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F I N c H  P N A I  S l V C 1  F I C A T I O N  i ) l  A S Y N e 1IFI 1N 1i P PR~~~r 5 P F 5

- \ N t )  ITS  APPL I CAT I ON TO

THE E A R l  I PHAS ES OF SYSTEM D E V E l O P M E N T

1 . m t  i i i  t ian

Se r ens problems 01 t en a r I se dur 1mg the development  at  a 1.1 r ge . e arl I i c \

d ig i ta l  s y s t e m .  Prohler i s c a u s e d  by poet- requi rements anal ~s i s or I .ini t v  e a r  I~
d e S  Ipn dec is  to ns  a r t  .cironp the w o r s t  b e c a u s e  t h e y  a r e  at  tan p ro p a g a t e d

t l irotwj iout. t he las ipn.

Requ ii t m e nt s .ma I vi; i s a I t cii v i a l  d a a poor d esk - r i  ~ t I an a f t he i e~ c i .  i

s y s t e m .  Spe c it  ic . it  ions at  requl renct ilt s can be i it arma l , .cmbipno ua ,

inc omp i e t a , I nc otis i a t en t  , a iid di t t It’ ul t t a t i nelar s tand.  T lt 1 a leads a

s i t  na t io ns  in w hich a it lie r (al i n c o n s i s t e n c i e s  and anibigul  t i e s  a l e  not I aitn i

n at  ii the detail e d — d e s I pa or imp .iementa t Ion phi st s , i ieceas i t a t  lag cost 1 V

1 e v  1 s i  on a , oi (ii the I I n;i I product does not meet  t he e n s  I omer ’ a n e a l  a . Tb I

co u ld happen bee a u  sa ~ t poor c omniun Ic at ion bet ween t he des i p in’ i a  .i ad tin-

customer , ar because  the cus tomer  d i d  not understand his awn i t e d a  iand the

des I gne rs could not hel p hIm).

Anothe r ma ~ar oil r c a  o t trouble is t lit t rims 1 at Ian from requl rement s to

a a ear Iv (hi  g b— l e v e l des ign , hec iu~ t t h i s  i s a t rails it i on hat we -eti

i ncoinmans urat a dasc  rI p1 ions of the sy ;  t cii . St  i m u t l u s — r e ;pe iise- pat u s  I t a m  t lie

requl remc’nts must he mapped o n t o  p roces so r  .iiid storage - st ru icture s , ta king I n to

a c e -aunt  prob lems of p e r t  o rmanee , resource  c o f l t  t i l t  ion 1 sv nc liran I ~at  Ian

ra t  i.u hl l i t  v , etc  • It 1 a of ten di I f t  en I t to  t f ad  even  ant sa l  ut I on t a sa t  i a t  v

. c i l  t he c o n s t r a i n t s , le t  a lone a good o ne—— a sa lu t  i~~it In  w h i c h  we l  1 — c h o s e n

s t r u c t u r e s  genera t a robin; t ve t  f l ex i b l e  heliuv i or , and k - a s  I — e l  I at’ t I y e

p e r t  a i-mane a t rades  lii vt  been made.

This p.c per f a t  roduc as some new I de’a s on how s pe ’c I t  I cat Ions can .i ii c v  l a t e -

these problems , as we I I is a sp ec i  f I ea t  ton language to t arm.ei i :e t h e ’  it c c i  ( 1  v~-

h o t  I cu l ls  • Th e t we ma b r  t e a t  ures of t hi s 1 anc ~u t c  ~ e’ .1 t a  t h u t  c a  It I a

1 un c t I t e a l  I 
• a tid ( b ‘1 f t  s has Ic e u t  f t  I e s a Fe as v u eli l anact si V f a t  t i l e  I I ag

proc ess s e S .

S e e ’ t ion •‘ P r e s e l l  1 5 I ufle ’ t tona l not at ian i s  a I ant l iar , V e t  p1cc 1st’ ,

veh Ic I e f ’  i commun I e’a t i on ahoti t a v s tems ,  it P~’ 
mm it  s much a ci t  ‘in c t e d

- -~~~~ ~~~
-—

~~~~~~ 5-—-.. - - .



,—“,‘,‘-,.‘.—.‘. ~~~.!,‘ •~~‘ ~~~~ 
—. - ‘ — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ? ‘ ~~““~~ ~ ~~~~ 

-- - -n’-_..~ —— . . ‘l

con s i s t  cia -v e - t c c k i  i c , c .cn Sp e c ’ i t  v a ’ -  l eve l at c b s t  rae t ion (oi. l e t  n i l ) ,  aid

~~i be ’ ii I mul .c I ed.  S e c t  Ian a hows low j u l e - I v I unc t I ‘ i t  1 a p e ’  C 1 1 I c a t  1cm

t e ’c hat qua s c c ;  h e x t  a ad ad to t i c  damn in ‘1 ;c ;- v i i  i ’nocis 1 v h it  c i  c i a

‘ i ~~~~~ s.e s , r; ck I t ie  t c l i ’  t tona l spec i i a t  ion at who It ’ a v s  te n ’ ’ ; i’o ‘; a 1’ Ic’ .

a at a v a t  e ’l1’ a
~ ’ e - c i  I i c i t  Ia in Se ’ ~

‘ t ion - e  ;;taw ~- th .ct  c i i  CX t e ’ i l le I

t i n  c t I ai.ia 1 not t I  jai l c ci; h~’ w ad to d aac i I he hi ghi— 1 e v a  1 de’~ 1 pus in .c cia t c u r t  1

and el cc l i t  w i  v . t y e - ;  ni a l a I in i’ ’ r t an t , i t  c a l  he cc s a c t a a ~e cit v “v t en’

c -p u I ; cs ; - - n  ‘. i , ist ’ I . It ;  ‘; is  done ’ by sp a C It  v tap t lee r e c t u  ii c - I  a \ ‘ - t c -in ca c ~ t I

c i t  di  c 1 t .11 pl c e’a~~’a wi c h  in e ’ t t c t w i t h  ;t iot lie ’ i sat a I pF tt ’e’~~n’ s I l a  I ci

Ii 1 t c I a 1 m c i  at i ’ ; ’; e I ( i c ’ Sys I c - n ’ s cay i i o ’ n l c ’ll I

lit i s 1 0 1; ” 01  c iii ii’ e ’r’ c ’il I s ape c i t  I c t t  I an a I I a  r a ma iv cd v t  ;c c ’ ;  • i-’ ,’ n e  a I

t ii ‘;‘; , c ’ ~‘ r il e ’ I rot - I l a  .c 
~~~~ Ic a t  I ‘ iii a I eaad d1 ’ -; 1 n t ot ~1 s a tid I ac 1111 j e ~ lie S a a v i l e r

in he ’ l -v I ap:ne ’n p t o -  c’ a . The b e ’ I c i r a t - e l  t s them e ’ I ye s • I or in s t ;lnc a , ca ;

i ’ . h~’ inn I a t ea l .  Thus t 1ev can he t c s~ I eel liv t he da~ i p a u l a  , and can c i  SC ’

cane ’r’ c I a t’ u ’hav I ‘ i s  V t ’ be c i i  t i c  I .‘t’ el by the e ’tlS t oniei , Tti ii ; ;c I  I ’S’ ;; t i e  c e i a  I

t e  ~‘ t t ’  t i e  I pat e ‘ f l  e ’ l ; ’  I s vs t  em l e v e l  opm c ’nt In a p ractical and - ,y; ; I rc ic 1 1 Vt

\S~l V

\na t tic r cd v .cnt l ee ’ Is h~ liv hi u k  t i c ’ in t e ’ i ’ ; t - ; .  a I I at e ’ r ;cc t ine eat  i t  it’s

ii’ nil ci ;V I i’c ’illTi e’tit ‘i’ ace ’s Sc a~ 1 i n’  I t i c ’ hap i ni; I ng , ann lvs 1 a ;c ncl elas pne’ ra

l i e  a; ~‘ l l F c ’ a~ , I’  c ’ i a  id e ’r par t arma nce ’ and sc -source i c I l ;  reni ent S 3S fi t e’el ’;c 1

1~~l i~Is at I l ie ’ h-vt - I ‘pin-nt . Thes e i- t a Int Fc ’ m e i t  s . c F c ’ c r e t e  I;c 1 . hut a c; ; II v

i l a ’  le ’c’t e’d 1;; t ha ~ 1; ; ;  t o  c I c i ’ j t v the  “ lop i c ;c I I anet I ‘na at  t lie sva  t em. Yet

ifl .1 ; c c  I — t inn’ a v a t  en ;  • 1 1 a t e  r~ 5 p ’ h l S c ’ ( a a a t  Initi 1c c ;.  i’iav he as bed as  eta-

i c ~ It I 1 ’ !  cSi I I v ’ wr on e

El nec  II v • t h i s  .ui’ni- ’ e  ‘; . c l l  ‘as  a l l  pl i u a a s  ‘1 dave i ‘l’nlc’nt t o  e ls e the’ s a t - i c ’

;i it a: Ian . Eu rt  he rnio rc ’ , t he’ aunt-bar at II ’  i lii i t  I y e coil e’e’ pt S II e e l  c c l  i a smal l

e ’ n,’ e c ’ b ;  t o  lit’ el e l  end a~l a a a s e t  O t  “baa  i ~
‘ bee I Idi ap ii lacks ’’ • Tb is ni c kea i t

c’atic ’e i vab It’ I hat iv ;; I en;; d a v e - i e’pn c ’nt  c o u l d  Se ’flle ’el aV  t’ e C  ~mnia .1 S e ’ t l l c e i l c e  e ’ t ;t -0 It f i ;

e l.c ha n i t  ions— ha i c ’ 1  an t is’ rauipl; uetide t ’s t ;en ~Ii up c ’I t he’ Se’ t ic  i 1 ~lI a l’l a k s — — r a t  he ’ i

t han p Fe ’ .11 1 ’ .c ~~~~ - ‘ t hit’ I til l m i t  I ’ll.

___ - -.. ---__ -——— — 
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:. Feinc t I anal 
~~~~~

Fi gure ’ h s l o w s  an m I t  i .c I t e l net  ioii.c l spe lt  ic . c t i o i i  a t  a s t a ’k as .u

~
‘ a I i ~

‘ t ion at  set  s a id tunc  t i o u s .  Whi a; Imp 1 eme at ed • a p r in t  t i y e ’ s e t  bc ’c ‘n; c i -

d a t  .c a t  t’icc I ; i ’ e ca Ine h le ci t  re ’ p l e ’sen t  ing elements in I lin t ae ’t , and i pt Int l t I ‘ ‘ c

• I i i f l~’t IOfl l’e c ’fl e ’S  1 l’t ’~~c’ e ’ l U r c

Se t S c ’ ail b~’ pr~ m i t IVe ’5 , as ‘ STACK ” and FLFMFN’I’ ~4r e ’ in F i gur e 1 , or c ’J f l

he ’ l e t  1 ;ie ’d in I a mis .1 ‘ st -ac l i e  r “ pr im it I ye’s , using t l ee ’ svn l a x :

SF r -NAM1’
set  — e x l ’rt’ 5 5 1  c ’ci

In Fi p ie re - I, the set “,-\CKNt ’l~i !- I)C’ It”NT ’ i s  da t  m e d  l’\’ enumerat ing I t s  members .
and “ ,\NSl~Y R ’ is l e t  m e d  as  a union a t  s e t S .

A t one I jail j;; a I w ay  a dee i c  red b~ nail ng i ts  cl ama in and ra npe - Se ’ t s • a a In:

l m e t  t i f l la I t - c -

‘c ’ ’ \~ \ 
51 1 \ x I’k’°t \1 N—sF 1 — 1  is; ’—— “ R A N c d  — t ~

It t I e  unc t ion i a nit  a pr iiii it I Va , I t Is  t hen d e’ I h e’ d by a I ti ne t I on.c 1

a x p r e ss  it ’ll us I t i p  arguments . ~‘onst;ci i t s , and cit  her f unc t Ions .  For l i s t  ~l ilc ’c ’ , the ’

c ’ \ f l l ’ e S S i c ii) d at  ining “push” i s :

pusht a • c ’~
t i l l  ~s : ( a  , r - ~ ic se ’d

rue t c c r— 
~~~~~ e ‘~ l~~~~J~t e. I ‘I

Tb i ax ;” e ’s I on (i’ e Se ’ d on a LI S l’ — l i ke ec ’iist mccc  t or I or e ond it j ci~ia 1 CV~ c 1 eta t f a t i

s.iv s that i f t he s t  .ic ’ k (argument ‘1 1 a I nil , t hen t he v~e I uc 01 ‘ push ” i s t he’

sam e stack with the ~c c knc ’ c , ’ i c c l P n i e ilt “ ra t  used ’  • (1thei-w ,i Se ’ i t  is  I lie’ r es e l l  t ~t

p u t — o n c  s ,e’~ 
“ (argument e ’ i s  the new a t e ’rne ’ii t and the ~ccktiaa’le ’tl pme ’ iI

Sa ve ’ ra 1 ;u l~ ’ c n t  ape s c i t  t h i s  method of Spe c It I en t I an for requi rements and

h I g h— l eve l de’aign s tallow immedi atel y :

c a  ~ It 1 s t’o rmal , and can lit’ app l ied at ;unv 1 e v e ’ 1 at a list rae I I a ;

cle ’~’e’ilci tug  onl v oil the p r i m i t I v e ’ s  use’d~~— muk I ng it a t t  rae t I Vt ’ as  1 C e l l  ~e la ‘i

e ammun 1 eat ion among all I tic ’ Se ’ pa m t i  ci pat Ing III a el c’’’ e’ 1 c d t - u t ut I.’ It art

hI Fune t i ‘tin .1 not at ion desc r I be’s a ii input c ’tlI put rel at  Ion a’ ; t h~ u

hind i ng the ~l i  I a or c’c’ll I Fe ’ 1 s t r u c t u r e s  t t S  ed t o  compute i t  • Tb Is i t - i  til ml :e ’ a the’
Linge r a t  can t us i  tip d e s i gn cad int p leme nta t  lee ; dec islocis .

c’ 
‘
~ The svn t a x  i s s imp l e • vet  i nc’ c’rpc ’ m.u t  c’ S t  I’0fl5 t vp i up , riak I i;p ~vn t ax

- lit - - k  I up a pas t ’ rt  iii It-c an S c i t  t’ r I ’  I’ ci e’ t e’ c’ t I ‘f l.

_____________________________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. ,, ~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fl p11 I c  1 . I nit  i i  i spe ’ c’ i t  c ’ a t  I c i l l  it  a s t  ~c c k
Se ’ I ~~l e ’ 1 i t i l tig c x v i  ass  t ile t c s e  on I cm (t’ 1 , a rc ’a s p rod ccc t x )  , and

en um ei -c t i ’t; at e ; l at c iits  (‘c 1 hlI . Funct i c ’ t ; — d e l  i i i it ig  e -x p t - ess ions les t ’
I up Ia I a a: i on ,g ” • ~

- im 1’ i~ i’
~ at ; (1 ( g (hI I , a ti d sa l t ’  t I c iii ( p 1 : 1  1

p ” : f2 , •. .  p n : t n ~ , e’ v ; c l u a t e l  as t he f i r s t  t unc t ion  t i  suc ’l; tha t the
;‘ r e d  1 en t a ~‘ m  I s I l ic e

St ~‘l 1st  ic c~ 1W’~ iiI io ns a rc  t ha t set names a re  in c a p i t a l s , t u n c t i o n
names a rt ’ in l owe ’r c~ise , ; iil c l non—numer ic con stants are underlined .

I Pc~ ’-P N ’
e ~‘ ‘ ~~‘I ~~P • 1’ ( ’ t u ” ~~d }

—

L’ IF~t i’\T  U { n t a c k — i s — e n i p t v  }

push :
S lA CK x Fl,F~’IFNT

— — — “  S lACK x ‘\~‘KNd ’ ;~I I- IiC’IF\’I

S 1 e’ ~I ul I s 1 : ~s , re ’ t c c s e ’ c1~t ’ rmee c r t i ’r~~d’ iC’~e’,e’~ ,n cc e p te d )

f i i  1:

~i’ue , t a ise  }
I~Ci ’ c’flI

x F I F~Il- ’NT—— — “

pop:
S
S FACK x ANSIc l-’R

r’c’dp (s ’)

l e ’t l ip tv ( s) :  ~s ,s t a c k — i s — e mp t v l ,
t rue : t a k e — c c f f ( s I

e m p t y :
STA C K
~ t m e e a , t a l a c  }

l ik e — a l
STA m ’K

“ ST ,-\c ’K x El F~’t FNT

(d~ Func t ion a i no t a t i o n  p rec ludes  the use cit  side e’ t t e c t s , so t hat  the

d es igner is f o r c e d  t o  cons l iar ex p l m e i t1~’ a l  I possible domain va lues  and their
c c’t isc ’ql le ’ nc ’s .  Thus -c a soon as “push is dee in mad as a pr iml t I ye f u nc t  Ie’ti we

know t l ; c  t i t  pm OcI cc c  e s , as a c’ omponen t a f i t  s va t  at ’ , an ‘ ac ’ knowi edgment ‘

a xp Fe ’s s inc I lie ’ I ac t t t in t a “push’ ma C’ f a i l  bec ’ an Se ’ the stack is fu l I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 
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At I ant I an t o  H a kind of d e t a i l  is a s s e n t  j u l  j n  th e ’ m;c n~Ige’nient 01 ;c i.crp e-

dave  lc ’~ililaflt c t  ‘c c ’ t I  , in a-I; i ’  ti e .c ’ l ;  person i n~’oI ~‘e’d c~en oni C’ I’e’ 1 ~cu~i 1 m a t  ~~
‘;

he mod ic i t ’s fc~ r c~l; i cli he i a respanS I hIt ’ • In such s i t  n e t  i ons  , nothin g is is

Imp c’rt~c;; t es p r e c i s e  and eo ; ’ ; pie te in t e ’ i ’ t ac e  spec i t  t c i t  ion .

I;; th e  e x 5 e ; ’ n l e ’  , t a i lei re cif a “push” or ‘ pe~’
” alwa v a ’1’radte ce ’s a rnaas 5c cZ e’ I’

t h a t  c t  t a c t .  This ,‘ie’ss;cge wil l  lie S e nt back t o  t ice par t  V request ing I l i e

on e ia l ion ( see  Seer  I ‘fl . 1 
• 

wi ; I ch can then t ; ck e epi’ ta’t ’r  t e l  e ~ec t  I ~n. Tl; I

p l a ce ’s reapons i  bil l t ~- t  or e r ro r  re c over y on t he p a r t y  tha t p resumabl y

uncl t- rsm ’ ands the si pnif i e; c nc ’a of the problem ( [Coode naug h 7 5 ) ) .  This to rn’  ~ f

e’rr ’r a n a lys i s  .end rec ov er y is a strong point a t  HOS ([Hamilton & Zeidin ~~t ’ )  ).

( ‘ ~ FIn~i il v , tunct,iaiia l i ’ t e t i a n  is ‘ e f t ’ a~’t i v e ’” (or e x e c u t a h l ~- I .  Eve -n

hacugh I tin e ia 11.1 1 ‘~
ie’ 5~ I I ci liS such as compos it t  on do not Spe c I I v e x a c t  lv boa’

o ne t li;i :1 1 c’a IS I d~ be e ’ y e lii i ted and I t s \‘a I t ie ’ passed t o the ne’x t , t lic ’ i t ’

s t r u ct u r e s  are e a s i l y  s i m u l a t e d  liv en i n t e r p r e t e r .  Thi,~’ alleviates the

‘ r a h l  arc’ t hat requl reme’nt s must he approved lang be fo r e ’ t here i s  an

imp l emen ta t i on  :o ane ’ r c t e  t he hehai ’ io r impl ied liv r } i e ’tn : requiremenis
s p e c i f c , c c : i ans  in l u n e t i o a ; e I form can ha s imulated during the requi rements

; ‘ t a es e .  T h i s  i s  i’5crtt cu1arl ~’ v ;c i ua hle in prov iding early feedback I c ’  the

ci la I amer .

Far a si ’ e ’ ’ I t i c a :  iot ; to he interpreted , some imp lementation of each

p r im i t i v e  ntis: ha supp l ied  to the i n te rp re te r .  The logical p r o p e r t i e s  o t  a

sy s t e m , f a t -  i n s t an t ’ , cou ld  be tes ted  by a simulat ion in which most  p r i m i t i v e ’

f c a n c t  ions evali i i ta  I , ’ .c m l’i t ra r v  i’a lues in their ranges.  By g iv ing  pred l e n t  e s

b a t h  “ true ” and “ t a ls e ”  ~‘5 c 1  tie ’s , e t c . ,  the des igners can e x e r c i s e ’ all control

t’5u th s and check on the i r  In terac t ions.  Pr imi t ive t unc t i on s  which a r c ’
Ft e’\’ a i u a t a c t  liv askinp fo r  a decision from a terminal au toma t i ca l l y  c a n s t i t u t a  an

i n t e ra c t i i ’ e’ t e ’ s t l t i p  s \ ’ s t e m t ar use liv desi gners and customers .  Performanc e-

;‘ro”arties , ciii t he o ther  hand , can he s imulated liv using pr imi t ive funct ions

which maii—u l~’ reco rd theIr es~~Imated resource consumptions. Summary data c’a it

t hen provide a c c u r a t e ’  g loba l estimates. Both logical an~1 performance

simu lation have been used success fu l ly  ire the SRFM p r oj e c t  ( [ A l f o r d  ‘~7 I ,  [ha i l

et .c l. 7 7 J 1 .

Spe~’ i t  i cat  1 >11 technique s for  dat a ah s t r ;c e t  Ic it is ( [LI skov ~ i lies ~ I ~
l i kewise  de st ’ ri he dat  .c at  rue t ames  such as stacks , and all the I epa I ope’mat  Ions

on t hen , In a formal and communicahle i5’av . But there are Important

diff erences be’twcen t he’ eon is , and henc ’ e’ the d i r e c t  I tins • at work e ’n these two

—4
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t~’ pea o f s p e c i I 1~’ n t t o n s .

F i - ~ c e r e ’ I is  not a d ;et a , e h s t r i s ’t lcin s i’ec lt  t c ’at  iOfl because i t  doe s n’t hing

t a ca p t  ure the a Of le ’ e’ p1 a t  “ at  ac kne as ” , one p r -  ‘ar t  C’ ci t w h ic h 1 it e xp i e ;  - ; e ~d liv

t he axiom :

s t a c k c s l  -~ i n t e~ e’ r( I)  — — “  po p ( 1 i ees h t ~~, i I I — s .

TIt e ’ idea behind suc h Sc ’ e e ’ i f j  e ’a t I c’n s [ ‘c t a use ax Ions , p ra 1’hs , c i r a ’;rte ’ ‘ t in

suc h no n— r roce d u ral  medium t c ~ c a pture  a l l t h ’  properti es tha t pe ’ r t a i n  t o  t in’
aoe i ce pt a t  the d a t a  , t h s t r e c t i o n  in th e d esi g ne r ’ s m i n d , ~end then t o  p rov e ’ t h.c r

a prog ramme d im ple mentation is equivalent to the tarma l sp eclt i cmc t tc iu . The

C t ’iic’ l l l  l ’ rc i p e r t v  of  da ta  c h a t  r e c t i o n  s p e c i t ’ l e a t  b u s  i s  w hat 1 , i s k av  and 71 l ies

call “mi nimal t IC ’ ’ ’ : b e c a us e  it  d oes not bi as o r cc iiiat r~c ir’. the imp lemat ’t e t  ic ’ ii c~~t

en abat m.ec t ‘c ta~’k In 5en~’ a - t v  • t he Ideal s t a c k  ape d I’ [ e a t  t a n d eser  I li es aqua t y

we’ll ~eiiv va lid implement at ion or  “ stackness ”

Our Spe c I f i ca t  ion language must he di t t  e’ret i t bee ae ls e ’ , in the e.er Iv 1’ha s e a

it  deve lapment , t he eventua l imp leme nt at ion  o f an a b s t r a c t c o i i ce ’ t  is h Ot  1

m at te r  ‘ 1 i nd i f f e rence ,  it w i l l  he’ the r a s i e l t  f d i f t l c u l t  d e s i g n  c h o I ce s ,

usua lly concerning cas t  perfor ma nc e t rades :  the specific ati on language must

recor d, rather I han av o id , t hese ’ lee is iot is

Func t i anal not 5c t ion rec o rds decisi o ns ~~ 11 bee .1t~ Se ’ the re are’ oar t e r n  1

un i ts  t o  which pe’ r f c ’ r rnan c e’ and r esc iurce requ l cements can he at tache d . and

in t ural mec han I sin s t o r s pec ’ l t \ ’  I ug ~idd it I e’iia 1 1 cig I c  a I i’ r~’~’e ’ rt IC ’S. The a t  ~ec

s ii e’ c’ It i  c e  t hin c i t  Fig ut - e’ 1 • t ar illS l a n ce , tui I gIlt b e c a m e ’ t he ~ub t ec I at  t he

resource requirement: ‘ Th is s t a c k  must he’ imp lement ed liv the ge ’eie ’ r , e I — p e c r p a s e ’

dat iliast’ s v s  tern w e’ a l ready  own ’ • In t h i s  case no t iirther des igni dec j S  i o ;i ;I

need be ma de , ~iuid the requirement can he at t ee lied ~‘ e’ rma;\e ’nt Iv to I lii a

t; it em t .ec e’ spe ’ c l t l c .e t i a n .

The ~it il ~’ p r o p e r t i e s  a c t u a l l y  a p e c i t  led in Elgure 1 ~er e t ha~~e’ o f a

cci i lect  ion at  e lem ents w i th  input and out put o p e ra t io ns , so t he a pe ’ c’ t  I IC ; l t 1011

cou ld also re fe r  ta  e queue . Addit ional properties t t i , e t  gu.e ra nt e’e’ s I 5cck—l I k e ’

i’e’~~~ j e e r  a re ’ tn t roduced In Fl gure .~ • wh ic Ii 15 lii ‘ el  .ihot’ e t i art ” at Ft gure’ 1

men iii rig t hat p r in it 1 C’ e’ a of  F i s u re 1 have now been de’ t ‘c f led in  t e’ ntis c t  ‘1 he’ t~
prim It [y es themselves.  -la y e inborn I tan a t e  p m a ke ’s S ain t ’ dee’ is Ions t tac t  wt ’ Fe ’

p r e v i o u s l y  de fe r red .

In Fig ure .‘ • t be ’ at .ic’ k ric iw has a m ax imimi a I :e’ at  1 i~ e ’ l e’liie’ii I S • I t C S

re present ed liv an a r r ay  and en Index uusad  as the s i  .‘e ~ii1tl t a p  P° t ; ’i t e c t ’1 , and

ape r ,e t ions ciii i t a me ’ ci e’ lined In terms ,i t ten e t  ‘c O i l S  ~icc h as

— - - -  -~~ L~~~~ -



~~1 e ~tlt ’C 2. E1 eb c i r e t i c e n  ot st~ t k ri:” : liv e s .
Ttet- fla t c t  eon  ‘‘ 

~~ 
c , x ~d N I ‘ i d ’  C S e q u l v a  I t I l t  to  I I  1~II N

The I t e e n t I ot t  -- e q  t e e  1 Is c eul  I o r e  e at ;  t c ; ‘ i ’ c c l l C a t e  t c ’ ~- ¶ I rig a ii i’
el  ,‘l’n-n  1 5 at  I he scinl e’ t e t  f o r  c -qua I i t  v

STACK —

ARRAY x

x El ‘h \~ ‘ 10

‘ \ l i F X ~

t ul 1 :

t rue ta lsa  ~
‘u11 ((a, iI~ 

—

e,~u el( 1 ,10)

S I’.-\c ’I’- x
— --- -- ‘ ST A CK

t a t  —
~~ ‘ : ; , (a , 11 ,e 1

nde ’ xe ’ - — - i t s,- t’ t I on (a , i nc rem ent ( j i  ,e1
i n c ’ r e m e n t ( i ~

ind~~xe cl’ -~ ue s e ’ r t  ion r
1 \‘I’i’\ x EI I’ ’hI ’\ I’

— — — ‘-

This I un Ct C l i  c ep dat  es an ar ray  us iris an inde x to s pec i  t v ~n e’ l emee i t • and
l e t  I ,ec ing t lie 01 d c lement liv the g iven cifla

m c  l ame n t
INI1I ’ \

— — — “
Th is ¶ ci ii c ’t lore adds I t e e  i t s  argument.

e m p t y :
STACK

—‘- — ‘s 1 t rue , fa lse ’s
e m p t i ( ( a , i ) I  —

equa l ( I  • c~~~

t a ke — c i t
STACK

— — — ‘  STAC K x FLi’F~1F~~t

t a k e— o f f i , ( a , i~~I( ( h n d ex e d — c I a l e t i a i i ( : e , i \ ,decr e ment ( i~~~,
in ch e’ xe ’ d — re t  r i e’\’ l I i a  , il

-
~~~~.-- ‘-~~~~ 

-
~~~~----- ~~~~~~~~~~~
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1 : le lex t cd clc let ion:
A R K - l i  x INF1F X

— — — ‘S A R R A Y

This f u n c t i - - - , c c i ’ d ; e t a s  an a r ra y  using an index to s p e c i t v  an e le t t i& -n t , and
de le t ing 1 1

dec r e m e n t :

—~~~—~~

This f unc t i on  s u b t r a c t s  1 f r o m  i t s  argument.

i nde x ed — r e t r i e v a l :
ARRAY x lNhF~——— > ELF’tFNT

Th is  f u n c t i o n  uses a ru index to specif y an ar ray  element , and
r~’ t u mns  t hat element as i t s  v alue ,

“ ind exed—r etr ieval ” . The name , usage , and assoc ia te d comment of
“ indexed—retrieval ” all imp ly tha t indexing is used as the basic access

mechanis m for inf ormation in the stack. Thus this elaboration rules out the

possibilit y of imp lement ing the stack as a linked list with variable—size

nodes scattered around a large workspace; It is effectivel y li mited to being a
l ist of fixed—size nodes in contiguous storage. But other decisions , such as

what th e s t a c k  elements will look like , are still deferred .

The arra y s t ruc tu re  could have been mot iva ted by a performance

requirement s uch as “ An~’ s tac k operat ion must be comp leted in less than 10

m icroseconds ” . The indexing mechanism which has now been speci f ied guarantees

tha t eac h access  ope rat ion can be done in a f i xed  amount of t ime. The

requirement can now be expressed precise ly in the form of time limits on the

execut ions of p r im i t i ve  access — operat ion  components.

While the s p e c i f i c a t i o n  language record s design decisions that have been

made , it must avoid constraining decisions that have not. Imp lementation

dec is ions——a s opposed to desi gn dec is ions— — are avoided because this notat ion

a llows the designer to spec i fy  what a function does without specifying the

data or con trol structures that will be used to do it , The definition f(x ,vi

g(h(x).j(v)), f or ins t ance , could be implemented w i t h  parallel or serial

evaluations of i-i and j ;  s imi l a r ly , h(x) co u ld be made available to g through a
variable , a tempora ry buffer , or a network transmission . (Design decisions

about these evaluation structures can also be spec i f ied functionall y at the

app rop r i a te  level of abs t rac t i on ;  there is a brief examp le of this at the end

of Sect ion 41 .

~~~~~~~ . 
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In summ ary , t e t t l e t  ional speci r i cet ions are distingui shed Ir~-

s;’e -~- i t icati ons 01 da r e a b s t r a c t i o n s  by the notions that the perfor mance and

r esou l ee- pr per t I t s  ot an abstrac t concept can be as impor tan t  as its lo g i c a l

t r e p e rt I t S  In a l a r g e - — s c a l e -  development t r  fort , and tha t these non —logica l

properti e s can onl y be associated meaning f ully wi th a structural specification

or the l o gic a l ones. A t  s0ine~ point in the develop ment ~ f th e

s v s t e -n ’ ——p r e -suma blv  beyond th e phases where asynchronous i n te rac t i ons  a rc -

desi g ned (i.e. e a r ly  design), and certa inl y beyond the phases where design

- 

- 
- changes are observab le - to the user (i .e. requireme nts ana lv si s)— —th e

- 
impo r tanc~ of storage and contr o l structure s becomes predominant , and da ta

a b s r t -~e :tions heconi c i m p - e rrant . t u t u  then , wha tever the designer decides is a
- what ” rat h e r  t ban a how ’ 

-~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~~~~—-- - -  i~~~~~ 
- - - -- -- -
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I. Asy nc hronous] ‘~~ 
1 nt er~ ct ln~ Processes

A dig i t al devic t ’ goo s thro ug h a sequence of wel l—defined states. A

process Is a forma l er ode-I  of a dig i tal device ; it Is here defined t o  have ci

s t a t e ’  a p a ( e  (the set 01 a l l  possible st a t e ’s of the device) and ci succes sor

functio n (or re la t tar) -on h ea t state’ space tha t maps t a ci t state to i t s

success or state(s) ,

Ju It , ; most gene ral to re i , a d i g i ta l system Is a s e t  of d i g i t al device s

whi ch ope rate ’ asynchronous h- , hut Inter ac t w i th each other. A digital Sy s t e m

I s spe c ified here as cc s e t  of  ciavu ie h ironously Interact i ng process es. The

d it  f t  ccc l t v I a t bce t , a I thoug h t h e e  na t ore of a proc ess Is wide ] agreed eupo n

(IH orning i~ R a nde ll 73j ) ce ie cl  I s amenab le to functiona l s p e c i f i c a t i o n  (via i t s

successor fun ct toni , thee’ uia t  ti r e at  asynchronou s inter a ct ions Is mod e more’

controversi a l ( Iz a v e  7 t i ) ) .  Neither of the common methods of sp ec1t ~- ing

p race’ as i r i t e - r a e  t I ore s , a a re ’:I d c - a  itt t writ e’S tel slic e red memory locations or 05

t ransmitted messa ges , fi t s  smoothl y in to a functional framework.

The’ i n t e rac t ion problem is so ! ~‘ad h e a rt liv m t  rath er ing three pr lm i I i ve t;

(XC , XA , XS1 , ccc l l e d  “ex chiceuig e functions ” , which behave “ tu n c’ t Io n al Iv ” wh i le

c c u r  my i rig out a synchronous i at e ’ rce c -  t ions. Since ex ’ le :creg e ’ funct Ions ac etiC

I I ci ent 1 or a p e - c  I t  vi ng a Ii cisc-I CIT a synchronous int e rac t I ant ; ( sub s tant i ci t I rig

ex amp i c’s c ccii he found .1 n ‘/~a vt & Fit zwa t e r 77 1 ; in ~~ rt Icul ar , e xchange’

fe u d ions c u r , - eise d tee specif y ci standard message—pass ing mechanI sm) , thee ’c’ m ake ’

it pasS lb Ic to a pc c~i Iv I one t l on ce ii  v d l  gi ta 1 cmvi ; I e’ms 01 all var  let . les .

(lois: ldar two proc- e ases w h i c h  Inte’re e ct In ‘ mn ste i - — aI-i ve’” mode , in th e

sense tha t the ciii v dot v o f  t he’ sen -and process is to ca r ry  out ord ers from ti n -

first process. Their comm unircu t Ion can he specified using t h e ’  XC (eXchange t e l

Common ic cu t  c )  I uui e t I on , c ia  fo 1 lows ( s e e ’  F I gore ii.

A t thee b e g  inning o f  e’~ ch process  step (1 . c .  comput a t Ion of i t s  s t e e ’ce ’as -cr

fune t ton ) , t he a t  ay e -  process In It to tes ev a 1 tea t Ion ce ’ XC ( ‘r e a dy $ ) , ii t he’

nic e ste r doe ’a not v e t  leav e c c command to g I y e’  • eva I ceo t i on of XC ( ‘ u- c c i t t  v ’ ) pac e s e a

a i tch the’ a lo ve  wce It s . When t he mast e r  dc cc ’ s ito vt a e’ omma rid t a I ss e l c  , it

lii i t t a t  c ;  e v c e l i e e t  Eon e l f  X C (  ~t’om mand~~i. At this p oint (lie ’ e ’ v ce  luci t ions t ’ x e ’ he:ueegc ’

a rg omen t a .entl hot hi t e’ rm I no t i  , c ’ I lic e t t hee’ XC In I lie I eve  rt’ I urns I t ee  -

c comma 11(1 > as i t s  Va i e e e -  , a ad the XC In t l ie ’ m;c a t  e u  ret or u t ;  r eac h v ‘ . Tb Is j
me’s sc eg e ’  te l Ii ; l ee- m aster tha t t he sI c l v i -  l ice i; enc aunt ered no anomie I oti s

~~~~~~~~~~~ -o—-—----- -•- ~~~~~~~~ 
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C’ I C’ a y e ’

- 
— - - 1l~ c 1 c t ’Sl .

- 
s t a t e ’ - -

c’ e ’em l’ete t  c i t  C ccc cc l
S c i c c e  I ; S O i  ‘—~~~ -

t e e i i c t  i c i t   

\c I

e ’ ~e ii i it I e m s  , cc n~l ~ an hi’ c ’ \ ~e e ’ ;  t ed t e e  ~‘ c c i i v  c e ut I t a o i d e ’ ret w It h e e d  I c urt It e t

1 h I t ’  I V  t ’ l i  t I alt .

1 t t lee n e  — - t e’ r l e e  i t  j e t  en- e i c e I lee ’i Xc - a a ‘m i n e_ c iteC’ he ’ t e e i i  I lee ’ si t e vi ’ a

I In i h ’d , I t  ts i II h e  ‘‘ e t 0 s . c  It ou t ii t hee ~ s 1 e y e ’ I i  re t  a lie ’ cc I P C OOc ’  I S  S h e l l ,

b e g  Ins c~it~ thit ’r , en d I S a t e e ’t ; a m e t  c1~ I e tc \ t

F v e ’ r v  I n s t a nc - e e e l  c e l l  c’xc ’le ~e tcge ’ tun~- t Ian lid et l i l ’ - t e e fl c ’ l : l S t ;  ele ’n’ t i’d t ’v

‘ : ee l’t:e t i pt  I , w he I ‘li ~c t mc a t ;  a 1 c a  I c ’ .e I ~‘hcenni’ I name ’ , I t - c t :  e ’ x c l e a i e  C ’ ~ t t i v w e t  i t

te ther mt’etih e’ u - :c e 1  I t  e’ l e :c ’ ; , ‘ i ’ le ee,: t l e e e i te , ; t e ’ i ‘ S e ’ x  lot ; t t e ’ t e - ’ c ’ a! t lii’ a t  e y e

h et e c uid~ oil t lee ’  I eCe ’t I Ito I cent v It i’V c i  ceci l PS c ’ x l ~.iti gc ’ I C i C l e 1 I ‘e is In t h e ’

c ’ l ; ism ;  es the -ci ev e ’ I t s  “ ew i c e ’ r i c h e j  r” ~ (iii’ ic1 - u~’,’ Is  cc i t , - l t  t~~ t e e l

t n t  e ’ r p u  e ’t ci t I c iii . S i C e ’ , ’ I Ic , - I r e e n i c t t e e r t  I i t  lien I S Re’ l ila I I v ,C VflCrnc ’t I I

oils I di’ .e  ~d i S e ’ t ;  i~ c I t  l~~le mode’ I ~~~~~; i t ’ I ’ i .  l I c e - a t  ~$ t~c~ S p I e ~e ’ e ’t  I t e e-

~‘ i cc ’ t’S s I a he cci ’  t a t  :1 1 1 p
~’ ~

; a I li i t ’  I c e t e ’a c e f  t hi’ ~~ Oc ’ t ’S  SC’ I • ci tid e c e  c i t  i’ ~
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it t e p  e e e l  c ’ - - c t i t  a ( l ie ’ c x e ~~’ e i t  i t t  C e t a ’  I t a t  l i l t ion . ~\ t ’  h I t c h  e l r (  t i t e - c l t . e t t :  - c - - - c a t

be ’ 5 ’ e -  I f t e e i  I ‘ i  I h i t  a p i a- ‘it ice ’  r c t ,  I ca \ - 

~c c i i  I he ’ \ a c \ t t ; t  t e e - ~v i t ;  t on ce . .

I till c t  t o  c c s ee ’  I - i  a a t  - - e  I

lice’ le ’v i c e - c ; c c e S  t i c  I Ic e ’ I at c i  r e c i ’ t  t e e  I . c I ~~~~ e ’ ’ c c l  teci l t o n  at

\ ;‘ t a i f l t ,- t  i e e 1 e t - c e e i c e i l t  e ’ti~’). X c i  t h e  c - te d ‘I c c c l i  pi c~~~~’ I t t Z  l t t e ’ j  i t i t i  c a t  I ’ll

c ’ \ e ’ e ’ i e t  C c ’t i i  he n it  ‘e e ’ t t t pd t l 1 p e a e ’ a i  ,‘v a i  c c c i  h e ’ - :cn \a  t , c e - - i  t t g  c c l v  c i i  e c c t i ’ e ’ : m t

t~’ ; io i t  I’ . i t  a t  : c a c t i  i t l t c l ’ l e ’ i ‘ I t  C C I I  ‘ i le t  e ’ i  i c l p t -  O c t S i  i t  I t t~~. \a  i I’c ’hc : v e - - l i k e ’ \-  i

‘1 e ’ \  c’ ~’ t  t h a t  i t  s - c l t  I I  e , c c  i t  I c ’ t ’ c - mccl cit e ’!. It I h i , ’ i ‘ - a c e  \~~: 1 . 1 - . c c ; ;

I t m  e l  I pe ’ t t d  I l e g ,  I l I e  i c , - I I n l e t  t e l l ’ - s’t I I c ’\ heO : i c e d I l l i c - t e l l  Ii . 1 1 lee ’i  e I S

m e t  , t ile ’ \~~i i ,‘ c  c i t  its  l i l t - I !  v c, - : t i : I t  cc ‘ a l t  c i  ~
- - c e : m t c - t t t  - c t -  i t ; -  v;c i t e e , I ii, -

net ~‘ t o c e c t t p c t  t ,‘ u ~n a -  e — ’ _ , c  
~

- o t t  1, - c  ~~i It : I t e e  t ic r - c c c i  t — - e t t t , — I i a; - I t t c  V _ c I c c ,  i e ’ t  c I t  l ie  ci , CC I tO

a P e  c e p t ’ t ’ c l i _ c t , - C e t i ’ : :  I I bet  e c - t a  c c l :  I te t  c i i  t t l ’ t

i- 1 11cc 1 1 v • c c ’it t i e  - t cc - - e l  t ‘‘
- c - ‘ - - c  S t h  t Ii t t .  e v e  e i c ’ c ’ e ’ I ci t c - . c I i s o

to  -
- I - h  e t ‘ - ‘i I 1”  ci ‘ 1 S~~~~t S  a l t j  c i t  I i i s t -  c V e ’ t  V I t it le i t  I cels c - ’ -

m c I  c ’ p. c lIt c - cc - - It a t  c ’p I t c - vc e l s.c ~~ ‘ t -  t i l t  \ - c c  a c e r  i c ’ t t i — I lice , ’ ~ , I he - m - by  ‘I I et  t I l e  t ICe ’

t t t t , - t e t  l och v;c l t e e  I a c ei e v in ‘ - c ’s ,  I t a t  c, c cn l  ‘ - I I

-\ p :~~ c , - a ’ . c e n t  d : c - .c~i t t t c ~ c I ‘oh l v  ‘ v a  1 c e e t  I t t c ~ all \ t t  ~~ C t  C t c 5 m c ~ IiI

I i i  e ’I , ’m c e t e t  ~~ , heel  I lii I c c C e i i c  I a 1et  ‘ 1- i c ’ tt a- . I t  I c— ~‘i ~‘ - ,‘ ‘cmc c ’’ - aah l e t  ( lie’

v . c  I tee - bet  ‘ t e - l ice ’ I ’ k  I e c h , c  c e ’ . c t i , I t t c ’ I t  ‘ c t : - l  t i t s  \ c t ‘ C’ t . c  I I c c s t t e , t e s i  t h e

e ; e hi ‘ I i i e ’ i a ‘i c - t - O e t t  I i t t  it c,- c - l ot  e ‘ic t - c - cc I liii ¶ c u e d  e o n , \ -\

i - i  a e t l e ’ e , - \ : t  I t ( c ’ r t c t ~ ’ t  : t te ’ h e c e ; c c  ‘ci:; e c ’ ; j n  \~~ .

c i  1 t ’v  e c e ’ 
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Asynchronous) .  XA is the same a s  XC except that XA ’s cannot exchange si th

eac h o t he r .  It the tac ’ r eact ing p r c c e e - s s e s  t c s o  NAt ‘s , they w i l l  i nt e - r a c t s i  t i ;

t he c l o c k  p r o c e s s  as shown in Fig ure 5. SInce , in th is  examp le , t w o  proces ses

e e e i  n,-ve ’ r r e ’ e c !  t ile same clock ~ac  l t ie ~ , re - c l  t ime s can he used I or conflict

resol ution .

Figure e summari ;’ecc the possible interactions between exchange f u n c t i o n s

in the same class ,

The ’ real —ti me clock example shows tha t general imp lement ation of these

L p rimitives require ’s conflict resolution In a distributed network , I.e. a me-~cn:;

by which ind ividual f u n c t i o n  e v a l u a t i o n s  can hi- ma tched  in to  i n t e r c e c t i r i g ,

pairs. Our on~ v logic - c l  requirement f o r matching is t hat no pending exchange

he locked out .  In the r e a l — t i m e  clock examp le , for instance , t h i s  “ la i r

scheduling rule could he imp lemented liv sending no t i f i ca t ions  of ill Xc\

initiati ons to a queue at  t he’ clock ’s net work node and matching the NA ’ s i c

X~ ‘ s in Fi r s t — C c e n r — ! - i r s t — S 5 ’ t v e d o r d e r .  This matchin g mig ht not he FCFS in

real  t ime because of d i f fe ren t  transmission de lays experienced by the NA

initiation messages , hut i t  would p revent lockout. It is also possible t e l  do

F ig ur 5 - “ , Read ing  a r e t  I — t  ime c lo c k  w i t h  NA.

read ing  reading
c l o c k  process 1 proce ss 2

_
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F l at er e ’ h . i’ ’~- S l  bl e ’ t i l l  c t  - c c ’ I I c e c i a  t e i  cs’e ’ c ’ t i  e ’ x c l c c i t e g e  fund t e at- c in t i l e  ‘-z e :s e ’ c i t - s .

X S 4 +X A

NC

_ _  

0
the mc e tch iu ig  FCFS in t ’t t l t ime’ , I c ’ c c known margin of  c i t a t , cia s i: , e s’ii in

(Lancport ‘s ) .
i - T x e h c n a , - ¶ l i l t ; ’ t i oils a re’ e X i c  t lv I Ike at  he c i- c ot mt pci  t cc l i i i ’  I uilc’t i OilS In t ha I

t ile I r e v e  I cia t Ic -en is m i  t Ia t~ ’ t  Cs’ i t  he cc i i  cc rgument , c i t e d term I n c  ¶ c ’ s  s-i tie ( lie

rt ’ t u r i c i n c i  of c - c v c lue . Be - l u g p e r t  ia i  I c n ce ’ t i o n s , NC’ s tend NA’ s c a n  t a i l  I c ’

t e r m  I t ec e e—— i f t hey c rc  f l e V e ’ F mat c~heed , In comp I cx t c \’ ic t ems • e i i t e  c c l  t icc ’ ‘cc -

I one i en- ; w i l l  have  t a so t i n t  v st e I t i c  l e n t  , cc ~‘n a c t  t e a  1 ‘ y e ’ r i f  ca le t  e

ce e t e d i t  I c e ns I a t  t e? nie l  t i _ c t  ion ( s e t ’ f Ic t ye - \ Ft c :~s ;c t el’ T -
‘ I ¶ a t  5 e ’ t t t e  t’~ % t  Iv  i e m c t e l  t a~

But Ciii l I k e -’ ltc ~ cethd t t t i i lCt i oiia In  ci I co ed I I c’il.l i i t l ’ e ’ c I t  I Cat ion , e - x c l t c euig c-

t unct ions hc c evc ’ a ide  ,-t I e c ’ t  a , t l t t n ’ c e g h  t,’l, I ~ tt t t i e ’ v in te ’ r;e c

These I’r it s ; t t~’,-:c i t e vc  some d uct I lar it ic’s t e l the e ’ I flpcet / c e t i t  put e c ’ i t l t S l t C l S

propose ;! t i c  [ l I c ’ i i’ c 
~~~~ I . hut t tt& Input fc ’e it pu t  c ommands c i t e ’ d c l  e iced e t c  e

p r o c e d u r c i  . r at  her than I c inch ion~c I  • can t  i- x t .  Thi s d is t inc t io n  c l c ’ c e ’ e c i c t  cc I O u

many suht Ic d it I c ’ ic - t I c ~‘It in t lie p r i m i t i v e ’ s. For I ust ce t m ee  • l ic e ’ 1 ;‘g I e t c  I 5’Ilan nc 1

a nt ic -s I er input - a e e t p t i t  c ommand s ~e re t he same as  t ice c ’ar e e ’ s p e ’ t ec i I teg r e c c dc ’it s

ii~iThe ’ s the’ prog ram c ’ O t i u i t e ’ t  g e t ’ e i n i a C  e ’ X e ’ c e e t  lc ’ iC ‘1 t he se ’ tuent i:e l p rc ’gt d i ll ’

c5- i thin t he F e c  e I v I icg pu ‘d Cs cc c i , ’ t o rm l ice ’ cc s’le c rc ’  ci 1 ccc’ I~ ’ e ’d c c c  i c e c  1 s I t ’  be

s to red .  gcc’ e ’ r c e l c u t  I e ’ r e ’ nt  c ’ x c i t c c l l g e - I c o c c i  i e ’ t c s  ~‘an he ’ ,‘c’ e lo o t  dci In p .ii - i i I~’l

cl e i r I ng ci p r c ’ c ’e’ ss s t e p ,  Oil I lId a t  lee r t t c l i e c i  , c e t t d  i l lt  i i ’ i c ult c 1 cisse ’S t i r e ’ requi t e l

t e e  d u st  ingeil she them. !-‘c u r t h e t ’ntc e r e ’  , I np cu t /ou tpu t c’omnt aitel s i tc e~’ e ICc ’ a l i ce  I s ’~~Uc to

the X S , ~~i ici t lt , ’re t c ’ re -  e c in i e c e t  ctp~’e i I” r cai —t Inc ,:vst elIcit .

~~~~~~ - - - _~~~~-_ — - —- —
~~~

-,~~~~~ - ‘~‘~m•s ~~~~~~~
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s, System Specif ication

We wil l  now app ly f u n c t i o n a l  speci f ica t ion techniques  to subsys t em and

system st ruc tures .  In Figure 7 the stack specif icat ion has been embedded in a

“database  p rocess ” of i t s  own . The process is specified by its s ta te  space ,

which is the set “STACK” , and by i ts successor fu ncti on “ s tack—successor ” . An

ini t ial s ta te which is the ~mp ty stack “ (initial—ar ray, O)” has been provided.

Each step of the process is an evaluation of its successor function

“stack—successor ”. It beg ins wi th evaluation of the function

“receive—command ” , which re turns a “push ” or “pop ” command as its value. Let

us assume for the moment tha t there is only one process (not specified here)

in the system which is the source of these commands , and tha t i t uses the

syn tax “send—command (crea te—command) ” . “Receive—command ” is defined as an

exchange func tion of type XC and class C , and is called with the argument

“null ” . “Send— command ” would- also be defined as an exchange function of type

XC and class C , bu t with the command as its argument.

The XC provides symme tric mutual synchronization and two—way

communica tion. In this case , “receive—command ” uses a nul l argumen t because

i t has no information to transmit ; since its range is “COMMAND” , the system

specifica tion will not be consister~t unless the domain of “send—command ” (and

the range of “crea te—command ” !) is “COMMAND ” 
• The opposite situation occurs

when the stack process finishes the operation and returns the result to the

user process (i.e. the source of the command , as above). The resul t is the

argumen t of “send—reply ” , defined as an exchange func tion of typ e XC and class

R. The user process would ge t the result by evaluating a function

“receive— reply ” , defined as an exchange func tion with type XC , class R , and

argumen t “null” .

-

- 
The defini tion of “new—s tack” in the stack process is:

new—s tack(s ,r) =

pro j—2’-’i (s , send—reply(r)),

where s is the stack after the stack operation , r is the result of the

operation , and “proj—2”-1” projects this pair on to its first component. The

firs t component provides the new state of the stack process , while
“ send—reply ” is evalua ted only for its side—effect of providin g a repl y to the

user process—— the null value it returns is thrown away.

— -~~~~—
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Fi ,,~ure ~~. S i’ e ’ c i  I;’ ci t i c c t :  c c l  cc I ’ FOc ’ e , t S ,
A p F l c c ’ ~~ j - .  ~c pe ’ s - I t  i c ’ s1 h~ i t  a se e d  s’ e 5  d c l i  t u ne  t ion • wh I cii e ic a

I e t a5 i c e ll d O  i t cc s t i t  e ’ a p e  5 e  , A uc  I nit i al st ,c t e v ,cl ut’ is spe c II it’d as I’ e t
O t ic e ’ i-i t ie C O S t - d c 1  r I tene t  ~~ n ‘ a c lc et t e ~c en d esc r lid I on e ,

a ce d  c’e as ter — I tin s ’ t t c c ii
STAT F SI’ .’ti ’! - . m l t  ice 1—st ,cte’—v e liie

— — — “  S T A T E — S  I’ACF
An exe itc inge ’ tccuce ’t ion of t ‘pc XC and c lass  ‘ is  cc pr iucci t  ly e ’ tunct  ion

w i t h  t he name ‘ Xc ’ — c ~
’ , e t c .  I~l :c ~ I e u t ce t  Ion w hich i’ ro’e~’ I s  ceut  i i t  i i t ’ le’ ont e1

-‘ 
i ts  uicth component i s  a p r i m i t i v e- t c t n c t i o e c  w i t h  t h e  name ‘ pr~ ~~ ti ti~~

• ,

S FA C K—T ’ c i ’Y  It -A TAB.-\SF PROC ESS

c ’ l ’ V K \~~~ 
;1\ x DATA

c l F R \ i ’  t ; 1\ —

‘ at  hi , rat ’
C ‘- - - ~~ - - ~ -

DA~ -\ -

~
-‘‘

~~~~“ r i~’ ~~

—

RFSI’ l  T
.\C K~oi\c’i Fl ’C’-~FN T U -\NS\ ~l- h-~

at  ae k—s uc c ’ esso r :
STACK . . (lul l I,el— arr ,ey .0)

— — — “ ST Ae ’K

s t ; e c k — a c e c e e a c c o r ( s ’ —

l ee ’s’ — st  c c c

~ he ’ \‘ eiuiitic,i tic !
a , F c ’c’c’ I ~‘e ’— eee mm ie nd~ ~

iuv i I ini—a rrac - :
— -- -“  ARRAY

This f unct  lot , prc ’v Id e a c m m t  Ial array struc ture .

r -ce u ve—co unmce nd:
- - - --- N

rece Iv i’ s’ 5 ’tt ist.c ti c !
x5 ’— c (nul l

obey—command:
STACK x

——— “ S rA ’K x RESPI I

ohi ’v ’ — c’ c ’cmtc.e nd(s , (e c  ,J )  ‘I
c c l  1(1’ , ‘tt ct: : pusle ( cc  • ci ‘I

eqciaI (ec .1’c~j
c1 : I’c ’i ’(s~ 

----_--‘——- -- - -—- - —— -- - - - - -~~~~~~~-
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n ew—stack:

STACK x RESULT
-~~~ N STACK

new— st c c ck ( a , r~
pro l— .~--’ 1 (a  ,s c a d — re’ j ’ I ‘-

~~ r) )

send—rep lv
RF~~hc I T.

~~ - — ‘1 NULL

Se’ul~1—rep l\’ ( r~ —

x c — r ( r ~

This database s p e ci f i c at I o n  uses a small number of pr imit i~ ’ e-

spe cification conce pts , yet Incorpor a tes automaticall y the encapsulation of a

d ata abstraction and the protection of a monitor ((Hoare 7s 1 ,  [Hoare ‘SJ): A l l

operat i ons  on the database are strictl y sequenced , and t he database can he

acc essed in no other w c i v t han t hrough the control led channels. The current

t rend t oward such encaps u la ted structures strong ly suggests that the ” are the

bes t form in which to speci fy  systems. Structures suc h as v a r i a b l e s  shared by

several processes (the form in which the processes of a mult i programmed sc ’ i-tt em

ac tuall y communicate) should arise on1~’ in the imp lemen t a t ion of l ic e ’

highe r—level structures , just cia ~~~~~‘s should arise onl y in the compilati on

of structured programs.

At the same t ime that it o f f e r s  all this i n t e r f c e c e ’ s t ructure , f unc t iona l

spe c i f ic a t i o n  al lows the deferment of many signi f icant  internal decis ions.

Cons ider this example: An update to a database may fai l  because resources c t -f

some kind (most 1 ikelv space) are exhausted during the ope ration. Undoing a

ha l f—done  operat ion . which has put the database into an Inconsistent state , is d

usually d i f f i c ul t.  There are several ways to deal wi th  this , suc h ,es (c ’~
wor king on a second copy of the database and not thro’~ing the original ccw.e v

until the ope ration has been completed successfully , or ( h) keeping a log o f

primitive ope rations wh ich can be reversed to reconstruc t the a r i C i nc ~l

database it necessary. The functiona l specification , which merel y requi re ’s

tha t a we ll—defin ed state he succeeded by a well—defined state , subsumes

ei the r approach. No procedural specification of the database or-erat ion s could

leave this decision deferre d , however , because procedures to cap s’ a cl~ l t c c

stru i ture are quite different from procedures to modif y it in p lace. Anothe r

examp le of a decision deferred by a functional specification is whethe r or na t

to exp loit pectentia l parallelism wi thin the process (such as evaluat ion c c l  1

function ’s arguments in parallel’)
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Figure 8 comple tes the spe c i l ica t ion of a (trivial) real—time svs tv i r  of

wh i c h  the stack process of Figure ’ 7 is a part .  There is a “Producer P r cces t~” ,

a “Consumer Proces s” , and a “Real—Time Clock Process ’ . The pr oduc e’r ir.d

consumer communicate with each other through the stack , i . e. t h e  stack

functions as a bounded LIFO message buffer between them. Thus the producer

does all the “push” operations (see the function “send ”) and the consumer doe s

all the “pop ” opera t ions ( see “receive ”).

The producer and consumer processes compete for cycles of the stack

process , which can receive and obey only one command per process step. If ,

when the stack process is read y to receive a new command , both producer and

consumer have commands ready (i.e. have Initiated evaluations of exchange

functions in the class C and with the commands as their respective arguments) ,

then only one of the exchanges matches the XC in the stack process——the other

must wait until the next step of the stack process. Thus “send ” and “receive ”

use XA’s for the same reason as the competing processes of Figure 5.

Note that the producer and consumer do theit own exception handling ,

based on individual characteristics. The “monitor ” function in the producet-

checks the acknowledgment to see if the “push” was refused because the stack

was full. If it was , the element is saved for retransmission on the next

step, and the “FLAG ” state component is set to “wait ” , delaying production of

new elements. The consumer checks the validity of the answers it receives .

but needs no buffering.

The real—time clock Is the clock process of Figure 5. The function

“new—time ” (like “new—stack”) is defined as a pair , only the first component

of which forms the next state of the clock process. The other component is an

exchange function , evaluated for its side—effect of offering the time tc ’

whomever wants to read it. This is a real—time system because the (so far

unelaborated) functions “produce ” and “consume” make use of the current time

In some way which will be reflected by the values they generate.

The system specified in Figure 5 is “closed” , i.e. has no external

interactions. Because no parts are missing , It can be simulated according to

the description in Section 2. Even more important , this specificat-io’c can he

interpreted as a specification of the requirements for a system. I f  the

producer , consumer , and clock processes constitute the environment

instance , then this is a very precise requirement for a datahce c~-~ .

In the case of a far more complex database , this level o. requirement 

- - — - - - - -- - _~~~
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F g u re S. S p e’ c if Ic cm t ion 0 t c c r e ’ ,1 1—time s~’ stem.
sva te ’m has four proc - c -sac ’s , Inc j ud ing t hee s tack process.

PRODUCER PROCESS

PRODUCER — STA T E -

PROI iUCER— PAT A ~ (FLA G x ELEMENT 1

~ ~~
oceed, w e l t

producer—successor:
PROl~UC ER—S - rA T E . . (I nit ia l—pr ccducer—dat a ,(proceed , eO))

“ FRc~D UCE R— ST A T E

producer—s ucce ’asa r ( d ,( f ,e ) )
[equal f , r ro c e e d

nes’ —~~~~ TiT~~~r— s t c c t e ( p r o d u c e ( d ,x c e — t (nul1))’t ,
equa lLf ,s’,-.it~~:(d ,s’~~~~~a nd— c he c k (e~ ~

produce :
- PRO~

)t’CER—DATA x TIME
— — -“  PRODl’CER—DATA x ELEMENT

This funct ion prepares a message for the Consumer Process , and the ’ next
s ta te  o f the Producer. Both value s are dependent on real t ime .

new—produ c e r—s ta te :
— PRODUCER—DATA x ELEMENT

- — -“  PRODUCER—STATE

new—pro i u c e r — s r c e t e ’(d  ,e~ —

(~1 , aend— a nd—c hecke. e’ )  ‘I

send—and—c heck:
ELEMENT

~~~~ FL-\~ x ELEMENT

send—c -e nd—e lct’e k (e )
uranito r(e ,c h e c k ( s e n d e . e ’, ) l

send:
ELEMENT -

...__ N NULL -
-

send(e) — —

-

- xa—c ((push ,et ) -,

check:— 
NULL

——— “ ACKNOWLEDG MENT

check(nul_ ) —

x — null)

monitor:
ELEMENT x ACKNOW LED~ MFNT

~
_ _ N FLAG x E L E M E N T
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-ran i t  r(e ~a —

~~~ 2:~~~~~~ 
(~ ,rocee~~,eO) ,

(- \ N~~~4;:R ~‘ROC ~ SS

c o n s u m e r — s u c c e s s o r :
Ct c N SUM ER—ST AT S

— — — \  NSVMFR— ~ TAT [

cc~:sumer-  s l c c c e a s o r ( c )  —

con sume— i f ’—a va i lahi e( c ,rec e i ve )

e e c  ci ~‘e— — —
~

-
‘ A NS’.”ER

rc ’ce i~’ e’
xc—r(xa—c (j

~ E,
null))

cc :~sume —~ t—a ~’a Iah le:
x ANSL~- R

— — - s  c~~
’
~~”1FR-cTATt-~ 

-

consur~-— if—available (c ,~e) —

ec:~~(a ,sta c k— is— e ne ptv:~~ c ,
true : con surne(c ,a ,xa—t(null))

w i  i t
CONSUM ER—STATE

—— — “ CONS UMER—STATE

This function d e l ay s  the Consumer so the Producer Process can catch up.

consume :
x -\NSWER x TIME—— — ‘

~ CONSUMER—STATS

This function consumes a message from the Producer. It is dependent or-
rea l time .

REAL—TIME CLOCK PROCESS 4

c 1ock —s tm ~’ce’ssor :T i M E
—— — > TIME

c l a c ’ k— s uc c e s s o r ( t )
new—time(tick(t))

tick :
TiME

— —- - > T I M E

This function updates the real time hy one “tick” .

new—time:
Tl’ti-

- :  — — — ‘s TI ME
cc ~’ w — t  tm e~ t )pro j — 2 — 1 ( t  ,xs t ( t)  ‘I
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a~’e’cit ec tt i c ~n co u l d  es t .-ibl jsh tb c e ~ b,isec s y n t a x ct- t re c~t te ’ r \ ’  j d iC 5 iL i ~~c , al on g

tie ci ho u nd on t i m e  num ‘~~- ‘ :  a t  s i mul ant ’ aces  use r a , ~‘ c . Further e .e ha t a

~c t bat h he l iS t ’ r p r cc ’ t’ 5 S e S  _end t he ci at  elt- c isc a r o c t ’ 5 5  c occ i d de lUc ar-u’ I ~ t e’l v

the query res ponse - la ccgcea ~ t - , acid cou ld  ~‘s t a b l isbc as much dc ’: e l i  ~et t -out i,

s t e c m ~-ture a: the database aced t im e s e m a n t i c s  at j n t e r e c , e  a c c e ’a a  t u o ct  c a n s  as

u-a a f l ec’ e ’S sa rv c’ g ua ra n t ee ’ ic e ’ c us oc r - c r ’ s sat a t  ,cc t i ou,  T h I S  1 cv, - 1 j a r  ~- ,cc

a h - c t  t he e c e s t  Or- i t ’ r ci nd des i~tne us agree  tha t ht’ r icOr-  u~~s a I re -~ia inc :c~’

r err t y e’S a re  W e I und era Oc t - c l  (or , be ’ t cc ’  v e t  , ci u, ape c it fl t c C r-: S cIa t a

-mha rac : ran s~~. The sc ’q ut’~c5 - c - a: el.-eh o ra t  tons used t o  reach t ie ~ s 1t -o~~t t t

a or— i 5 ’w:r , hi e ra t c ’ iii c’ .i I at  r uc c c c  , f ar  t h e  r ~~~~ ul ren t’ ri t a t lie n ccc lv c ’S

A l ternat  t v e  1y , the t ccn c t  ions ‘ produce ” ar.d “ car -seer - ic ” 0: S e g u i c  S c o u ld  b~
e l11t- ct- t -

~i ted t c ’ s beau t bea t t h~’ v re -a d a ens:’ - and err t C Or- t 1 01 ~ l5na 15 ,

r e s p e c t  lve - l v , f a r  an e t e d e i s t r i a l  p lant .  This c l e h c ’ t a :  ion w o u l d  r ’ r 5 0 c 1 5 - t - ~e :

lc ’c l St one “P lant Proc e ss ’ ; the p l m n t and c lock p ro c e ’ss t ’s c i te then :

env ironne’ rc :. Real t icr - c’ could he use d by “ p roduce ’ to  put t i ne ’ St .t r tp r ’  On

neasases , and by “consume ’ t o  check has’ long the y hccd been W a t t  i rt 5 .

These ex amp les shoe ,- has- the herre: ets or to rma l speci t ec at lore , stmu iatiou ,

and ot her des ign too l s  c c c i  be ,‘xtend ed t o requirement a c e n a l v a is  p ro b le m s .

The also a how t bum t ccc ’.:’ t i o r - i l ap t ’ c I i cat ion techni que’ t-c b ‘- r c r  t ice - l ine be t a 1 - 1 -

re:~e e i r e m ent s  and e e r l v  deslcn pir~is,’a—— jn ccc Oi c a s t -a the sane’ clah o r c t I5 ’c’. :,

r,- f  inc bo th the requ i  rt ’r’ ce - r e t  a and t he sy s tem des igu. i n  [ F i t  ~‘a et  c’! ~\ ‘a v c  ‘7 I

a p - It c e n t  —m on i t c t- C ng Si’ 5t cm j 5  5 t’~’ ~ if i ,ul .1 5 t ’V t’ r~t I p ie c e S e a  a s i e v e  I c t- Or-Ce’ It

includ ing earl i’ rt ’qmii rement a and rasoem rce—shcc ri n~t, mode ls.

Thus the :‘rimi t i ve  te at  ions of  f u n c t i o na l  s ped  t f c ’ s i t  ~:t -t1  ,t - t  .( S \ ’ t i d i ’ t O i I : ’CiS

a roc e ’ sae s seem t~ be ’ appi e cab le  t c a wide  i’a r t’ t i at  si’ a c ite t ipe’ a and

development c’h1i s~~s , v et  re t  alec the abilit y to sp e cif y pout ’ rful concepts (~-

do ’ a a b s t r a c t  toe- c rema n i to ra  such cia the s tack p rocess  ‘~ in a ~ i1 cc 1 ’ 1, ’ , no: ur.c I w ,i V .

T his  s up po r t s  the ide -a t hat ttcev 1 C C ’ “bas i c  building blocks ” at  a v s e” d e sI gn ,

and cou ld he ce s e c i  t c t- spe’ce t\’ , understand , and ge’ceet~1te i cr -p at -tan : S\’S’~e’r-’

s t ruc tu res  pr e’~i c ta hi v • T h e  u l t ima te ’ goa l at sec c h k n o w  1 c ’d g e e1’c t-ei ld It - ,- t a

produce rid es by a-i’. i c h  av a  tens could be designed In I ncreme’nt ol elabc -’:’at I c t -n t s .

- 
-
~ No te  that  this not ion ct - f  t uccc t inna l elahar1mt ion I a c c t -tCS dc ’r ,eb ‘ more’

~,‘c c e ra l  than top—d own des i~~n ru les , such as s tepwi  se re f inement • de: tac O an

t ice p roc  ram i~t’ r ct- c edu ra I 0 Or-CO n a lout ’ , thin t bit’ ii c’ ope of t t’.,i d c’r’.c,e in he’

j d c ’ cia re -u ’  it- c i dent Ic ~u I , hut it’ ,’ t lea do ‘c 5 t -e~ It ’S b.c a ~‘d on or oc ~‘d cc re ’s car-cc :’ t c~~~~ e ’ ad

,ec ross t i m e ’ abysses  between ~u I t  fe ’ re’nt “ vle’wpo i cU s ” as 10 SlUT , Ros s ‘ ‘ 

: ,~~_~~~_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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IRoss & Schoman ‘7)~ .

The t v c ’ 1 5 ’al d lg t t~c I s i s t e r - c , t a r i n s t a n c e , can be seen C ron- t h~ \ ‘ i t ’a’~’ 1’ 1 t ’ .  a

ot ia requt re ’ce - e nts , which  can he t ’x p r e s s e ’d i n  t ic,- torn at

at irn u lcts — t o—re ’sponse b a - cc (as in the SKEM pro lect and its RSL requirement s

specification language , [Bell et al. 77], [Alford ‘ f l ,  [ Da ’c i s  & l i c k  7 7 ) )  t o

show the propert ies most visib l e  t o  the user , (b~ s a t t w a r e , In w h ich  the

inp- ’ r tance at data  and cont rol structures makes proc edure s a good i’ehic l~ a:

communication , (c~ resou rces , in which the properties ot interest are -

allocation mechanisms and policies , performance , e t c . ,  and the app li cation

a”atem Is seen as a consumer , or e d~ hardware , in which the si’stem is a st ’ t a t

asynchronously interacting hardware components , and most of the properties we -

associate wi th  the requi rements have been encoded in i’5i lues s ta red  in th e

memory locations of program and data. Each of these viewpainta i s

distinguished by the set of properties tha t is represented explici tli’. kithin

each viewpoint designs can be decomposed hierarchicall y , hut expressions of

different viewpoints tend to be incommensurate. This Is one ~‘f the ma~ or

difficulties of complex system design.

Fortunately, functiona l notation max’ he able to bridge these gaps. One

example is that it can describe a proce ss/interacti on structure while still

offering explic it representati on of requi red stimulus—response paths , simply

because the specification can be simulated to produce the required

stimulus—response behavior.

For another example of gap—bridg ing , the storage properties

characteristic of procedural languages can be introduced by tunct lona l 4

elaboration as illustrated in Figure ~, which elaborates the
“indexed—retrieval ” function from the stack specification . The unique name of

a data struc ture Is transformed to a virtual address by “get—address ” . \‘ia

exchanges , “get—address ” calls on a “Dynamic Allocation Process ” to get i ts

value . The dynamic allocator keeps the dynamic address mapping s, and also

perform s such chores a-s - compaction and garbage collection. It the

“get—address ” call were for the head of a list , for instance , the dynamic

allocator might not have evaluated its address—returning “xc—ad dr ” function

until it had completed a garbage collection e,hv calls on the physical memory

process ’i and revised its internal address mapping .

The function “read—element ” In Figure 9 snows tha t an “element ” is stored

in two adjacent locations in virtual space. Properties concerning the

_ _  ~~~~ _______— —~~~~ ‘--_ _ _ _ _  - -~ - -‘--- - -~~—
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Figure 9. E la b o ra t i o n  ot Figart- to provide exp l ic i t  rep resen tat i on  on
s to rage  ;‘ r- ’ pe r t i e s  and r e - s o u r c e  p rope r t i es .

l ) - \ T A —ST RU CTV R F .  —

ARRAY U LIST

WORD x 1~ORD
ii

indexed—retrieval:
ARRAY x INDEX

— — — >  ELEMEN T

i ndexed—re t r i eva1 (a ,i )  =

read—element
(vi rtua 1—sum

(ge t—address (na r ice (a ) ) , 1))

name :
DATA-STRUCTURE

— — — ‘t-

This f unc t i on  maps a particular instance of a data structure to its
unique name ,

g e t — a d d r e s s :
NAM E

— — — ‘ VIRTUAL—ADDRESS

get—address(n) =

xc—addr (xa—name(n))

v ir tual—sum :
V I R T U A L—A D D R E S S  x INTEGER

— -->  VIRTUAL—ADDRESS

Th is funct ion computes a virtual address from a virtual address and a
d isp lacemen t.

read—element:
VIRTUAL—ADDRESS

— — — “  E L E M E N T

read—element (v) = - 
- - 

-

(read(v),read(virtual—sum (v),l))

read:
VIRTUAL—ADDRES S

—— --> W ORD

read(v) =

xc—return(xc—access(v))

resource of memory are introduced with the definition of the “read” func t ion.

The exchanges evaluated in “rea d” communicate wi th a “Hardware Memory

Process ,” which contains memory cells and the hardware virtua l—p h~’sIcal

_ _ _ _ _ _ _ _  
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~ eteI r” ss map. Th I a proL’e’ as t races Ice es the vi r tun 1 add re’ S a , I e’ t c lu e ’  cc t h~ word

aci d t ’ et u r n s  it • The Ha rdwa rt -  Memo rv P ro ’  e ’ss a 1 so communicates wI t i~ a “Memory
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v l rt ua l—p hvs Ic .e l  map.
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Re 1 c i t  it- ,? :e c e , i i c c l  c c  e l~~c c k

‘rhe i d e a s  about re q u l r e c cue ’ c c t  cc p l o c c e c u t  0th h~c ’ c i ’ ic:ee ’ - ~~cO dlt ,‘m’pO c (a mfl . 0 C C - c  c i

c~~ t ic ,’i :%pp(’ c cclOlO’ S (t c c ccl iii c edIct - cdt,: -c i id ,i, ’ccjc ~cu spec i t tc :c ( j o u c . W e ,.ic.i c e w i  t ic C~.\U1.

t Ice c lot ton t hat t e~ cci l eii ce ’ ccl c c c  icomi Ic ? iS t t c o c c c i c  I iii c ’ c ccic c cl c c i  ccl 1’ ci c c ?  ~~~~ c , I

wit Ic t h,’ cocd t  01110 c , but h AI C I c ’ h c c c a a c ’ $  t Ic. ’ lii i ~‘ i nca  1 pa Iii , it -a ‘ - I cc~’.

ho,: I gn~ I’ — e’ els t ,cm.’ 1 cornncmin ti - at I a ce an t 1w 1 e~ I I hat I i~ - cc pt -c I t  I c O t  l a c e  t e ic c c c Icc -

c ccc jco sea ~ t I- d O  I C m l i ’ 011 C - c ’ c~ iii 1 e ’ lCd c ’ ccl cc wi I I I  e cc icc ? cc g I I cc i i , t-~ . 1 ? ’ . ?  ~ I so ci C ‘ .c c i I ic . ’ cc ci

S i’ cc cm ;% cC a cc ( c i t Ic c’oi itt- c’ I C O l d  c t - I  p 1 a~
- C ’ S  d c ’ 1 5  :4 d c i  ci : 41  cm a t  c c c , - l c d  c r .  t hue ’ i c c  Ic a I

C \ )’  I I c ’ C l  l 0it-I (‘Ci(’flta t la~C at ‘..(5~ c c , ’ l C c e ’ c , c ee j l c e ’h:i i’ I oc I cc l  a t cuu , c t  I ‘cc Intl ‘ c i  n-c

t hu t  I c ’ f l  I ~t- I ice s e t - i  c i t  l o c u  c~ I c c c ? —- i ce  do , ’  I g c c  p1 ‘h I  c ’ d d C C -  . ~. Sid .c C C C.’ i tic t i c ’ ’

t L h one I i t  i t -c c ,\ ‘ e’ i d  t i c 7 t - ]  t 1w I c c m : c i , I (ac e I I c ’ c ca I :lppl t- .c Ii I 0 apt ’ c I i c I t  I c ’li ,

w i t  Ic t he’ SRFM p i t -  I c ’ c ’ t t h e  I 1, - cc ‘I :1cc  .- C i i ’ - I l i e ’  1 :ldCc ’~c c :c c~~ ’ : , h c cc i t t  I ceg la ’t 1, 1 ‘c ~ Ic cii

and pe rfo rmance steed c it I ~‘cc~c ,‘ f I hit’ C c ? c e - d C l  tf’ci SyS ( ‘ cc! , i i ~cl.’(’C’ ( ’t  , a lfl~’o cc ,’ It  bie c

RS1 nac 11O1 cdl c t-a’,: t he’ c ’ x i ’ l  C c  It :1c00 I t  I c ’ c l t  l ace c t -I ~ V c. t ( ‘ flC c ’ c ’ ddc p ’ d c , ’ c c d  a such C C -

pc c ’c ’(t- ad  r s :4 ccci  s t a t  (‘ cc , c c, ’ I but ’ c I cc ice’ ? p 1 c m ?  in dc ’s I ~n I c u-: t Icc ’ ccc ’ at  c - cc , ’ I cci c ’ .

cc ha cc ’ is ’ i t  Ic t h e ’  ?~RL A M  ‘ : V’ ; ? c’ccc ( RI  ~i,1 1<’ ‘l cc 1 . ‘ 
I icc ’ ‘;pc ’ c i  I c ’c it I c t -cu c ’

ci Ic I ~,Ic— I c t -i ’ .’ 1 Cl i’S t i’m ci ( ‘S I 0. 1’. ci ’.: ci cc , ’  I c t - I Pl Oc (‘S cOt- cc , i, 1 1 be c c i i i ’ I mu l i _ cc I i i i c  t u c  esi

.icli ’c cc ’iml c c cu c clcs I cut ,‘r:ce I i ‘ccc. , Th1 - cccos t i cccc ’.ce’ i t c ~~~O ?  C :ipp,d c c ’c c t 1 i 1  l. ’l. -n c e I ‘~ t ho c

AM ? l~ cc I ~ cc No I cc I I au (a,: dc c cc c ’ cc I he m m c c c - a I me ’  ha c c , : c cc ,- 5 1 1 , 1, ci’ . c dc, ’cc I I  ‘ ‘ c

I ud I ,’ at I ccg I~ ,c~c I nt Cci ’,: I ti c it - cc , : I c ho it c h  clt it - i c c ,?’,,: I l ic icu Ic : c. l cc ’ cc ’ Ic b a - c , ’ , Tic is I e

ic, ’ ,’ :;c i ccr I 1w P)-ii-~AM cc i c :  t 0cc! 1 ~c oct -c lue ’ what cc pet - I a 1 Ii’ ed t c t- is O c ,l I ice’ ‘ . i ’  I I is: c

e’ I .‘wpc c h i t  :i cici c c c l, ’ c t - f  ( hi, ’ dcc c’.: I t ccc ?’ ,~ I I l i l t  I I l l ic ’ I I c~ i cC i c t -I I1RI ‘tt’t U,’ c cc Na I - c I I ‘ ii I ‘ - 4

a ccc ’ 1-i’ 0 ci ’.: :1 i ’ - C C c  I ~c I or :cl c Cc ’ I t ’ , I t c cc , ’ t c c l met -dc I I u c c ~ I or (,‘e,l It -cc c k I a I Ic, ’

ci t ’S I ~ c ue r anti at h er  I t - r o d  t I c c l i dcc c i c~cc I c c c ’? c.,

Ou c- immed t a t e  goa i , c t - c u  t lii’ c c l  im , ’t  hand , icc  Ic ’ t ’~~i ’ i c ’rr the jt - c~ t-p ec t i t ’ s  acc~i

~t-o~ 5f  bi ll  it’’.: c t -f our cc I nip ? ic c Int l I C l ’ s .  in t he I mccccccei ta t c I mi t  cu c - I h u t  cc 5 - 1 11

l ic e - m d c  (:i~~ t i le’  :1 c c c i i  c t c ’ el ut Iedlct- cc t ci 1Z 1t - , ’ c i  I 10:11 t , t - cc , .  , w t  t ic r a i l  t e m c l - n

at t Of l t  t c c c ~ to  t ic , ’ t o  m mi i  c t  t o ic  of  pc -c  I ,crn~lc ct ’e .4  Cccl 1 c ’ S c ’ t l l  , i ’ C (‘c~ c c l i  , ‘cic , ’ c c t  ‘, I’~ I h,

ccl  mmdv of well— formed i d t c t- e ’’ cc , at  c c c ~ t u  led: , ,- .e.  ,h I’ :( , l  lo,’Is t l , , ’ c’~~- ic aicgc ’

pat I r i c c a  , a ced ¼ e ’ 
~ t im,’ c et m c d v  a t  ,‘ m d c c ’ c a I I a c e  cia :4 ccc, ’,, cc ’ . : by  vi c I c ’ ii 1 O v c ’ c a c ’t

dIPS (gil 0. 0~ 1 t ’ S , c i l c c ’ ,’ c l i  l c c ,’ i t I c t -CC clci’ , ic cid c i Sill s ;iii~1 it - c ’? jc t , ’ ’ . i~ v i  t i c pc~~ 1 I,-t .ii’l ,-

? c c c cpc ’ rt 105 c all ice I c u t r c t - c i m d c  c,l I c ue i,’ c cce c c t  i I Iv,

l’Ic.’ cc\’dc I Oc I I c~ ,- c t -c cc i I c mi ,~ I I c c c c , c  I cc t I ,‘c ? ( i c  ,‘,t ti e I Ic j ’ ;  
~~~~~~~ 

I ci , ’ flat i t t

e’ e-ens t  it u t  o .1 comp lete ‘~pi’ ( ’ t i i  0:1 1 i, ’ cc I : i cc e ’ cc : l c:e’ . ~t c i c ~ i OS ,- l d c , i  p,’u T’~~meI c i ’ . c c b c c ’ i c l d  it-i ’

‘-
~~~~~~~~~. ~~~~~~~~~~~~~~~~~~ -

~~~ - -



- - — - - ‘—‘———— -— “————“ .—‘.,“~ “—“ -- — ---— -“ -‘-.—.‘—“—.--—--‘--- ‘ --- ---—-—--“ -—.-“—‘.--“ 
- - ‘___ -_ _ _

“-:-‘-—‘-“--—‘—‘-,‘-‘,‘- - —

added for convenience. So should a mechanism for controlling the seopt ’ cc l

l o cal elaborations on d lt t e ’ r e n t  parts of a large s p e c t i  i ccm t ion. The r e s m c l t i c c ~
lcic c gec ~ige ’ could become the h :cslcc le er a desi gn database sv ste nc wit i c f a c i l i t i e s

for tex t editing, i nform a tion retrieva l , and colle ction c cl d e t i n i t i o n a l  blocks

in to complete specifications. This database could the n support automa t ed

design tools.

Even in i t s present t orn , the specification language has al r ,’,cdv prov en

useful. It has been imsed ~o create and implement an innovative and promising

design for a c omp lex numerical sy stem. The desi gn is des c r ibed  I n

[Zave & Rhei nh oldt 79], and the formal specifica tion is published In IZave

~‘S ]. The numerical sy s tem has a high degree of para llelism and d a t cc

segment a t ion , both of w h i c h  are necessary  to make an expensive but valuable

numerical technique ava i lab le’ f or la r g e r  app l ications than are now poss ib le .

The form in which the parallelism appears was insp ired by the asynchronous

process s t ruc tu res  described in Sect ions 3 and c~~, The forma l s p e c i f i ca t io n ,
in which all numerical process ing is relega ted to primitive functions ,

provides documentation and a clean interface between mathematical and systems

programmers , none of whom need concern t hemselves w i th  details of the other

group ’ s work.

- _
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