l t h u  ,m t ‘ - I mm i t t  I”~ - n ‘ - — f i n , i n  ‘—‘e ly

i t ’  ‘~ ‘ - ‘c m t  t i n t ’  (n’m mns t i n  u~ i u s t n t  i f , then-else con - mitt UCt whose first arm us a redefinition and

i - I n n  ‘“ ‘ ‘ i n n -  “ r u i n  m ’ n i ne  n- ’, 1 n i r c c n a m i  “V ’ A - - u i ; d t n ~- h y, n t  t i - ne beginning o’ eac h Iter atmon cycle P ii
It it  i s  m u m n t u ; ’  t i , t lmm ’ i ter m : i ’ 4  s m - n .  \ ‘  t i m  new ‘~a l n m e  \‘*:P and ~‘ ti - ne new value P— I , andJ

- n ’ 1 u In -  Iii u n u c  It [) mc i n ; , , d un’ m i t t  no n, 0 i m - m u m l u t i ’ s  cn.mt i - n t i-ne value V.

L -- ~~~~~~~~~~~~~~~~~ ,, ~~~~~~~~~~~~~~ 
__

~~~~~~~~~
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f or t : real .r ‘
~ -

do let 1) 1 real t X / i  — 11/? ;
in if I) ‘-~ “p’ then I

else iter T .~~ T ~ I); enditer
endif

endlet
erudfor

Thus ut unt 1 n u t ’  t i n  s nj t u  m o  tou t ci \ , l m summ ~ Nt ~‘ t n i t n’ S nm ,cti no d Tine iteration body uses a let block
to um nt m a’ L i t ’ t inc ~i l ( ’ ’ r , m ;  mm m m m c  I’) It m n n 1 n om tc  line i’ ,n l ime u’ ,t iS fm’on’n the context  in cc’huch the block

n u n s ?  , - m n r i 1 i l t  t t  m n - u s  i n n ’ l ist g ist - r i  ,~s ‘‘ INPIJ I ‘‘
, lt~ in itially defining T to be INPUT

mi nI  (I Rn i i i’ i n ,  m u : m ( m ’ , lm ’ t , n u m i t lm& ’ m m I C j m n  a ;e ,tl~ n io ’c ’ m r n ,  m tu ’ u~~s f m om T to ti. Assume the type LIST
has Ii, i n ,  i t ’ ’t u n u m - ii I- , -

‘
t ype LI’ - oneof t cnn-pt , m null non-n- np ’., record [ tern real ; rest : LIST J ]

~ ‘ 1 t~ I ”  m c n i i, ii i  nt ‘ m m dc c n l i l t m m u u m n 1 ~ i t t  lIii n I m , m 1 5  n imnoher (
~o’nhaps Zero ) of reals.

for I. U :  I~~I : _ I , m ’ ,lT , make L I S T  { t ” - ’ n i t -~ : nil ] ;
(10 (

~~gC 35e ‘

tag m i~ p c  U
lag  in- i’ , i n-

itcr
I, -

~~ ru - - I , make LIST [ -
~~ “n” - p t > : record [ tern : Z.ule m rest : U ]J ;

enditer
endtag

endfor

H,n l i n n i j u  “ t u n e  mi  n n ~in ’c n- n r c ;  n i t  he l r l ? r u - : t ’,l; T i nem ;  scopes a t n ’ tine cm n n mr e for construct less any
u n i t ’  ; l~ lm ’  ~~ t i n  iT  m m ’ uun t n n n - I m i l , ’ t I ne S l n l n m ’  nu m u i r  ‘he y ,,:r dec ha uc d am id m n n u n m a l l ~- defined in the sarrue
in m m t m n m - n  m c  nun .n let i m i ’ ’ -\ ‘ . in n n let I’~~n , ich name nunst be declared exa ct l y once and defmn ed

f m m i i  ‘ , inn - I  n - l i  1 1 i 1 n m ’ , n a nt  t ime  r n , i m t  i t : m nnn . I  su : i e  omi ly in lefun ituons afte r its own. Each
di, l i n t ’ u n - m m , ‘ t ’ I m u i m n i c m m a! co n ’ n i i uu u ei  (I n ’( i , mT , t ; un , , n  u n i t cn et i r - nmnm on must be followed by a semicolon
(‘x c f - n m ’ tIn ’ ’ I,. St - n i t  in. in- In iii.’ sm ’ rt - n nc c m k mun us  c np t moum .ul

—5’- — 
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\ \ ‘ n ’ i n m n n  m ’ m . i n  s t er m m n u . m  t l n  n i ’ m m ’ t m t n i t ’ , t h I n  t n u n m n ( ’ n. u ; l u i s I  t n t ’ s u t i sc n  of the loop names These

nï - , i t t u m u c i m n u t s  n - i ’ny Ii m l ’  L is t  (It ( inC I’ ’ ’  s u u Iu~ s i l m i t i  tnt .uil m I n n i e ’  innc Iu dm tm ~ the one being redefined ,

I l i t ’ ’ ; , ’ ’  I t ( u t t u n ’ t u s  i l t ’  ( n u t m t n n _ t nm t m  , m ’ i ’ ; l I t u i m s .  ‘ mt u sm ’  t ine : , f ’ m ’s of the 1001) n-nanl-nes were declared at

Ui.’ ii’ ’ , i t l i l m t i  i i ? ii’ for m s n ( n ’ ’ ;u i t  I n - I  u ; n ’ : , - t n t i m ’ uomi n u ts :  1~ t uPu’s n ’st b r .4 semicolon exce pt the

last , t in t  in i n n -  in r iii’ c i t  i t i (  Ion n n ’ 1 u t i m n ~ n m l

t m u t t ’ m ’ t i m ’ ’ - l ’ - ? m m n u ( u t n m u c  iii - n l e t - m n  hIm- ni on t i n e  mun i t i mm l Idlop s , m i t i e  definitions in a for block , a
n m - , t m ’ t m t n n t m n i m i  i nn  i n n  itt ’ r I t n n n ’ n ’ n i t ’, u m u m u n  m u t t , (urn ins n m ~ it t inand side , loop niau ’ntes that ap pea r on the

h’ tn ii i n n  I ~u I i  i t t  i n n -  c m n ; n m -  or In ’ ’ ;  r n - - m n - n n u m ’ m i n n m n .  lui such a case , time “old~ value us used , that is , the

v i t n un h u n t  u n ’  mi n i’ ’ In : n ’ I  n u l l  d un -  m t n ’ m a t m c t t i  c 1 , t n r  j u st c i l d m n ui~. If the nan-ne appea red on the left hand

sm si m ’ n ’  iii n a n  In n— n m u  .i n ? n n n n r l u u n n  m ns ‘ ‘ ( n r s ’ ~’
’’  s ,iln m c ’ us used , t h a t  ms , the result of that redefinition,

i i ’ t m c m ’  - n t n t ’  imm ut usuu n  cn n - in us

.1 : _(

i n. I”, n t ~ t n ’ I  ‘ I’  n i t ”  i n n ’ t i ”  ( m m x l  i t e m  ;,In- n t n  ~ cle us to be?,mn “ - V Im a s-’mi lui e of J which us one greater

‘ In n i t  m i s  ‘. m l i i ’  ‘ m u I l l  u~~s l ’  i nns ( n I - : ,m j i m  in , ’ t’,ict o nu ,m I ‘- x. n ui ple ~1iven a bove , t he utera nm on clause

ut e r  ‘ -
) m . P - m enditer

inn ni t  i i  ‘ Inn c V l iv  r I o  e ‘ ?  ‘. , I m u e n - i  i~ It i~ (it Ic; in iii ii,’ , t i e ve ;  sec

i ter  P c - i ‘
~ 

-
~~~ d’ m cnditcr

V s i m m ! t i n ’ t t n t ;  ph i - I! In-,’ t I n ’ n- n ’ ,, ’ s’ ,iluni’ of P, and ti - ne exam ple program would compute the

ni I n ’ :  i i i  n u t  — I

‘1 In ’  c m n i n h u l n ’ ;r n - m y  In n ‘ n - c : ’  t l n n m ’ t s ~ on t l f l n t n ’  001) s ’ m n t mabl es in terms of each others ’ old values us

to n m . ’ .1 t n u i t m l u l u  . m ’i,i n u n — l i — i t t  It .n t  m ’ x m u n m 1 i I n -

i ter ‘ , i : ‘~ c , ‘t , enditer

i n n m  n ‘ n. t i n t  V m m m i ’ s ni t  ‘~, m n u ’ - t tn tot t hin ’  t n  ‘. 1 t I m ’ ? m t m Ot - n cycle

,\ I t s n 1 n  in n u n ’’ n u n ’ 
~~~~ 

m u m - ’ inn a ; n ’ . , ’ t m n , n : n n ’ n n  after ’ iter n-p lains i t s old value ,

-—-‘ - —-5’-— . —.

— .,. ~~~, ,,__ __ _• _,, ,. - —



I’ m -  s~~ n 1 m ’ - s  u m ? , n muy  v ,uluu. ’ uua mt u i ’ s  nt iner t ln , amn the loop unamn es pass tuom outer blocks unto the for
bloc k

-

l If nun en m u m  u c m u n s  is’ h m m le nlv tm ’ni ’rnu n mn 1 w hnn,mi n a nli s it t ine loop bod y to evaluate (a test expression

in ,a n if on t agcose c or nctn l i n t  m’v, I n mates to a r-n cu t  on vmi ui’) t Ine ute ra tu on terminates and tet u rns as its
v a I n  mm ’ a In m 1 t l m ’ un t  tJndef v ,n It ucs 01 a I- n I nn opnia te t me n. A m er r or arisin g elsewhere in the loop bod y
don” m n mt m miii c m ’ s l im - c u  I action - n If it a r u~ m ’c urn at - n iter a r m  ti - nc indicated loop nan-me us defined to be

ti ne en ( u n ‘.- ,m huu m ’ m i d  t i~ m ’ ( ; n - ; , i t ( , l n (  conu tm umm ut ’s If it an uses in - n arm expression giving the final value to be
u c t m i r  inn-’ ! . t i u , t t cm r u n t - v a l u e ~m mi - n 1 mIy a~npcans mi - n t ine r cs nm l t

7.5 The FORALL construct

Th is  s I n - t n - n  i ; m ~~ omni” mu m nun- c s e t s  of ia  nut ’ s  cml u m u t m t o n  ui-n ty pe w ith mu i each set , and either returns
t lnr ui i  m c n ; t , i ’,c on m m ’ r i u n m t s  t i m ’ ( i— m u ll ot sc tu r n c c’i1ie; .a :mnn m l  s u m ch ris addition) ou them. The former case
ic uui r l u c ii,’ )  nv tin” ss -on ci construct , t ine  lat t u’ ; m y t ime svo td eval followed by the name of the
cm 1 n- n n o i m  lit ’ ’ s’ r n l t u e s  m m mi v m e t  dcj mcni d on each - n Od in ’ ? —— time intention us that they be computed
s uu ’nniu l t u n n i ’n ’ n n n . I )  m in i  ,m 1 m , t , mI lrl c ’ ’ u - t j ’ n u t n ;  c m 1 ’  m It’ en! c l ou n n n - Sn)

I’ lm u n.  n u n , . : ;  m u  u r l ’ i n ’ ’ m n n ,  ‘5 n u l l , ’ (in n u n - m u ’ n ’ r i ( u ’ n. s i m m ’ ti ,m n : eS of 15 11, ’  m mntt ’,~t’n and a nuniber of

~ j m t u m , t n , l  ‘ 1 1 i ’ :  ‘ m y  m i ni.’ n n m n : n n ’ s , liii’ t m - m r  i n n  t i m e  t i m e  s ,u ut ie  mu i u urue m is iii a let block

S

t n t ; ill ‘ ‘ ‘i’
fora ll ‘. m in i m ’  u i _ i  mu te  in [ n ’  p essn e n i n ] , s .n itu c n n m  rn-c in [ expression ] }
[ ‘ m ’ hl. ’t l i n t  ]
I n ‘ m .m II  I~, Is 1 n ,m , r

‘~ ( c i t  m I t  I’, ly  ‘ i t t

endall

it ill I’, , I’m i n ’  : cons t ruc t u’ \ f n t  ( ‘sS iOu u cv al n m  .n II c i 1n expression
i n n  i l l  m u ~ plus times mm max or and
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[“ inn’  u m n ’ ! m ’ \  m i .mn i nn ’S tm ; m’ t l nocm ” mm~~u p m ’ m ;  m op betou’ e the word in. The temporary names are those

mi ‘ ‘ i n u n ’ - mu l ; inn ’ u lec t  - m ; ,n t no uns m ind c ie uu iu i tmc m mns

‘[ In , ’ m u n i t ’  m m , ! tn - u nj  ‘ m i m i  n y m t :n tn’s u t m o s t  a l l  he d i f tc r  c unt , ihemr scopes are the entire construct

a m v  mun u men l i i i’  ‘. tin- it mm ’ tn - n; t a i lmuce t in”  ‘ mu l- ne val ue nanie, The types of the Andmces are integer.

‘T’ I im ’ t y 1 n n ’ nmn t t i m e  t m ’ n i u l n c i (  - m i y  t - n miu i itm s - m t i m  S 1 u n - s i t  v d mum their declarations. As in a let expression , a

teul 1nor i t s ’  m m . m n u n ’ n u m m y h o t  ,m~ ‘j ’ n - , n mu - n du- tunmt i o un s preceding mIs owun,

E m s  in m ’ \ 1u ; i ’ ,’ u i jmi , ij uj i , ’ , m n inc mum i n , m c k e t s  a lter t ine word in is of arity two with both types
m m n ; m  .,.‘n i h m - t v- n o u u ’ u f u i i n n ’ m m t n .  a r e  i n , ’  low amid h m s ,i m lmi ’nit s , inclusive , for the index. For each

in n u n - u i , ,  m “ i t  in inn  t l nn n ’ i ’  l m n i ’nn t s , l ine in dex us del ui- ned to be that nnun-nher , the definitions of the temporary

i - s  m i t  m u , ’, ~t n ’, mm u n i t  a l l  t In e pa its a re e’.’iltu , mt ed \~‘iien more t i - nan one index us g iven, thus is done

t i n t  i ’ mc in  1 n o r m m t  mi t  t i n e  “(“ u t ’  n. u ’nr i u ;u i ,I t m c t ” o the r a n u, :c c . that  is , for every combination of index

V .m l imes

In - n m const ruct m i t , t i ne  c x p n cs s lu t i  ns ev a l i mat c i cit each index value , and for each

u’( u i ’ m f n u t , ,  t n t  C I  ii , - \ 1 i ; n c s m ( m f i  m u mm ; n-m y ~S t n ’ t t t iC ,,I i na s ’ m ni ~t th e sam e lmn - n u t s as the limits given for the

m n - I ’  ‘ r u - I  ‘ I ’  n ’ i’ - n ; t s .“i 1 nu .m l to t i e  v a t i n t  s , ‘ ! i :m u t i e d  If ri-none than one index is given , a

u i m u m h m n I m m n m ’ nu su u u t , u I  i t  my  us n ’ ; t ’ i e ~t , t ha t  is n u n  a t  r a y  of run  ,nys . with tine first index referrin g to the

Cn Li’ n ’ t i n u n ’ ’  t i  i ’, l~ ‘ ‘ ‘ n - u n ’  cn,m n i j n r m m t n ’ mi t  n u t  t i - n e ,‘\ 1 i nes ~ion is an e m ; c m r value for some index value , that

_ i n n . n y  n ’ l ’ - n - n m  t n t  us s u n - n 1 u i ’ , S n ;  to t in ,’ n ’ m t ci; i n l i n e

F ’ . n min i  ‘ lm ’

for a l l  in [ 1 , ]
- real - ~

‘ ‘ ‘ p  l i n e  roc- t i  real ’
cons t ruc t i, ‘ , \ m I , 0
(
~ndall

c u m ’ n ; m - c  -I n~ m , ~ ill s’, t i n  n u n , -  e I to -I I hi-’ f i r s t is m u ’ ure ~er am ’nd con tains values I, 2, 3, and 4 The
si - i m n i t i  m c n’ n I  ‘ t n t  , u ’ i n l ,m m m m n .  l n ’i, 1-11 -1 , 1 7~’.? . and 2 0 The lis t us real and contains 20 , 24 14 , 2 732, and

t n  { h u n .  for ~ll 1 ) 1 , 1  in.  , in t 
~ m ’ ” ”  ‘ m e nu oi a r t y  tIn cc whose va limes are these three arrays.

- ‘  ~ . , . JT --  
T:Ti._~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ • _~~~~~~~~~
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fora Il .l i n [ A , I3 j, K i n [ c , D J
construct - n” ’pr~’- ’ ’ ,l on’

endal l

u s e q uui ’ m- .mlu ’ mu h tu

fora l l .i in [ A , B
construct

fora l l~~in[ c, D ]
construct “e~pre-~- ’on>
endall

endall

m d  c u m m u n .  t uni ts .m l ist , mlumne mns, on ,ml ar ra y ,  that is, an array whose limits are [ A , B J and whose
el~u wi u s  i r e  a i n  i n s whose limits are ( C, D ]

tim ann eval pan t . tine o 1iema t m rn rn mum ’? he one of plus, times , mm , max , or , or and. The aruty
t it the m- x i  in r c c u t -iin miuct he or-n c , au ac i rt c ty pe must he a Im I ) ro l ) r mat e for the o peration : real or inte ger for
plus , t imes , mm , ~‘ m max , hoole ,m nm fi nn or on and Tine expression is evaluated for each index
vi lu m n ” , , m m n - I  t ire c m l i i ’? a tuoui us 1 fo r u -ned on ti - nc o ll ec t mo m- n of values that are produced. If multip le
ire t i n. a ir  i t s ’ ’ t - tin’ open , m ; i o nu us perf cm r rned out tine ei mt l re collection of values produced for all
comn - i ’ u tu . i  ( u ’n ( i c  e n t t u n i c ’ s v ,n lmit ’s

I. \ ,‘n nu i f  m l m ”

tora h _ u in [ 1 , N
eval pt u.mc - * 1

endall

N
u c t u m :  m u 5  I’

I I

T h i n m m - - t i lt 01 in n m i n i  e toraH block is an es pressuon const ructed b y concatenatin g the results
oh nil (ml t ine l i n t

- —‘~~ - - —5’—-- — -5’
- - ‘i” — ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~, — ‘~~~ -. ---- —— - , . , 

- , , , . ,.



— T ” T~~~~~ - ’~~’”  — ‘~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ “~~‘ ‘
____ — -

l’j  m it’

f ora lh ,i in [ 1 , N )
rea l : ~‘ ‘ - ( m a rc  _ n oot ( rea hij))

oval pi n- - ,vn .1

construct .1, ~~ , X4 10

cndall

m c m m t ’ s 1 n t  n ’s~ n m ’ n n n u t  it  m t y  1 a uu d t y j n m ,’s integer , array[integer), array[realj , and array [reah ).

It ‘ n u t ’ n u t  In ’  I m c m umm n ( i  in. un “r uin Va hue , or time lower bound us greater than the upper bound

o u t ”  t l n i -  m n - n u t ;  n u t  Une m’ n u t u  e toraH block is a tu p le of undef values of appropriate types. If the
m m  i m ( n m m n u n m i  n ‘ ‘~~n n  m l  h a  thin ’ m m 1 ’ 1 ’  : i mo um nci  plus one , ti -ne t e su l t  of each construct part us an arra y

cv it i n j i n  m n i n n  ‘ m m i i  n rn - I t ine m r ‘ m u t t  cit m’ i ’ m eva l l ia r t us 0, I, pos_over , neg_ over , false , or true , if
t im e m q - ’  : ~

‘ i us phus , f umes , m m , max . or , on and, nes pec i mv e l y

l iii’ n . , u u 1 u n n. n~ t nmu ~ ‘~u t n n n ’ u m ,m r m n s c n i t n m  r tl nm m n tine index and te n-nporary nam es , introduced in

Oi i tm ’t u n ’ n n - t  ( u ,  I- , 
~‘ m ’ c  un , ’ t Ine forall lii’’, ~

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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8. FUNCTION DEFINITIONS

-\ V ‘\L I n ;  nun ~~m l t n . i 5 t  s of a ctulk’cr uon m of m odules , each definin g one “exte rnal~ function and

any m i m i  n i ‘ n ’n  nil “ m u - n m ” ;  u ma I” lou ncr ic’n c Farm function us dci mr uu” d by a f unc t i on  df :nat ion , which is a

111 e n ’  m l  tm ’\ t  n u m n c u n.? mu m - , of

‘Fine won ci function

~2’, Ti ne tumu l t  t m ’ui u-ni n-ne a nd infcnruina t ion sp cc mt ym n f ’, tine ar ’ ity and ty pes of its arguments

a mid n e t in ;  it~ ’I s a limes ‘[‘his mni fo ima tmom i us called the “header ”.

(~~‘) ‘I’ lie t ‘ p m- d i  unit to u ts t used mum tine fu nuc tu o ui def u m tutuon , If this us an extern al function,

t ine ci”s h i n t  l ( n t i c  (it u’ lnct n ’ s t , ’t n n ,a t Iumictmo ns o n- s i  by thus n-nodu le appear here also.

I I’ m ’  d m t u n i t  ii,m nu s 01 t t u n ’ im u i m ,’ ru ua l  f u m mn c tu on s su m t .n s m d iat y to thus one. Function definitions

n m i m y  t i m n i s l t i ’ t u m ’Ir:I m u i h u t n u r u h y .

~
m) 1”hc u ” s j m m  ‘ - - ‘-i u nuu c,~mv in~, tine values to be r et um m ned by tin e function - This us the “bod y”

cit t Ine t lmmnc t r c mmi  d m ’ t i m i i tmo n - n

m~’:i T ine w t i ; , t  endtun

‘I’ he dii min t  ui - ni - n t n t  a in r ‘ ‘ m ’ n u n i i  tu i tion is i mi c nut  mt - c n odule in V AL , Defm nmt uon s of internal

f u m nn n n , n n n . 4 } V ’ m :  ss ’ u ’ l mmmm t ’ n u unc h m omm m r i n - mt io n ls u1 u ;m - n :  I of t ine abe - -m m list

— - c x ’ ’’; m m m i  t u t u ’  t u’ ’ i i’def

in ii l i l t ,  t i n  ‘ m m ci ’ t

funct ion lum in n ,t irm u m I,’ - n i t ;

{ n- ,1” n til t n _ m i  s I m t  m u m  rt ]

inn ’ ’ ; ui _ ni I L i m It ( nun i t i ’ t

m i n i m

er’dfun

i n n ’ ”  m m m l  n u n  t i  ‘ n i l  n i m i

function I nun ,  ;mnmi brinier

I i’ ,pm’ ri m - i  j n m n t  ]
m m i t t m u m u r t m n ’ , ’m - drt  ~

(‘‘~1 lt I

cndfun

- - 5’  ‘-~~~~~~-~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~ -~~~~ ::‘ ~~ j
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i”. i - n  m a  l- dcf 1’ mm rt = ty 1 ie ’ n ” sre m na i-d~f { type’exte rnal ’def } [ ]
t v 1  i i -  m ”n . t m n m u , i l - dm’f :: i~ 1me - cief ext e r na l -de l

t ’ ,1nC d el 1 m .~ t t  m m  uy } n e d e l  { ; t ’ m’ ln-’ dn’i } [ ; ]
I ’  pe dcl ‘- t ype t y 1ue-miam - n i e — ty 1me -s 1nec

\ t e n  m m m l  c h ef  : — external f m nnic rnc uti - hca dem
fnu m n c tn u mm i - inr ,ade n :: ( n u n m i ’? mrnn’narne dccl { , decl } returns ty pe-s pec { , type-spec }
fu um nc r n t n i  n , u t : n i ’ ::r  n a m e

F,’smnmtn 1 i le  
-

function ~‘i r ’s ,of _’.q uua re tm iX , Y : real returns real)
x .~ • ‘~~~ y

endfun

i ) mmlv ’ ? n t ’ m n ;  i- n n i  1 n i l ’ : ,  ‘ i n n s ? )  fmm u ic t i nri de fmm ie d in a module is accessib le to other m odules.

) 1 ’ t n - i i n m l  i n n-  d I m I m n u m n m ( m u i s 11.1 ,u~ 1 ni ’.mr at ;m : n t i n ’  hn ca d en to g ive names to types. These

mm - ‘ ; - c i t  m i n d  n u n  t u ’ ’~ r i m  Inc tusn ’d a ni~ sv iicn e mm - n t i ne f u nct io rm definition , including its own header.

T i-nc’ t ’ , 
~
“ n . i t ’ 1 n n u n ’ m- n m ~ s: mt ei external dc ’utaratwns ) arc se l)arated from each other by semico’ons; a

s e ni nucn . ili,, tm - m t n - n  t i ne la st is opt moum al

i.x in  - il ‘Ic

function co p c ~ n - u t m m i ’ . ‘X , Y c o n - p c ’ s  returns co re ptex )
type s m - -p c’ s record [ c c , unIt real
record [ n : ~

- ~ V c c X i * V ,”  nm : X rn * V re + X ~e * V . nm

endfun

8. 1 The header and value transmission

‘Finn l ist  u i~ n i t  miii I a t  ,m n r t wm nts . lrnd then ; hj  o’ specif icat ions appears in the header between the

c It  I’~ 
u ni t , ,  ~m ’ i t u d  t I , m -  md returns Th ese decl a rations are sepa rated from each other by

n . m - n - n t ’  u m i n m i c  I c h u - I’ , I - n ;  ,i t u o m i m a y  cd n nl; ’m i nm ceve ta l  va lue names , which are separated from each

tm ’ i i n  m i n ~ rui n,,, n c

-
~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I - lm ~’ scm 1 in ’ c it t ine  to n u nu , m I it ,-, u m uin m ’ un t s  is the imocly of tine Iunctmon (the expression), less any inner

co iict t n  wIn i~ in u m ’ u t i t  n 0( 1( 1Cm’ t Ine s a n n c  v,n hue l i ar - n- n e Their types are as given in the header

dccl m i n t  um ,m m i c , mmmd t in m ’ mm va lues an e tine values of t ine a n gluunents g iven at function invocation. The

t ypes of tine t emui r  ~ed ‘~
-
~m tun i c i r e  I : ivem n mu the lus t of type specifuc ations , separated by commas ,

urn ,  , n t t i  n t i n e  sco m ml returns Thu s lus t of ty~ncs niuist conform to the body. In every

in - n c ’ t m( mu t i t m u i  (‘m l -i t nun - nc non , n lie rnmun mb en and types of t ine am g umment s and return -ned values must match

t hnm ncm ’ t n t  t in i” n e t  ui - ni t  r u n

1’ him ’ utv’ a in n n n  , n- nt - m t umictuon mn’iocatuo ui is as follows If the fum ict ion F us defined by

function F m t~ - . - aN : t N 
returns 

~ 
-

[~
‘lDV[XP

cndfun

then , a s c m m n n i i i m m  t i c ’  dr f u unm tmo n m c con - n cct and conl’on ins to m rs m rm voc atu o n , the invocation

F n , ’mPC ,LI ’ ’

us n’qiui ia len - nt r i m

Let  ,m 1 : t
~ 

- , - : m~ Ac~’ C F  XP in 3( DY LX P endlet

8.2 The EXTLRNAL declaration

uu nc t ion u s uu c e d iii a inu ( m uj t m l p t i - nat  are not d m 1  tied u u - n t hmm : nodu l e  must be dec lared in an

ext ernal clm’u l in mt mum m ,  ‘Il nm s ulccl ,m m ,ani or cuOsu ~t s of t he word external fo llowed by a copy of the

lum iuct i n  n un ’ s i n n  - m t  , cc huch us u sed i m~ t lie In , irmc l .nt ot for type chec km m ’ug

x n ui - n 1 nhm ’

function ‘ii I : real returns real
external ‘ n m  ( Q - real returns real )
ex t e rna l (0’, 1 Q m real returns real
, I n ’ 5 ~ / - ,~I

endfun

I’m m -‘ u - n ’  m c l n  he - i t  rim ’s t lnr ’ m’”,m c n u t a h  tum Kt mo m tan S umm c e ut uses tine functions sin and  cos , which are

m u ’ ’ ’ - I n n  n m ’ I in . ; n - , t iney m ust ;u 1m 1 n e.n r num ext erna h dec la rations , (They must be defined in other

mnn mn tn u Im ’ ~ ~it m u  t ’ .~
,- ’ i  iii a c u ub mou it mnc l ib rary )  The external declaratio ns contain the headers for

mu ’ ;  n m - n - I  ,~c , j n u~~ m t hm’y nnn - ~ ht a p1irar in- n t i- ne del m u i m nu o ns of ti -nose two functions The formal

.1( nu r , i m , i t S  .m ~ ‘ c n n  m l ’  in tine imr ,idcrs (“ c!,’ in the pre cecl muag examp le) have no significance; they are

L_~_~~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , ,~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _
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i n n ’  I n n - I n - m i n I ’ , t u ’ ;  ~‘, t u t m c t i ~ m n m u s t c t i ’ n i c ~ l ine i m nne n tmon is that tine headers be copied verbatim from

t im e m m i i ’ -  n i t ’  s ;‘ - t i nn  n m s in s-mud ni ’S unto the rn uoctumie de (uu’ mn g tart

n m ’  I n n  hi’ s ex t ernal di Ii m i n i  ‘ i n .  m iuni s t  appea r following the header of t i- ne outer - most function

‘ I ,  t u m n m t u t n n n  n t t i m  i t  u , u , m , j m u t n , n ’~~n nn i t tI me I l m n l u t i O n S  l n e t o , ~ d c c a n c d  are used on ly by internal functions ,

T i m ’ extcrn al nmn t m n a t u n m i m s  u . n  m ’~ 1 u t n - l n ’- f t , t u iku w , or be mixed w m th i  ti - ne type definitions of the

m ’) nu ’ m ” iu nu~l ; t i n t  : m ’ m i  c i ’  I n n  n u n  i t t

8.3 Inh ’ r u t j m c m ’  of ddt ,1, t ype def initions , and exte rnal declarations

-
~ n u n ,  t u r n  h m c  n n. ’  “ u ’ , n l v  t m  tbn c ’  o a t  ~n t n  1n ’ H ln l  t i n  i t  in its ur , d c)r ,mil ut n No data values are

t n ( ’ n i t  t i n-  m i n - I ’ m n . t t u -, I nm m n c tu o n  n i , t n u n u t i , i l n  I ‘,~ n” di :i m u m t m o t n s  made un one func t uon delunitmon

m m ’  m in im ’ -, n ’ ‘ I’ ’, ill n m n u : ’ n i ’ n u ~ m i l , S i n . I i n t \  un it -\ m n - - n  t n t i i ’ mou mu - n a rm u t n t n m t n i al tunctuon of a type name F
a I m ’  , - n ~ ii’ m u , -  I nun . ini n i ’ , : i n , ’ xt ,s nn , ’ t  

~
“ m u n n i t e d

E\ t c rn a h  nI i m t m ; u m ’ t u .  u n i t ’ - nm t i n t ’  ot i m , ’ r l ; n u n S  ?u , - m~~i’u~~Iç t s - i ; i ’ iOr-n m ; m ’ ui uhe rm ned by all unternal

I ( i n n ’  l i m i t  u ’

8.4 Scope of f unctmon dehnitions

I I” n- np” m l  n u n  ‘ ‘ ‘ n :t i i i  tununc tu Oul  : “ l mnnn m mo n i  c c i n s i l 5 ot all n m n o - i u m i ~ s of the pto ~ ;3m except the

iiim m~ I m n t n  5 t u m m u m , ’ I,’ m i n t  ‘ u r nun ‘1 n i t  is , m i t ’, n’\ n lnn , i t n n n i c : u o n  niay be u un v o ’,..m ’~i f ror ’rn a t uyc ~’ }’ner e

I””.- i - t m ? m n n  I l u n - n m ’  i n t l  m n - n u n ’  I I , :  t u t m c t u u n n n ’ c c I t  t n m un u o u i  ‘the scope of an m ntet - n a i  function cons ists

n.~n tn t ’ , n u t  : 1 , , ’ un m n - u’ ’ - i m  n n - i, I n t l  m u m -m m , I nn in i  me nu t n ’ t i ; n n l u u , t ’ n r”~nmu ’ e that  this pt’ecludes ar-ny recurs ion or

n , u n u : , m n l t , , u m n n . u , m n n

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — -
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1 lie s i n u p n ’ i u u t m - n .  l i n t  imm r nc tu o ums s - mind ty pe detm nmtuomn s a n e  m hlus t n at ed by tine following example:

function ‘ in , ’ ,’~l ’ -n  - )
ext  erna i I in ’ ,mn l’ m ’ ) ;

type I - ‘ 1 , 1 - -  mi ’ ’

function G n - Inr , ,, i , ’ r  )

type Li  I ,

function ~~ I ‘ i,un- ,dcr~
function N I i c . d e r  )

1I~~n l ,

endfun
ii ‘fl ’i

endfun
[3n In C
endfun
function I f  - r~, m n - r

function p ‘hc,’ni j u’r

N
end fun

‘I

end fun
B
endfun

t Inc I ‘ t el y ci may in voke functuons

1- 1 F ‘ m ’ \ t n ’; n -n ‘n , C, H (internal ) 
- ‘

(. , F ~
‘ (u ~t. mn- cia II NI ( intern s - n I)

“I FF fe ,\ t em nn , ml ; , N ‘ m n i re n  m’ual)

N FF n’e x t c ; m n t l

Ii Fl (r’~ tn ’: nn hi , P t u n i t e m  nal)

P i F  (ex Ienn i a  11

~~~ _~~,, 1~ ~~- - —— -‘--~~~~~~~~

-

~~~~~~~~~~~ - - — ~~~~~~~~~~~~~ -—~~~~~~~ .- - - — . ‘   ~~~- ‘-—~~~~~ ‘ -
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t in’ I u c n c i s  a un d l u m ’  m u t t - n -  ot unay use deluned types

I: T

C T , U

T’ U

N T , U

II T

P F

mu mi nn ’k m lrn. CC un i u i n t u c i n n ~ - m ‘ s - m u  m a in a t e t u a n u s i a t m d  s e pana t e ly ,  The m anner mu l whmc h their

ul ,amnu -c m m ’ ’ t n , ’  I to m c c , ’sc tnr n:i  i i i  Iui ’ r . , n it ’s and t I n ’’ unan nuucr u r n wh ich t iney are linked into a - complete

inn u c de 1’’ ’ n u s i m n m t  u n m u t int ’  tn ’ n p iu ’m i n n n n t a t m o u u  Nit cc iii s u ve invocations am ong external or internal

h i t , ,  I Ri m s  , m :  C ‘n m ’ , I

L-— - _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _--- ‘- —- 5’- --- ~~‘ 
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Appendix I - Formal Syntax

in ’mcmuln ihm ’ — m ’ \ t e n  u n ml  - tnm n ac n uon — d ef

m i n t  n u n t n  u n a rm - c lef  :: =

function f m un u ct  uoni — ine .- ncicr

[ t y ~m e-c ,\ t nn -  tt , m i s - i t ’ t  P”~ ]
mu n I f immictuon -d e f }

~‘ l~ 
m’’ i- iou

end fun

! ! ‘ ‘~ ‘ ? m i  I t um nctui n u i s - le t  : : —‘

funct ion t u m n i c t  ion h e a d en

[ t ~ 1me . del i m ant  ]
u t m ’ t  u- na l ’ tu mu x tu ou i—dc t  }

Cl’. t t CS S liii

end fun

t~~~~u, ~~~~~~~~~~ ~u n ? ~ : : =  t~~ c t ’ \ t n- ; n n a i  d c i  { , ny pe - ex terna Ndef } [; ]
m ’ ~~~ ’ t n , n i  :: t~ 1~e c lef m - \ t n ’ ? t m  n I- d el

p’ n ut t ‘ ‘ ,pi’ m s - n - i  - typ e ult’ I’ } [ ,

cit -I . : - —  type ‘,‘1 n m ’ m n - n m - i c ’  ‘~ ty 1 ne’spCC

,-c , ’ n - ; n u ; n l c I t  I :: — external f nut ct mo m i ltt’adn’ m

In  i n n i t  t ori in ca t n ;  :: fi mnn c tmom i - n a me ( dccl dcci } ret urns type -s pec { - ty pe-spec }

t n t  n n~ ‘ mu ,, , n - na rn” : : m a m ine

r- ’
~ 

‘ - ~~~~~~~~~ :: — in ’ ;n ’I- I m - \ 1 n c \ t ’ ,i S s m cnni - Icc n ’l - I-e~p

h m ’- ’ m t  I n”
~~’ 

= ic;i ’t I’ f\ 1) Icc ’CI ’ l ’ c\ h- n tm”,’ n’t
lr’~r t  ~ “p :: ir’,r i-3 ’ m ’s , t i  lc’,’cl ~ ‘ r \ 1 i  &‘ in’vn ’ t -~- --

“~ l t, ’ v u ’ i ‘t n~\ p  -‘ I n n - n t  ‘I n -s
~ ’

‘I ‘‘ ,
~

n :: - lr~ n ’I 
~ “~~

-n tm ’ v n ’i ‘1 t ’\~ n n l ta t u ( nm n a l-op Ieve l-5 ’ex p

l m ’ c ’ ’ t  r, , 
~~ 

: :  — t i - e l ‘ - i’s _ l i  In - , ‘‘I ~ ‘‘“I’ lh l m ’ s n t  d’ P\ 1 m

I - u  -~‘ n  p ;: tn ”,q ’ t  7 ‘s 
~

m In”. m ’I exp addmn ;~’op l e v e l  7 ’e~ p

tm ’ , u ’t -~ r ’ ’ 1 t  — I cc ,  I S ‘-hp lr’.’c t 7 n ’~ p m u mhtu 1 n l ~ , nm ,- u 1i icve l’8 ’ex p

it Is e~ p - p r m n ’ m a m ~ m u n a n y  ni
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