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Abstract 

Thi s sludy looks Rt a n umbe r of methods for defining 

the f u 11 syntax a n d s efl12.n ti cs of c om put e r pro gr arnrn i n g 

langu ages . The synt ax, especially the nature of context­

de pe nd en t conditions in it , i s first oxamined, then some 

oxtens ion s of cont ex t-fre e gra mma rs a re c ompared to see 

to what cxt8nt they can encompass the fu l l contGxt ­

conditi ons of typicc1l progr amm iny lnngu ages . It is found 

th a t several syntax extensions are i11 adequate in this 

r egard , and that tho abi lity to cnlculot o complicated 

function s a nd cond itions , and to eventually delete the 

va l ues of such functions, is needed . Thi s ability may be 

obtai n ed e ither by al lowing unre s tricted rules and rncta ­

var i ablos in th e ph ra se - structure , or by ass ociating 

roa the ma ti ca l function c e ither with in dividual pr oductio n 

r ules or with the wh o l e c ontoxt --froe st r ucture, to trL,ns ­

f orm it into an ' c.ibs tr oc l sy nt ax '. 

Since the f orrn of o definition of a pro gr2.r,1rni r1 9 J.,rn g t1ar;e 

semantics de pe n cJ s c ritical .l y on how one c onceives II n: can i 11 y 11 , 

f ive mo. in tyf) e s of semantics are consid e red: th es e are 

called I natu r a l 1 , 1 p r of)osi t iona l', 1 functi on8l' , snd 

' st ruct ural ' sem~ntics , as well as a seman tics based on 

st ring rewriti ng rules. The five types are compared for 

their success in def ining tho sornantics of compu tin g 

l a ngua ges , of th e examp le Algal-like ~an guage ALEX in 

part ic ular . Among othei conclusions, it is found that the 

sen1antics of structures and computations on structures is 

the only type sufficiently comprehensive , precise , an d 

r eadable. 
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1 The problems of proaramming la n quage definition 

Defining a com puting language is generally done in 

two s tn ges : 

1) ~ntax : d e fining as rigorous ly as possible the set 

of all possible prog rams of the langua ge , 

to gethe r with their formal st ructures and 

substructures . 

1 

2) semantics : associating wi th each such program its 

meaning, so that the effects of ex e cuting 

the prog r am with its data a re as ri go rous­

ly defined as po ss ible . 

Details of definitions of these two stages will 

be di s cu ssed in the following two chapters (althou gh 

t he e x a ct de m2 rcation between the stages has varied 

for di f ferent people; I shall discuss t his furthe r 

in section 2.2) . 

The a im is to be ab le to define a si gnificant ly 

l a r ge language ,includin g both s t ag es of definit io n, 

8nd to this end there are sev e ral criteria for 

co mpa ring the different systems examin ed l ater. 

1) Sc ope of t he definition method 

I s it applicable to all fe at ure s of all p r og r amming 

lan gua ges, or are the re some feature s that can be 

encomp ass ed either not at all , only with great 

diffic ulty , or at the cost of breaking up a neat 

system? 

2) El ega nce 

A gene r al aim is for a definition as readable , concise, 

and 'tr ahsparen t' as pos s ible . A rea dable defini tJon 

should be understandable even with only a short 

initiation into the de tails of the formalism ; it 

should not be written in a wholly for eign lan g uage . 

A definition should al.so ·tr a nsparent l y follow the 

lan guage being defined ; this means that small changes in 

the language shou ld require only small changes in the 

formal definition. Concer ning conci senes; one should 



d i s t i n guish b e t wee n th e metho d a nd its a pp l i c a ti on 

to specifi c l a nguages : a very simp l e metho d wi ll 

ge ne r a l ly lead t o a very comp l i c ated def initi on . 

3 ) Rioour 

Syntax definit i ons should dofine , id eal l y , a l l 

and only the pr oqr;-ims in the .l ant_;uage , a n d assig n 

co rr ect forma l structu r es to va l id prog r ams . The y 

sh ould a void ovorl app ing, incomp a tible, ambj g uo u s , 

and/o r missing specifications . Si mi larly wi t h 

s em anti cs . No t e , however, t ha t it i s occasionaJ J y 

des i r e ab l e to leavo ce rtain parts of~ standar d 
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de fi n j_ t .i o n either c orn p let e 1 y op on , or to de J. i ber a t e 1 y 

give only a pn r t i o l definiti on of t hem . r o r example , 

the de ta .i l[; of re c1 l a r it h m Ei t i c , b e yond certa in 

basi c conditions, may be postpon ed beyond the 

standard def i niti on ; and i n any case the effect of 

merging p;:,r a lJ.eJ. operations sho uld i ntentionally b e 

lef t und e termined. 

4 ) Fur rn a J. is i.' t i on 

The for 111a l jsts ' idec:il is th 2 t a cie f initio n shouJ d 

S8Y everything th nt can be sc1i d about c1 J l pro grams 

i n t he lc111 gu c1ge , a11d i n s uch a ma nner that mechan ­

i c a l ~;b:1ternents r.,rn be rnarle 8hO ut the proqri:lm wj thout 

either us.inq hum,:,n understand.ing at this p oint , o r 

rL 1nnin9 it on a co mpute r with speci f ic data . Such 

statements , f o r ex nmp le , could c o nc ern the mechan ­

i oal design of impJ.om e nt~tjon s , o r the mechanica l 

p r oofs of correctnes s , equiv a l e nce , etc ., of 

p r og r ams i n t he l a nguage . 

Chap te r 2 lo oks at l he s yn lac tic; a nd ch a pt e r 3 the 

sema n t i c , co mp on e nts of definition s of progr a mming l a n gua ge s , 

an d i n th e a p pe ndi ces I h a ve use d thos e met ho ds which a r e 

s ufficientl y p ow e rful for the def initi on of "ALEX". ALEX i s 

t he nam e which he nc e for t h I g iv e to a cert a i n subset o f Al gal 

60; it doe s n o t inclu d e a rr a ys , . for-loop s , conditional 

e x pr ess ion s , or desi gna tion a l ex pre s s i on s , but it does 

inc l ud e mi~ed- mo de arithmetic, procedures , functions, call­

by-n ame and c a ll-by-v a lu e par ame ters, 11 go t o11 and 11 if 11 

st a t eme nts, Rnd the i mplicit d e cl a r a tion of labels. 
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2 .1 Introduction 

Sy ntactic theory i s concer n e d with th e forma l systems 

to be use d f o r the gr amm~ rs of the lang uages to be de f ­

ined. A gr ammar i s a set of r ul es prescrib i n g which 

s equ e nc e s of symbol s over a giv en alp h a bet const itute 

pro g r ams in the l a n guage , a nd it sh ould a l s o define the 

st r uctu r e of v a lid pro gr ams in such a way th a t efficient 

tr ans l 8 t i on or inter pret a tion i s po ss ible . 

The fir s t gr amma rs to be used in the definit i o n of 

ful l-si ze lan guages we r e context- free gra mma rs , and , 

by now , thair th eo ry i s becoming well und e r s tood ( see , 

for example , th e text Hopcroft and Ullrnan , 1968 ), 

havin g bee n by f a r th e mos t co mmon top ic for formal 

inve s ti ga tion s . As well, they are inc r e asi ngl.y be i n g 

ap pl i e d i n t h e const ru c t ion of compile r s . FeJ.drnan and 

Gries (1 968 ) g ive a n extensi ve survey of suc h a nd 

s imil a r app l ic a t io ns . 

Howe ver, the s e context - fr ee f o rm a li sms a r e in a de qua te 

to desc ribe t he full sy nt a x of c ompute r lan guages , a nd 

mo st of c hapte r 2 will be c oncern e d with the variou s 

meth or. 's th a t have b e en pr opose d to ove r come s uch 

in adequ a cies, arid to try to capture the s e ccn text ­

s en s i ti ve c onditio ns . 

In the nex t section we wil l look at th e detaiJs of 

the se pr ob lem s , an d a f ter that con s ide r the pro gr essively 

more com ple x and more powerful fo r ma li sm s pro pos ed as 

~~ssible solu t ions . 
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2 . 2 Cont ext - dependent conditions 

Context dependencies arise in a ll pr actical programm­

ing: when it comes to checking the scopes of identifiers; 

checking that identifiers are not declared twice in 

the same bl ock; che~king that identifier att r ibutes 

gi ven by the declaration a re consistent both among 

the mse lv es and with those p resupp osed by, the l ater use s 

of that identifier ; the notion of type conversion in 

. general; and the correspondence betwe e n formal an d actual 

p a r ameters. 

In sorne more com plex lan guages - · PL/! especi a lly, -

bec a use of the great v a ri ety of context s in which 

id e ntifi ers can be used , and because many ident ifiers 

ne ed on l y be implicit ly or con tex tunlly de cl a red, many 

of the co n te xt conditions are idiosyncratic , and need 

in dividual treatment. For example, in PL/r, th e r e a re 

no clean and simple univ e r sal rules telling how 1 implicit 1 

and 1 c ontextua l 1 a ttributes a re derived from all the 

particular contexts . These processes a re difficult to 

d esc ri be by a context-free gramma r : it will be seen 

l ate r (s ection 2 . 4 . 2 and Appendix E) how Ledg a rd(1974) 

has to use spec i al func t ions , a nd table at tri bu te s of 

nonter min a l s ymbols , to spec i fy co~textual declarations . 

Because context-free grammars a r e e as y to mechan ic a lly 

co n ve r t into parsing algo rith ms , the use of BNF to describe 

the context-fr ee r8quirements on syntax has had a pro­

found effect in computer scienc e . It is common for 

c ompi l er writers and others to use a context-free grammar 

to determine the main phrase structur es of t he so urce 

ptogr a m. But, as I ha ve described above , th ere are 

many critical p r ob l ems of sy ntax th at transcend context­

free specificat i ons . Hence th e context-fr ee gr ammar use d 

in the compiler must be a ' coveri n g grammar 1
: one whi ch 

generates all valid sour ce programs , and many more in­

vnlid on es besides . It is then easy to co nsi gn the 

specific con tex t conditions to the ra g bag of ' semantics ', 

to be dea lt with by hand-written p r ocedures in l a t e r 

stag e s of the compiler: s t ages th a t handle sy mbo l tables 

and their entries , type conv ersions, p a r ameter mat ch-

ing, etc. 
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Th is a rfan gement may work well for the c omp iler 

writer, but when someone wants a ri gorous specification 

of the (cont ex t-se ns itive) sy ntax, he s hould not be 

requir e d to plum b the b a r ely-f a thom a ble depths of the 

compil e r writer' s in ge n uity jus t to find out, say , in 

PL/:t, whet h er labels a re allowed on 11 de cla re 11 statements , 

or th e exact nature of conver s ions i n s truct ure assign­

ments . As a matter of p r i ncip le, I believe that ' s e mantics ' 

should b e reco gn ised for what it is , as meaning a nd 

effect s , and not con f used with context-depend e nt conditions : 

th es e c onditions a r e essentia l ly syntactical , being 

determin ab le staticall y, indepe nd e ntly of any program 

execution . They may still be r ep re sented a nd en forc ed 

by auxili a r y procedures written separately , bu t form a ll y 

they a r e p a rt o f t h e s ynt a ctic component. When someone 

wants t o standard i se th e l a n g ua ge, a nd to rig orous ly 

de fine the set of all le gal programs i ndependent ly of 

a ny co mpile r, he will see thAt the hand-writt e n 

proc edu res that a re in the lat e r s t ages of a c ompile r 

effectively a ct as syn tacti c cond i tio ns as we ll: if the 

co ndition i s no t s~tisf i ed in a source pr og r am , t hs n 

that procedure will flag a n error . He will wa nt t o 

separate the se cond it io n s fr om o t he r fu nction s o f the 

procedures ( e . g . c ode gene r ation ) and includ e all the 

condit i on s in t he sy ntactic c omp onent , a l ong with the 

coverin g context -fre e gra mmar . 

Th i s leads to the aim of trying t o sy nth esize bo th 

th e ge ne rati ve g r ammar and the con tex t-depe nden t condition s 

within~ synt a ctic formalism . This f orm a li sm mus t o f 

cour se be more powerful th an c ontext-fr ee grammars . For 

example , th e gra mm ar of this ver y simple s et of Alga l 

programs 

' begin re a l w w :=w en d' - * for all win (a,b,c) 

i s not c on t ext-fre e if a context-free languag e does 

contain the above set of programs , then it mu s t contain 

other progr ams th a t are incorrect Algal because on 

identifier will have been generated in the as s i ~n ment 

statement th at is not in the declaration p a rt. And this 

i s onlx a s imple examp le; when arrays with any number 
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of dimensio ns or procedures with a ny number of parameters 

a r e allowed , the practical pr oblems of checking identifier 

consistencies ars more gen e r a l an d more complex. 

Note that only if the context dependen c ies have sig ­

nificant re gularity wil l it be possible to extend the 

synt a x in a uniform manner . For example , in Algal 68 , 

where constraints concerning the declaration and use of 

identifiers are independent of ot he r f eatu r es of the 

langua ge (such as modes) , the identification of identifiers 

may be simp ly stated , and even included in the phrase 

structure (see below , sect i on 2 .5). In PL/I, on the ot her 

hand , many constr a ints a re spec;ific to p ar ticul a r modes 

and p e r ticula r contexts of use , so that it is here better 

to define these constraints usi ng individual conditions , 

written alongs i de the relevant context- free rules of a 

coverin g grammar . 

So now we look at various extensions of context - free 

gr a~mars : extensions that try to enc ompass the context 

c onditions in their form alisms . 



2 . 3 Extended grammars 

2.3.1 Context-sensitiv e ar amma r s 

Cont ext-sens itive grammars r es trict th s applicabi lity 

of cont ex t-free rules of the for m A :: = w to s pecific 

su~rounding cont ex t s so that t hey ha ve rul es o f t he f orm 

r f\.s : := r ws (whe re f\ is a non terrninal, and t..J, r, a nd s 

a r e arb itary st rings o f termina l s a nd nont erminal s, 

pr ovide d w i s not null). 
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However, st raight context-sensi tive for mal i sms a rc 

r are ly u~ed bGcau s e t hey are too ge neral for ex istin g 

pro gramming l a n g uages , which r equire only a numbe r of 

specific typ es of c ontex t-de pe nden t c onditioni . I f they 

were use d, de finiti ons wculd be longwinded and untrans ­

paront on es : programming l a n guages have context conditions 

between pa rt s of a pr og r~m th at may be arbita ri ly f a r 

apart , such as between the decl oration and all t he uses 

of an id entifier . Be c ause the context- sensitive for ma l­

i sm onl y al l ows conditions fro m the i mmed i a t ely sur ro und­

in g st rin gs , incor po r at ing the c ont ext dep endencies 

of practical i mp ort ance wou ld i nvo lve, typically , having 

severa l ' ~n r ker ' s ymbols tha t c 2n travel to and f r o 

alonQ the pa r t i al l y exp a nded senten ti a l fo rm , c ar ry-

in g vital information , say , fr om dec l a r at i ons to 

apr li ca tions .l a ter in th e pro gr am . De fi ning all these 

oper ati on s for the mu r ke r symbol s which do not d ir ect ly 

i llumina t e the context de pendencies or t h e sema ntic int e r­

pretat ion r equires many times as many ru l e s as there migh t 

be context-fr e e r ules in a covering gramma r. 

For exa mp le, to gene r ate just the s tri ngs of t he 
f mb n mbn f · t · d · · t or m a a , or any pos 1 ~ve man n, requires a se 

of rules such as 

S ::= AX BA B 

AXB ::= AA BX / ABY 

XA ::= UAA 

BU ::= UB 

AU: := AX 

BYA :: = · BBA Y 

Yf\ ::= AY 



AYB ::=TABB/ ABB 

AT::= TA 

BAT : ::.: BYA 

A : : = a 

B : : = b 

o r , i n t h e o f f i c i a 1 i: r A s : : = r w s 11 f or mat o f a b o v e : 
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S : := AXBAB 

I\BF : := ABY 

AABG ::= AABX 

BE::= UE 

AXB 

AXE 
XA 

.. -.. -

.. -.. -
.... -.. -

AXF 

AAXG 

UAA 

AXF : := ABF 

AAX G : := AtlB G 

BU ::= BE 

BYA : := BB YH 

YA::= YI 

AYB : := JYBB 

AYB : := ABB 

TI< : := TI\ 

BYL ::= BYA 

UE .. - UB .. -
8BYH ::= BBAH 

YI::= AI 

JYBB : !== JA BS 

AT::= AK 

BAT::= BAL 

A : : = a 

AU : : = AX 
BB AH : := 88 AY 

AI ::= AY 

J ABS ::= TABB 

AK::= TK 

BAL ::= BYL 

B ::= b. 

The nont e rmin a ls X,Y,T, an d U (and E throu gh L) are 

only used as markers th a t carry informa tion ba ckwn r ds and 

forwards along the s entential fo r m to synchroni se s epara te 

exp a ns ions. Ha ving th e se extr a s ymbol s , and th e ir a s sociate d 

rul es, re s ults in t he context c onditions of the or ig inal 

lan gua ge bein g repre s e nted mos t obscurely, eve n for a 

l a ng uag e a s s im ple as this examp le. 

Further, context-sensitive a r a mmar s do n o t ha ve nice 

features such as pa r ~ing al gorithms which are co mputation-

ally tolerable. And thi s is only complic a ted by t he opaci t y 

of the deriv a tions as given above, where many powerful 

ext e nded rules are us ed to de fine a cont e xt-de pendency 

who ~e al gorithmic specific a tion may be quite simple. 

It would be very much easier to write a small pro g r~m to 
. m n m n 

directly check for strings of the form a b a b than 

it would be to use a program operating only from the 

context-sensitive rules listed above. Using the s mall 

program to directly check for the context-dependent 

conditions, which is the simpler, faster, and more 

readable alternative, defeats many of the pu£poses 

of using context-sensitive grammars. 



2.3.2 Scattered-context grammars 

The difficulties of the general context-sensitive 

form al ism seem to stern from its only allowing context­

ual conditions on immediately surrounding strings. 
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This limitation is avoided by scattered cont ex t grammars, 

introduced by Greibach and Hopcroft(1968), which allow 

rules of the form 

(A 1 , ••• ,An) ::= (w 1 , ••• ,wn) 

which, when applied, means we have derivations like 

x 1 A1 x 2 A2 ••• xnAnxn+ 1 9 x 1w1 x2 w2 ••• xnwnxn+ 1 

for any interv ening strings x .• The basic formalism 
l 

does not limit n, but Greibach and Hopcroft(1968) 

prove that increa s ing n abo ve 2 does not increase the 

generative power of a scattered context grammar. 

For an examp l e of how this kind of grammar can 

expres s context conditions, consider the generation 
. m n m n of the st rings a b ,a b by the set of rules 

S : := ABCAB 

A ::= AA 

8 ::= 88 

( A , C , A ) 

(8,C, B) 

C : : = , 

.. -.. -
: : = 

(a,C,a) 

(b,C,b) 

I consider this set decidedly more eleg ant than 

that using the general conte x t-sensitive form al ism. 

Thus, in principle 8 t least, scattered context 

g~ammars can deal with en su ring that all used iden­

tifiers have been declared, but what about other bOrts 

of context conditions, such as preventing the same 

identifier being declared twice in one block? The 

first problem is essentially one of generating 

disparate identifiers wnich are the same, the second 

of generating identifiers which are all different: a 

'negative' rather than a 'positive' contextual condition. 

Milgrarn and Rosenfeld(1971) discuss this problem, 

and argue that since the riUmber of symbols to the left 

(or right) of a given symbol is potentially unbounded, 

it may be necessary to introduce explicit negative 
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contextual conditions into the formalism, si nce such 

conditions can no longer be imi L:ited by sets of positive 

condit ions. For example , in an ordinary con text -sensitive 

grammar. a 'productiont of the form 

A .. - lJ if there is no C immediately to the left of .. -
is equivalent to the s et o f productions 

XA ::= Xw for al l X/C in the vocabulary, 

since once some X/C is present imm ed iately on A's left, 

C cannot be present. But in a s c 2ttere d cont ex t grammar , 

in trying to represent the 'production ' 

A 

A ~== w if there is no C anywhere to the left of A, 
the num be r of different substrings that can occur ju s t to 

the left of A is unbounded, and h Gnce there is no general 

way of excluding C by any finite set of conditions. This 

suggests that scattered context grammars be generalise d 

to allow negative context conditions directly: notationally, 

it tould be repr ese nted by a lin e (-) above the symbo l. 

Th e last 'pro duct ion' above c an th e n be written as 

([, A) :: = ([,w). 

Milgrarn and Rosenfeld( 19 71) prove th at the r esulti ng 

formalism i s exactly as powerful as that of context-sensi­

tive grammars, so now it i s possible to define the 

pro gramming-l anguage- li ke seq uence 

. • , i 
m . . ,v e n 

where each 6f the i's and v's is any identifier, but with 

the further cont ex t conditions that (a) nll the i's are 

differ ent (i.e. ea ch identifier declared only once here) 

and (b) each of the v's is identic a l to on e of the i's 

(i.e. only identifiers declared can be us ed). 

S ::= b D; U e 

o ::= 1 / r,o 
U::=V/V,U 

(£, t, I , t, ;) ::= (E.,,t,t,t,;) for all identifiers t 

(£,t,;,V) ::= (.!2.,t,;,t) for ell identifers t. 

' If there are a finite number of possible identifiers 

then there will be a correspondingly finite number of rules, 

but it is hardly a satisfactory situation when the size of 

the grammar increases in proportion to the number of 

identifiers possible in the language. 
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Alte rn at ively , the formul a e a bove c ould be r egarded as 

rul e schemata , which are ' meta-rules' for the ge ner a tion of 

an in de finite numbe r of other ordinarj rul s s. This id ea wil l 

be di sc us sed more fully later , in secti on 2 .5. 2 , with respect 

to the van Wijnga arden gr amma rs, but eve n so , st ric tly s peak­

in g , the above exam ple is not a val id scattered-cont ex t 

gr ammar . For only s in gle symb ol s are al l owEd in the loft ­

hand se quence s of va lid ru les (s ee p9) , a nd ~t is an esse n­

tial par t of the a bov e ~ramma r th a t, rat her than ch ecking 

for t he symbo l 11 t 11 alone , as in the rule 

(_~ , t, ;, V) ::= (£, t, ;, t), 
it checks for a lar ge n umbe r of S[28Ci fic i dentif i ers , e • g • 

(&, a . V) . . - (Q, a . a) ' ' ' ' .. - , ' , 
(J?. , ab, . V) .. - (b ab , . ab) , e tc. ' ' ...... _, ' ' 

Thi s means that it requires nny sized string as a context 

c onditio n, and this was not allow ed in the original form ul ation . 

Ho wever , even if .s cattered-context gramma r s a r e yeneral i sed 

to allow al l of positive and negative context con ditions , 

meta - rules and meta - va ri ab l es , and having a n y sized s trings 

in th e context c ond itions , they are s till not adequ a te to 

defi ne full - scale pro gr amm in g lan gua ges . In parti cular t hey 

c annot ha ndle i de n t ifi ers having one of a nu mbe r of attr i bu tes . 

For in a ph r ase- s tructure sys te m s uch as thi s one , al l rele­

vant information mus t be contain e d in the cu r rent senten tial 

for m. Tl, e ref ore· informat i on about va ri able attr ibut es Mus t 

be so included, bu t, beca use this in fo r matio n sho uld not 

app ear in the final pro gram, it mus t be delet ed a t some s ta ge 
by some rul e . Thi s is i mpos sible, however , in even the 

extend ed scattered- co ntext fo rmalism, because it is based on 

cont e xt- sens i tive ru les rather t ha n on unrestr icted rules. 

Thu s to han dle identifi e r attributes , they mus t eithe r be 

repr esen ted outs ide the ph rase structure (cf. section 2 .4), 

or unrestricted r ewritin g rul es must be allowed (cf. se ction 
2. 5). 
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2 . 3 . 3 Proqrammed grammars 

Another way of restricting th e application of 

context-free rul es is used in the programmed gramma r s 

of Rosenkrantz(1 969 ). Th ese have l abelled productions , 

and allow successors of a given production to be chosen 

by specifying two sets of labels(prod~ction name s). 

To try th a t production, the current sententi al form is 

sear ch ed for an occurenc e of t~e non- te rm inal symbol 

on the left-hand side of the rule. If one i s f ound (or 

the l eftmost , if more than one), it is replaced by the 

expansion on the right-h and s ide of the production rule . 

Then, depending on whether or not the rule was used , 

one of the two sets of labels is taken, and an a r bitary 

selecti on from it is made to g ive the next pr odu ction 

to be tried. 

An example , given by Rosenk r antz , is a programmed 
n 

g r a mm a r w h i c h ~1 e n e r a t e s s e n t e n c e s of t h e f or rn n h a , 

wher e n is a nonn ega tive int ege r expre ss ed as a binary 

nu mbe r. A typical s entence is 101haaaaa - a s ort of 

pseudo Holler i th field . 

1 • s . . - 158 5(3) .. -
2 . s .. - OS 5(3) .. -
3. A .. - BB S(3)F(4) .. -
4. B .. - A S(4)F (1,2, 5 ) .. -
5 . s .. - h 5(6) .. -
6 . A .. - a S(6)F(STOP) .. -

While these gr amma r s define a proper extens ion of 

context-free grammars th 2 t is properly includ ed within 

the context-sensitive family, they are not well su ited 

to defining tho se context conditions found in program­

ming lan guages . For example to define all an d only the 

set of s trings w;w (w being any id entifier on the 

3lphabet of 1 a 1 and 1 b 1 ), which is a simplified version 

of the problem of matching the declaration with the use 

of a n identifier, requires the productions 
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1 • s . . - A; B 5 ( 2 , 3 , 6,7.) .. -
2 . A .. - a 5 ( 4 ) .. -
3 . A .. - b S(5) .. -
4 • E) . . - a 5 ( STOP ) .. -
5 . B .. - b S(STOP ) .. -
6 . A . ·- aA S(B) .. -
7 . A .. - bA 5(9 ) .. -~ 

8 . B . . - a El 5(2 , 3,6 , 7) . . -
9 . B : : = bB S(2 , 3 , 6 , 7 ) 

For a l arge r num be r , n say , of alph ab et lett ers , 

we wo uld require 4n+ 1 productions jus t to dcf .i.n0 w;w . 

Just as wit h the scattered context gram ma rs of the 

previo us sec tion, this is cl earl y not a satisfactory 

a rr anc;ernent . A definition would be much bette r if it 

were to use a s ingl e nontermina l ( say ' alphanume ric ­

ch a r acter ') to generate th e variety of any particular 

,iJ phabet . 

Gener a lising from t hi s example , the r e is the r esult 

that a pr ogr amme d gramma r, with contex t - free sore rules , 

c ann ot generate the s et w1 ; w2 ; • .• ; w
01 

where a l l the wi 

ar e equa l fo r this would ne ed a number of rule s varying 

with m, and m here has no fixed bound . 
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2.4 Grammars with associat e d co1:..text-dependent conditi.ons 

2. 4 .1 E'...£..£.E_e r ty gram ma rs (_Stearns and Lewis, 1969) 

Inste~d of building the context conditions into the 

phr a se structure rule s , the aim of pro pe rty gra mma rs 

i s to add e xtra conditions to each rule and require 

th a t the condition associated with any rule be s a tis­

fi e d before it can be applied. There are various wa ys 

of repre s e n ting the s e associa t ed conditions - s e e the 

following sections - but in property gramm a rs these 

are conditions on the properti e s of id e ntifiers a t 

each place in the syntactic structure. Each nonterminal 

sy mbol h as as s oci a ted with it a table in which e a ch 

id e ntifier is given a certain numerical property. An 

example, g iven by Stearns and Lewis(1969), is ave r~ 

simple block-structured lan g ua ge in which we have the 

ch oice of va lues for an identifier, 1 id' s a y, 

0 - not us ed 

1 - this nonter minal produces id 

2 - produces a declaration of id a s a vari ab le 

3 - 11 IT II II II 11 11 1 a be 1 

4 - produces a use of id as a vari ab le 

5 II II 11 II II 11 11 label. 

That is, at each node in the syntax tree for each 

nonterminal - there is a ta b le of values. Each identifier 

will index the table, and must each have one of ~ha 

property va lues e.g. of the list above. 

Conditions of pro d uc~ions are given as a collection 

of vectors of properties. If, for example, the rule is 

A ::= @CD, then we give it the vectors 0110 and 1300: 

A::= 63CD 
0 11 0 
1 300 

This means that when this rule is used in a derivation, 

each identifier must 1 Batisfy 1 one of the vectors. It 

may, have property O in the table at A, 1 in the tables 

at 8 and C, and Oat O; or else it will have 1 at A, 

3 at B, and property O i~ the tables at both C and D. 
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tJote tha t t he grammar is bo t h ' local ' and ' static 1 • 

It i s stat i c i n the sense t hat no orde r of der i vat i on 

is requ i r e d or impli e d, an d it t s local in the sense th a t 

th e corr e ctness depends only on th ere ~e i ng a corr ec t 

r elation b e tw een each nontermi na l a nd its i mmed iate 

descendants . 

To demonstrate th e ir mE tho d , Stear ns and Lewis 

apply it to a skele t a l subset of Alga l 60 - just 

e nou gh to i nc lude block s tr uctu r e , an d the decla r a ti on 

and u se of identifiers as var i ables a n d l abels (la be l s 

a re declared by the ir bei ng s t atement pre fixes ) . Th e y 

u s e t he unde rly i ng gra mma r 

p : : = B 

8 . . - beo.in D L end . . -
0 . . - dee I D, D I null .. -
L . . - s . L I null .. - ' 
5 . . - 8 I use 10 I l a b I D I go to ID . . -

where ID i s a ny i de n t ifi e r 
dee I D = declar a tion of ID as a variab le 
us e I D= s t a te me nt us in g I D as a variable 
l ab I D = statement l abelle d with the id entifi er I D 
goto ID = statement caus in g transfe r to ID . 

Th en, using th e attributes O t hro ug h 5 de s c r i be d ear l ier 

thi s sec tion , Stea rns and Lewis give the pr od ucl i on-and ­

condi t ion s et 

p . . - 8 13 .. -.. - .. -
0 0 0 

0 
0 

L .. - S ;L 0 . . -
0 D D 4 
3 0 3 5 
3 3 0 
3 3 5 
3 5 3 D ··-.. -
4 D 4 D 
4 4 0 2 
4 4 4 2 
5 0 5 
s 5 0 
5 5 5 

D .. -.. -
0 

L .. - nu l l .. -
0 

be c. in D L end 
0 0 0 0-
0 2 0 0 
0 2 4 0 
0 0 3 0 
D 0 4 0 
·O 0 5 0 

de e I D, D 
0 0 
0 2 
1 0 

null 

5 .. -.. -
D 
4 
5 

s .. -.. -
0 
4 

s .. -.. -
0 
3 

s : : = 
0 
5 

B 
0 
4 
5 

use I D 
0 
1 

l a b ID 
0 
1 

got o I D 
0 
1 
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This scheme is elegantly applicable to such a simple 

language as thi s . However , for others it is ser i o usly 

restricting in that it requires a finite set of properties 

to be chose n beforehand. This is not a l ways p oss ible, 

eve n in a lan guge such as Al gal 60 . Fo r i nstance , an 

array may h a ve an a rbit ar ily la r ge number of dimen s io11 s , 

a nd a procodu re or fu nct ion c an have any nu mbe r of 

parameters ( each of a c ertain type). Although some 

impl eme ntatio n s use run - t i me checking of bot h subscript ­

ing a nd pa r ameter matching , this i s only us eful when 

arrays or procedur ~a re passe d as procedure a r guments 

without the type of t he corresponding formal parameter 

bei n g fully specified . In al l other s ituat ions it is 

possible a nd usua lly de si r ab le t o c heck these con d iti ons 

syntactically , and proper ty g ramm a r s with f i nite sets 

of p rop e rt ies a r e unable t o do this when any number of 

ar r ay dimens i o ns or proced ure paramete r s i s all owed, 

fo r the n tt1ero is no fix ed bou nd t o the num ber o f 

pro pe rti es possible for a ny identifier. 
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2.4.2 Gr ammars us ing 'i nherited ' and 'derived ' attributes, 

Product i on Sy s te ms 

Wh e reas pr operty grammct rs ha ve a value for e ac h 

identifier a t each node i n t he sy nt a x tree, grammars 

in this sys tem have att r ib utes only f or e a ch n od e ( each 

n c nt ermina l symbol) . But th es e a ttri bu tes c a n be much 

mo r e c omp lex th a n jus t i nt ege r va lu es . Th ey co uld be 

functi on s , for example , or t h e y c oul d be whole t ab l es , 

whic h can b e used to mod e l, as in property gramma r s , 

the symbol tab le of identifie rs ' vi s ible' to tha t 

particul a r place in the pro gr am . And the va lu es in 

the se t ab les and of t he se function s a r e not re s trict e d 

to i nt egers : any mathematica l obje~t is pos sib le . 

The me t hod f o r cons tr uc ting t hese a ttri butes is 

also mor e com p l ex th a n t ha t of pr op e rty grammars . 

Inst ea d of having a pred ete r mined table of alte rnat ives, 

with each p rod uct ion rules for I A' say , ther e a re now 

a ss ocia ted i nst ructi ons to c al culate the attributes of 

thi s A. Each a ttr ibute of A ma y be eit he r compo s ed 

from t he att ri butes nf t he d es cend a nt node s of A, or 

it ma y d epe nd only on th e att ribut es of t he a nc e stors 

o f A, j . e . on the con text of A. Th ese ar e ca l l ed b y 

Knuth ( 1 9 6 8 ) 1 s ynt hesise d 1 ( o r ' c er iv e d 1 ) and ' in he r i tE,1 d ' 

attribut os res pec tive l y . So the ini tial non terminal 

( e . g . ' prog r am ' a t the r oot of the pa r s e tre e) can 

have no inher it ed a ttribute s , and the derived att ri butes 

of term i n a l s , con s t a nts , and identifiers etc ., c a n 

only be con s t a nt . 

In a n actual parse tree, there may be consid erabl e 

interact i on betwee n inh e rit e d and derived attributes 

while the½ are being calculated, but potentially 

circul ar defin i tion s can be detected using a n algorithm 

formul ated in Knu th (19 68 ). 

Knuth(197.1) contends that the definition of orogr am­

ming l anguages by means of inherit e d and derived attri butes 

corre spo nds closely to the ~ay people underst a nd them , 

because the es sen tial idea of such definitions is that 

each attribute i s defined by local rules : r ules and 



·conditions on each nonterminal that start only from 

the attributes in the immediate neighbourhood of 

·that node. 

JO 

For e xa mples of his method Knuth(1971) defines 

Turingol, an Al g al-like lan g uage to program Turing 

machines, an d he gives a for ma l definition of the cla ss 

c f all red uc ibl e l a mb da-c a l c ulus express ions. 

Ma urer(197 2 ) also us es the method : to define a simple 

subset of Fortran II (Fortr a n without declarations, 

subroutines, arrays, common, or input-output, but 

with real a nd integer express ion s and assignments , 

if st a te men ts, g o to statements plain and co mputed, 

do statement s, and ge ner a l program or ga nis at ion). 

Mos t of his definition concern s th e ope r ational semantics 

·of the various statements . This will be considered in 

more det a il later ( se ction ·3.4); wh a t is of concern 

h e re is how he dea l s with th e sever a l context conditions 

present in his subset of Fortran. In fact, his problems 

:a re sim ple; since there is ·no problem of ma tching 

declar at i ons to uses because varia bles are not declared 

in this subse t. And labels cannot be confu sed with va r­

:i a bles or integer constants because their po ss ible 

con t e xts of us e do n o t ov erlap . That o nly le 2ves the 

problems of c he ckin g th a t th e re a re no duplic ate la be l 

definition s , and th o t there ·a re no tran s fers to undefined 

.l abe ls. To this purpose, one attribute of each pro gra m 

' s ection' i s the 'l abe l-func ti on', which is a se t of 

-o r d e r e d p a i r s ( 1 a 13 e 1 , l i n e - num b e r ) , o n e f o r e a c h o f t h e 

labels us ed in th a t section . Llh e n another statement is 

;added to the section by the production 

-s e-c t i on , x . : :· = section , z s t a t em en t , v 

·there a re the associated ir.structions 

label-function label-function U ( label line-number) 
X = Z V ,v 

,an d t h e -c on d it i on 

(v·labe],=nuTl ·oR 2·1abel-functiun(vlabel) ·is undefined) 

The ·first ins.truct.ion is -used to ·construct ·the 

co~posite label-function attribute as a derived attribute: 

derived from the label-function attribute of z and the 
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label and line-number attributes of the statement v. 

The condition ch ecks that there are no duplicate labels 

by ch ecki ng , if t he added statement has a l abel, that 

that l a bel does not already occur within t he prsceding 

section z. Togeth 5r with a simi l arly worded condition 

th a t ensures th a t labels use d in " go ton stat emen ts must 

have an entr y in the l abel-function of th e whole program, 

all the context- de pendent conditions in this s i mp le 

Fortr an s ubset hRve been defined. 

The ' Pr odu ction Systems ' of Ledgard (1 974 ) have 

mcJny similarities to the sche1nes of Knuth and l"la urer, but 

Led gard has used the idea of comp l ex att ribute s much more 

exten s ively, especial ly for defining the context conditions. 

He us os a great var ioty of condition s , oper a tions, an d 

functions to compute the required attributes. As wel l 

as using well - known functions, in Production Systems 

one c a n define , r ecursi ve ly if nec essary, new fu nc tions of 

a ny nature tho.t would heJ.p the definition as a whole. 

As an e xample of a l a r gerscale defin ition, Lcdga rd 

( '1 9 7,4.) defines thr3 comp l ete syntax of a significant pa rt 

of PL/I. This sub set - .which ho c a ll s PL .1 - inclu des 

block structure, explicit , impl icit, and con textua l 

declarations, checkin g compatibilities of declar a tions 

with uses, a nd use of arith met ic, s tring, pointer an d 

st ructur ed variablos a nd their poss~ble conver sions . In 

Ap pe ndix E, I ha ve use d his meth od to defi ne the s ubset 

of Al gal GO which I have c alled ALEX in chapt e r 1. In this 

definition there are s peci a l f unctions for computing 

s ymb ol -tabl e s from declarations, and f or computing types 

of expr es sions. Ne i the r of the se func~ions is ve ry simp le, 

but bec ause they a re separate from, rather th a n integral 

witl,, th e phrase s tructure rules, one can directly use more 

powerful mathematics e . g. set theory. It is particularly 

use ful, as in this definition, to compose and use functions 

mathematically, completely avoiding string-handling auto-

mata, e.g. Turing machines, whose calculation of even 

s imple functions tends to be extremely laborious. 



2.~.3 Conditions defined b~ functions on the whole 

context-free syntactic structure 

LU 

The previous me thod s ha v 0 associated the va riou s 

con text conditions with particular production rules so 

th at they c a n be checked when those rules are appl i ed; 

it i s also possible to define the conditions by functions 

on the whole pro g ram. To do it this way , all lh e p ro gram 

te xt is first parsed to gi ve its ' concrete syntax ', this 

is then transformed by a ' tr a nclate ' functi on to ~ive 

th e ' abs tr a ct syntax '. The translation function, operat ­

in g on the whole concrete-syntax stru cture, is abl e to 

check and change as much of th a t st ructure as i s desired : 

it can check any necessary context conditions, and us ually 

it will rearr ange the syntax to remove ' syntactic s u qa r ' 

s uch as extra keywords , se111icolons, etc ., and to p roduc e 

a structure most suitahle f o r loter use eg. for inter­

prot a tion or cod e gene ration. 

There are mc1ny such practicr1 J. adva nt aqes in ha v i n g 

two staq8s of sy nt a x in this way : whereas context - freR 

gramm,ns assume that the set of objects who se syntax 

i s t:• e i n g d e: f i n e d i s a s e t o f s t r i n ~J ::, , a n d , t h e r e f o r e , 

sensitive t o the t Pxtual order in which the c omp onents 

appeorin c.1 strin~i , compilers and int erp ret ers are 

conc ernod not t,Ji th strings wrj_ tten down but with st r uct­

ur es r eorese r1t ed in some rnL:re abstr3ct fo shion . Compon0nts 

of structures in a computer a r e identified not by a 

line ar textual ordering but b y pointers ( selecto r s ) 

th a t associate anothe r object with each of the compo­

nent s of a s tructure~ ' Abstract s yn tax ' i s the formal 

r epresenta tion of t hese gene ral st ructures, and the 

Vi0nn a Definition La nguage (V DL ) is a lan guage 

especiall y de s i 9 ned to de sc ri be these structures a nd 

oper ations on them (see s ectio n 3.6. 2 .1 and Lucas(1 968) 

or Wegner(1972)~ Als o t he next section). 

Anothe r advantage i s that a rbit a ry function s and 

condi tio nsmaybedofined on a ny part of the concrete 

s ynt ax to . verify context conditions of an y complexi ty. 

Often a programming lan g uag e wi l l a llow contextual 
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declarati ons , or a l a r ge v a ri ety of default attribut~s 

and defaulting constructions, a nd later se ct ions of th e 

definitions, eg . an interpreter section, should not 

h a ve to work out these detail s each time statements a r e 

executed . For, properly view ed , these are syntactic 

det a ils , being determinable statica lly, a nd ind epen dently 

of any pa rticular execution of the pro gram . 

2 .4. 3. 1 The Vienna De finition meth od 

As mentio ned ear lier, the Vienna Definition Langu age 

(V DL ) wa s desig ned to handle abs tract syntaxes st ruct­

ured with ' objects ' and ' selectors '. More det a il of 

this lan guage is first g iv~n, closely followin g the 

presentation of Lle gner (1 972) , then in se ction 2 . 4 .3.1. 2 

a way of go ing from the program text to the ab s tr a ct 

syntax , che cki ng context con di tions in t he process, is 

exami ned. 

'2 . 4. 3 .1. 1 Objects and selectors an d oper c1 tion s in VDL 

There are two cl asses of data object s in VDL : 

1) Element a ry objects , a tomic objects which ha ve no 

c omponents but h a ve names which may be relev ant 

during interpret a tion . 

2 ) Compo s ite objects , which ma y be built up from 

element a ry objects by 'construction operator s '. 

Composite objects ha ve com ponents that may be 

selected by unique sol sctors .Tho components m2y 

be eith e r elementa ry objects or composite objects . 

Figure 1 is a representation of a composite 

objec t who se three c ompoGents a,+,b may be selecte d 

by the selectors s 1 ,s 2 an d s 3 respectively. The 

association of a selectors with an object ob will 

be represent ed by the notation ( s :ob) a nd will be 

referred to as a 's elector- object pair'. The 

con struct ion of the composite object of Fi g ure 1 from 

its three components may be · accomplished by t he 

Hpplic ation of the 'construction operator' u0 to the 

three selector-object pairs (s 1 :a),<s2 :+),<s 3 :b>: 



The construction operator u0 t a kes as its arguments a 

variable number of selector-obj e ct pairs of the form 

( s.:t.), where s. 
l J. l 

is a unique selector and t. is an 
l 
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ele mentary o bj ect or a tree- s tructured composite object . 

The general form of u0 is illu s trated in Figure 2 . 

Selectors may be us ed as ' op e r a tors' th a t, when 

app l ied to a s tructured object , select one of its 

components. For e xample, if 't' is the composite 

object of Figure 1, then s 1 (t) selec ts the elementary 

object 'a'. When the object to which the selectors is 

applied has no edge labeled 11 s 11 emanating from its root 

vert ex, then s(t ) is defined as the null object 'null'. 

In order to be able to update and manipulate data 

structures, the construction operator u0 is now 

generalised to allow a s sig nment of value s to components 

of data structures and allocation of new components in 

an existing data structure. The assignment operator , 

d e noted by u, ma y defin e d as follows: 

u ( t ; <x: t ') ) is: a ssign the value t I to t he x-com p onent 

of t if t has a x-component; add a new x-co mponent t I 

to t if t does not have a x-component; delete the 

x-c omponent of t if t'=null. This is also extended to 

allow many selector-object pairs <x:t'). 

The 'u' and 1 u0
1 operators are central to the Vienna 

Definition Language. In terms of these data-stru~ture 

operations it is possible to build translation or 

interpretation routines LS required. In section 3.6.2.1 

this c omposition of elementary operations into 

condition al expressions and subroutines will be described; 

it is in this wa y that the 'translate ' routine of 

Appendix D and the interpret-program instruc~ions of 

Appendix I are constructed. 
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2 . ~.3.1 . 2 ~onstr uc ti nq the 2bstrHct syntax in VDL 

The tr a n sla tion fr om concr ete pro gr ams to abstract 

p r o g r .:i ms i s p e r f o r m e d i n t. w o s t c p s b y t h 8 h i o f u ri c t i o n s 
1 parso ' and ' t r ans l ate ': if ' txt ' is a concrete 

pro gram , t he corresponding abstra c t program i s defined as 

translato(parsc(txt)) . 

The lin k between the two steps, namely the resu]t 

of parse a nd the a r gument o f translate , is a s truc t ur ed 

objec t t lJhjcil i s c a llod the cibstroc t r epresentcit i on 

of txt and rn;.:iy he thou gh t of ns t he p;::i r sing tree of txt , 

according to the concrete syntax o f the language . 

Fo r t hG examp le l Pnsuage ALEX , in Appendix A is 

given the concrete syntax i n the usual o~ck us ~ormal 

F o r m ( l:l ~J F ) • T h i s n o t ,, t i o n , h o t,J e '-' D r , i s n o t t h e m o s t 

s u '.i ta h 10 f or 2. l an 9 u a g c lJ hi c h u [; e s ci 8 ta s t r u c tu re s 

with f,eloclors nnd unnrcJ ored comronents . Instead , U ie 

VDL definition uses the ' ahsl r act rep r efontution o f the 

C O n C r O t O S y n t 8 X 1 9 i V 8 n .i. n A p p 8 n d i X B • T h i S , t O Q 8 t. h (! r 

w j t h a f u n c t. _;, on ' g e n or n t o ' , c o n r; t i l l I t e s a f o r m ril d e f .i n i i., i on 

of an alaorithm for gcn~rating 2Jl concrete programs 

of t he pro gr , .m rni ng Lrn !Jueg e . Honcc they aro equivc1J0nt 

to t he rnoductj on ruJ es o f the co ncre t e sy n lc1x ( r~ppondix 

/\ ) tog e:1tlier t,1.i.th the in::,tr uctions fo r their use . 

The function 1 qer1er2te ', mc1pping th e object t , 

sa ti s f ying the p r edi c ~te i s -c- prog r of ApnenJ i x O, i nt o 
1 

a sut of c liaracter vaJ.u e li sts , is now def ineci E\S foll o,,Js : 

gGner a te(t) = 

i s - n ull( t) ::= null 

s.l ength(t)=D : := t 

s len gth(t) 
T :: = ~enerate ( s 1(t)) + ~~~ C ( ge ner ::i te( s - del(t) ) 

+g e n e r ate ( s .( t) )) 
l 

( i t h as b ee n assumed t ha t a spec i al selector s - do l 

has be e n use d to se l e c t li s t delim i t e rs ( cf. e . g ., 

AR3, AR6 a nd AR 1? et c . of /\ppe ndix B)) 

The fu nct ion ' parse ' , which i s the invers e of the 

function ' generate ', i s defin e d, f ollowin g Lucas (1 96B), 

as follow s : 

1 see App e ndix D for the definition of 11 sl en gth". 
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p arse(txt) = 

(tt) (txt = generate(t) & i s-c-pr ogr(t)f 

A s s um i n g t h a t t h e c on c r e t e s y n t a x i s u n a 111 b i ~ u o us , 

the meaning of this definition is that the f unc tion 
1 pa r s e 1 tra~sforms a program character-text into its 

parsing tree 1 t 1 , provided the list is a syntactica lly 

corr ec t r,ro~rarn . This is in preparation for the 

' translate ' functio n, and so far depends only on t he 

c overing context-f ree grarnmc:ir , which includes no 

c ontext condit i ons . 
1 Tronsl a te' is c1 function on the concrete syntax to 

t r a n s f o r m i t i n t o a n a b s t r a c t - s y n t a x ~. t r u c t u r e l.J i t h t h e 

same meaning, and at the s c 1:1 e t i rn e to c 11 e ck a 11 the 

c ontext - dep8ndoncios thilt can be statically verified 

in a r easonable time . For ALFX, this rcqt1ires the 19 

functions defined in Appendix D, and produces o st r uct ­

ur e satisfying the predicate ' is - progr 1 of the abstract 

syntax, defined in Appendix C. 

A total of 11 c ontext cund.i.tions aro checked durinu 

the operation of the t r ansl2tion function of Append ix 

D, these a r e : 

in T1 

T6 

v al id concr ete syntax . 

n o duplic ate du~laration of the same identifjar 
at the same block level . 

T 8 t 11 e r e t u r n - e x p r e s s i on o f a f u n c t i on 111 u s t b e 
of the r equirGd type. 

T9 no dufllicete :ir;entifjors in n forrn2l-p2rarneter Jist . 

T12 gotos must rAfBr t n rlecla r ed lRbeJs . 

T13 expression i n an if-clause mu~t be of type 1 logjcal 1
• 

T14 the expression in an nssignrnent stmt . 111us t be 
converti ble to the type of the vari able . 

T1 5 a pro ce dure call must r e f erence a pr ocedure id. 

T1 6 t he len gths of f ormal - an d a ctual-p a r amete r 
lists must be the equal . 

T17 an actual pa ra meter must be converti ble to the 
type of t he formal pa r am et e r. 

T18 va ri abl e s in expressions mus t have been declared 
as s uch. 

The conj un ction of all these conditions is not 

explicitly de fin e d as a fun cti on th a t can be evaluated . 

1 s e e A p P en d i x D for th e d e f i n i t i on o f I, , t h e i o t a q u a n t i f i er • 
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Rather, i n the cou rse of c onver ting th e syntax fr om 

co ncr ete to abstrac t, if a ny on0 of the c ond itions is 

not satisf ied, then the corre srio nding translat ion 

function will p ro d uce er.£..2.E. , and so fu rther translation 

in this def in.inC) translator r:E asef3 . So , instead 

of h avi ng conditions on the concr nte ~y ntax e xp li citly 

s ta t e d , they a re now J1n n J.i r .i. t :i. n the op er a t i c n of t h e 

tr a nsJa tion fun ctio n s . 

2 . 4.3. 2 Linkerl- Fores t f'~c1nirJulntio n ~_y2tems 

A s li gh tly different, but r oJated, form for the 

;:ibi,tract syn t 2x , An d annlh8r t.1 a y of const r 1ict i ng il, 

h as heen dcsrlbcci by ~u lik(1973). ThRro are three 

fe8tures in · his System[, ~1hir:h hc1ve r10t boen considenid 

yet in th i s su r vey : 1) to al l o1J orhiLny .link s a r ound 

t h e t r e 8 s t r u c tu r e s , 2 ) to ho ve f-'1 ,,r k o v - 1 j k o r 01,1 r it i n g 

r u l e s t o m "' n i o u Li t e t h e s 8 1.i n k P. rJ - f ore:, t ~J t r u c tu r o s , 

a nd 3) to construc t th e 2hst r act :;yntax in ri n r nl l el 

~it h the concroto t oxt hy h2vi ng nmH ll link ed-fo re s t 

manipula tio n systems at 5t r ategic p l aces to check 

c o n text c c nd itionn . 

Allowing ~ r bita ry l inks µo in t~ out £Om o s hortcomin ys 

of the Vi enna Do f .i.n ition metho d thc:: t c onc er n som e 

pa r ticula r contoxt-dercnrl sn t rel ~tion~hips : fer ex~mrlo , 

to r e l ate a g o t n - s t m t. to l he corresponding l 3 be J. , t he 

label to th e c or r esponding p~ ogrnm po int, pro cedu re cal l s 

to procedure dedlaiations, etc . I rli g ress to describe 

the pro tlem , and the so lu tio n attempte d in VD L, in more 

detail. 

The Vienn a Def initi on me t h od handles s uch relations 

by allowing selectors to be elementa ry ob jec t s . The 

re sult of s el ecti ng s u c h a n eJementjry o bject would 

be a further sGlec tor which may bo applied t o s ome 

other tre e n ode which i s already known - s u ch as a 

directory nod e . Fo r ex ampl e, the small ALEX program 

beoin i nteqe r a,b; a :=5 end 

would be repre sented b y t he a bs tr ac t syntax tree of 

Fi gur e 3. 



Here, t he left p a rt of the tree r ep re sen t i ng 

' a :=5 ' is the nawe ' a ', a nd this name is used as a 

selecto r on the ' decl-part ' n oGe to obtai n the 

dec l aration of thi s ide nt if i er ' a ' . 

Th is scheme wor ks we l l for sit uat ion s where, from 

s o m e k n o 1,1 n n o d e , on 1 y on e s e l e c t i on i s n e e de d t o f i n d 

t he requir ed d esti nation . lJ i th labels , tho situc1tio n 

is not ne arl y so eJeganl . In AL EX I have fol l owed the 

idea use d in th e PL/I definition ( Al ber ,1 969 ) in 

c onstructing " declarations " for each lobe .l thc1 t occu r s 

in the gi ven block . This ciPclnration g ives for the 

l abe l a li st nf selectors which when successive l y 

2 ri p 1 i e d t. o t Ii e s t at P. me n t -1 .i s t o f t h a t b .l o c k , 1,1 i 11 
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lo cate the st2tement origi na lly ind ic2ted by thAt l abel . 

S p e 2 k i n g f o r ,n a 11 y t,J i t h r e s p e c t t o l h e A L E X d o f i n i t i o n , 

a label attribute is t h e inte ae r-list 

( .c(.e J c rn ( 1 ) : i 
1
') , l.. e l c rn ( ? ) : i ?.) , , I... e J e in ( n ) : i n) ) • 

Then , if IJ .is the block in which the 1 abo .l is decl c.:, red , 

s . • s . • .•• s . ( s - st.-li st(h)) 
ln ln-1 11 

i s the l abelled statemen t. 

Havi ng to sto r e a vector of se l ectors in this manner 

i s a c u ;11 lJ o r s o m e c on s t r u c t i on , a n d r e s u .l t s f r o m n o t 

havi n g poi11turs that can directly link d i sp0r0te ports 

o f the s y n-\.. ,1 x tre e , as , fo r ex a rn rile , is po s s i b 1 o j_ n 

'Culik ' s (1 973) ' Unked- forest mc1 n ipu l a t .i.o n systems ' . 

In addition to the t r ee st r uctures o f VD L, there 

c an now be a ddition a l directed ed g es of a diffe r ent 

ty pe (ca ll Bd ' pointers ' or ' links ' o r ' designators ') 

t h a t mo r e directly r ef l oc t the context - ssns it iv e 

aspec t s o f t h e p r6 gr~rn . For example , it i s po ss ible 

to re present the short pro gr am of a bove by t he st r ucture 

of Fi gure 4 ( s ati sfyi ng Appendi x M) • . 

Now one of the grea t ad v a nt ages i n h a vin g only pu re 

tr ee st r uct ures i s th a t sub tree r epl a ce ;i, en t and c onst r uct ­

io n i s eas i ly done , a n d gua r a nt eed t o p r o duce a vali d 

r es.ul t. lJith the extr a links , in t he extend e d formalism , 

more ca re must b e t ake n . Cul.1 1<( 1973 ) f ormal l y d e fines 
. . 
a class of I l i nked-for es t ma ni pul a tion system s 1 ( LFMS) : 
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these a re more comp licat ed than subtre e re pl acem-en t 

mechanisms because now more gene r al types of subg raphs 

than trees are being c onsidere d, and also because of the 

linkin g . However, he man c:iqes t o define the !rianip ulation 

s ystem s in such a way that coalPscin g 2 n unchanged 

part of a g r aph with a newly cre ated subgraph causes 

no problems. The formali sm is more properly de s cribed 

in sec t ion 3.6.2.4: where the similarities to f·iarko v 

systems are consid e red in more detc:i il. 

As in the Vienna method, a c oncrc-:te sy n tax is defined 

usi ng a context-free gr urn1nar . But instead of convertin g 

this to an abstr,-ict syntax once the whole program has 

been par s ed , thore is now with each context-free ru le 

a p r o d u c t i on f' o r t h e µ a r a l l cd c on ,3 t r t J c U. o n o f t h e 

abst r a ct- syntax tree. The ALEX definit ion of Appe ndix 

C requir os 29 such pairs of p rod uc t.ions . 

Thi s by its P. l. f would onl y be s u ff icier, t for prod u c­

i n g the abst r act s y n L :1 x j_ f there LI or e no context- s en s i­

t iv e c ondjt i ons: it is just the formalism f ur syntax­

directed transl at ions of CF Jangu ~qos . To check those 

c o ndi tions and translate properly to the abstract 

s y n t a x , w i t h 1 i n k s w h c r e a p p r o p r i ~~ l e , E u :t5. k ( 1 9 7 3 ) 

a s s o c i a t e s w i t h ~: e v e r a l p a i r s o f p r o d Li c t i o n s 2 s m a 11 

linked-forest manipulation syst0m. Those LFr'i Ss oporci te 

on all the abstract syntax derjved from the node with 

which each i s as socia ted, a~d the struct ur e s uitably 

prepar ed, o . g. for intorpret a tion, and in which 

context conditi ons h a ve bee n veri fied , is returned. 

For example, afte r all the context-free sy nt a x for 

a block or proc edu re has boen chose n and constructed, 

there is a LFM S to check that no identifier has been 

declared twice (Appendix C, rule 2.1), to put in links 

( design a tors) from the us es to the declaration of 

identifiers (rules 2 . 2 to 5), to - check that pDrameter 

lists ag ree in number and types (rules 2.7 to 10) . 

S e veral other changes are made so that the resulting 

abstract syntax, with links, is most useful for the 

semantic p ~rt of the definition (eg. rule 2.11, which 

converts decl aratio ns into da ta cells for execution). 

The semantic part will be described in section 3.6 . 2.4 

( see also Appendices Mand N). 



L':J 

2. 5 v an ~ijngaarden orammars 
( 

2.5 .1 Grammars with unrestricted rewriting rule s (type 0)1 

Type D ~ ramm a rs a re tho se with rules of the form 

v :: = w, where v & ware any sentential forms ( v ha v ing 

at least one nonterminal symbol) . Tr adit ion a lly in 

co mp uter sc ience these grammars have been little used . 

Thoy are the most QE:neral phr.::ise-generation grammars ­

being able to produce all recursively enumerable sets , 

and to s imul a te Turing machine s - but being so general 

they have little built-in structure that c a n be system­

atically exploited. A parser, for example, c annot 

represent the derivation structure of a progr a m by a 

s i 111 p l e tree. 

Howev er , b y imposing some discipline on the u se of 

these 'unrestricted' rules , on e can benefit from the 

power of type O sy s tems while h a ving an intelli gibl e 

g r amma r too . One can define a wide variety of predicates 

to del imit v a riou s sets of s trin ys - such as the s ets 

/\,C s uch th.-=i t f~=B, t\if.l , A i s contained in B, or A begins 

with B, Rt e . - that cannot be defined by conte x t - free 

g r c:i rn rn a r s , a n d u ~' e t h e s e s e t p r e d i c a t e s t o j u d i c i o u s 1 y 

Gnforce contex t - sens it ive conditions throu t;J h the grammar. 

It would no l o nger be neces sa ry to have conditions 

written apart from the production rule s , e . g . as in 

Production Sys tems (see se cti on 2 . 4 . 2 , also Appe ndix E) . 
Instead of us ing sot-theoretic notions t o d e fine, for 

example , s ymbo l - t able membership , it ca n now be d one 

syntactic a ll y. 

1 Type O in the Ch oms ky hi e r archy. 
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2.5.2 Gramm a rs with met2syntactic variables 

To pro perl y define a set predicate of the se ction above, 

' A=B' for example , it would be"bes t if it were poss ible 

t o def ine it only once, with A a nd B string variables , 

a n d t h e n a p fl 1 y it to as m a n y p a r t i c \J 1 a r s t r i n g s 8 s r e q u i r e d • 

Becaus e A and O stand for syntactic variables (i. e . 

nonter 11, in a l s ), they will be cc:illed " me tavariablesn, and 

productions which show which ct rin gs of ordinary v ariables 

they can produce are c a lled "rn etap roductions" . An example, 

from AppLndix F, is the predic ate d e finition for A=B 

where NDTETY is WUTETY true. 

tJ i t h t h e m e t a p r o d ll c t i o n s f o r rrn T E T Y t o g e n e r a t e a n y 

ch ara ct e r s tring (po ss ibly empty) : 

[\JO T E T Y I , D T I D f~ ; Er- 1 P T Y • 

NOTI ON CHAR ; NOTION CHAR . 

CHAR : : a b; c etc . 

The pr edi c a te definition i s therefore a · finito abb r ev ­

i a tion for the infinit e nu mbe r of ordin a ry productions 

where i s true . 

where c1 is a 

1,1here b is b 

true . 

t rue. 

where nb is ab : t rue. etc . 

There a ro no productions for 1'where a is b 0
, so "tru en 

c a n never be produced from it. 

2 . 5 . 2 .1 An historical diaression 

Meta variables were introduced in Algol U ( Ba ue r et al , 1968) 

to abbrevi a te the writing of rules for real, double 

precision reaJ , integ e r etc ., but the fir s t lc:irge 

scale use was in t he 1968 d e finiti on of Algal 68 

(v a n Wijn gaa rden et al ., 1968) . Here , again , they 

were used not to describe cont ext -depend encies , but to 

allow the definition by a f inite syntnx of all of an 

infinite number of modes ; of the rules for th e ir valid 

decl a r ation and uses in expre s sions etc. Thus , in a 

finite nu mber of rules and metarules , it was possible 

to defina the matching raf actual and formal parameters 

to a procedure or operator, even though the num ber of 

parameters has no fixed bound. 
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Baker (1 972) q ives a ge neral introduc t i on t o van 

Wijn gaa rden grammars , which use both unrestricted 

retJri t ing ru le s and melavariab.1.es ; a nd one of his 

examples is how pa ram e ter mat ch ing can be defin~d by 

them . ( See , for o,:am pl e , t he ru les fo r " procedu r e cal l " 

and " function c ,0 11 11 in /\ppo ndix F). 

T h e s e f o r m Pt l .i f; 111 s l,I e r e o r .i. g i n 8 J l y d e s i SJ n c d t o 

2bbrevi a te to manageable pro por tions the des c ript i on 

of a l l th e c ontext-free r ules necus3ary fo r a ll the 

modes of proced ur es , s truc tu re s , etc. , thRt a pr oq r am ­

m er 1n .i ~; I 1 t LJ ant t o use in his pro gr am , b ut i t was soon 

re aliseci that the f o rm a l t, ystem was much more po1..t1e r fu l 

th an the 8NF nolation usod in the AJgo l 60 r epo rt 

( f1l;:, u r o t . al . , 1 9 6 :.'.1 ) w her GcJ s i n Chums k y ' s c 18 s ~, i f i c a t .i. on 

8NF i s of t ype 2 , these two-lovel g r ammars a r e of type 

0 ( 5 in lzof f(1 967) , s ee a l so Bake r(1 97 2)). 

At first the cont e x t condition s or AJ go J 60 to do 

w j_ t h ,, v o i rl i n g rn u l t i p J. G d e c J. a r a t i o n s , m a t c h i n ~ u s e w i t h 

~om e preced in g de cl aratio n, e tc ., WAre dofi n ed by 

s pecial 11 con toxt conditions" in En r;.Lish uh i.ch were 

riuitc; separate from tile phrasG-st r ur:tu re f ormalj !,m . 

Those wer e avoi.cir-;cl jn sub:-equent v ersi ons of the 

A 1 ~; o 1 (, 8 r e r10 r t , r c s u 1 t i n ~ i n v F, n U i. j n c.:; ;, 2 r de n e t a 1 , ( 1 9 7 4 ) , 

hy using the 1H~tci -syr.tar.t.i c fe 2tu r r.s to dcf i11e Vclrious 

r r ocli r.rites as ment.ionp d ahove , a nd dcscri r·o d in mo re 

detajJ. be l ow . Appe ndix F givos a de f init i on o f the 

comp l ol e s yn t2 x o f ALEX usi n g t his me tho d . 

2 • 5 • 2 • 2 C on t e x t - rJ e p e n d e n c i e s d B f i r1 e d b v v a n lJ .i i n q a P. r d e n 

qr a mm c1 r s 

Th e enti r e p roce f, S of matching ind e n t i fie rs wit h 

their d oc J ar a tions c an now be cies crib e d in the sy n tax , 

usin g a metav a ri ab le (e. g . "NEST") to st a nd for t h e 

' symbo l table ': it h as motaproductions wh i ch a re 

cap ab l e o f de s crjbing , an d of pas sing on to the descendant 

con s tructs , all the declared inf or mat io n which is 

available a t any particular place in th e p ro gr am . 

In the 1974 de finition of Al gal 68 - which I large l y 

follow in t he ALEX d e finition in Appendix F - 11 NEST" 
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g en e r a t e s a s e q u e n c e o f H L A Y E Rn s , o n e f or e a c h b l o c k ; 

each LAYER bein g a sequ e nce of properties ( PR CPS ) of 

id entifiers . The program 

b E _gj _12 r e a l x , y ; new x has r ea l y h as re a l 

end 

.. 
beqi n i nte oe r x; --- __ _.__ 

end 

new x has re a l y h as re a l new x has 
int ege r 

pro gra m NES T 

r e q u i r e s , t h e n , f o r e a c h b 1 o r. k t h e n ~J E S T II s i n d i c 2 t e d • 

In the ge nera tion of a \/ a J id "pro gra m", :i,~E::,T 11 is 

fi r s t exoa nd ed t o g iv e 2Jl the v ari ables re quired , 

to ge th e r with thei r des ir ed attributes . Now onn of the 

fe atur8s of va n lJij n gaa rd e n g r cimrnars is th a t st r.in (Js 

ge ne rated may be Gas iJy c op ied. In the p re se nt situation, 

o n e copy of the II I\J EST 11 is used t o con s t r u c t ?. 11 th e 

decl a r Rtions, and ot h e r copies a r e pass ed d own the 

deriv a ti on tree wherove r an idehtifier will be genera t ed . 

S o tJ e h a v e II rJ [ S T s t a t em e n t " , " I~ E S T a s s i SJr1ffl e n t 11 
, t h e n , 

f o r ox a m p l e , 11 r o cd N E S T e x p r e s s i on 11 , " r e a 1 [ff ~. T u n a r y 11 

etc . , fin r1 lly d o1,_1 n to 11 rc=u:ol [\JES T iden ti fier" . Product­

ions for "T YPE ~JE ST id e nt.if.ie r 11 mu s t then qene r ate some 

iden b fi e r " IU 11 s uch that 11 J [J 11 h a,-; a v a lid nTYPE 11 in 

t h e " r-.J E S T II o f t h i s p l a c e i n t h e d e r i v a t i o n t r e e • T o ci o 

thi s , the ALEX d8finition inc l udes the s ch eme 

TYPE NES T identifier : ID to ke n, 

LJhere ID h c1 s TY PE fro m NES T. 

The nr o token" gene rates the i dentifie r repre s ent a t i on, 

an d the 11 wheren cla use i s a pr e dic ate . The "where •• 

has •• from •• 11 i s de fin ed in Appendix Fin the se ction 

ttid e nti fie r s ". 

Extensiv e us e is ma de of such predic ates . The s e 

are st rings of vari a bles ( a nd meta var i ab les) which are 

deliber a tely made to yield bl i nd a ll e ys whe n c e rt a in 

condit io ns are not me t, an d yie ld empt y t ermina l pro­

duction s otherwi s e. Only if th ey produce tttrue 11
, 

w h i c h p r o d u c e s 11 U l P TY II t h e d i s a pp e a r a n c e o f t h e 
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pr edi c a t0, will a va lid pro gram be p r oduce d. There are 

no cth er ter mi n a l productio ns of a predicate apa r t f ro m th e 

emp t y s tr i n g : on ly bl ind a ll eyij contai nin g some non ­

ter mi n a ls. 

All thi s may s eem excess iv e ly complica t ed , but it 

has be en f:uccessfully use d for a larqe scale lan 9 uag e 

s uch as Algal 68 . In that c ase, the ~i s ciplined use of 

type O pr oducti on s ( i . e . on e s y i e 1 ding [ f·! PT Y i r r ed u c i b 1 y) 

h as g iv e n a co nc ise fo rma l definition of the c ontextua l 

con ditions, c 1.1 e n thou gh the l 2 ngua ge has bee n influenced 

to some extent by this method of definitio n. 

One f ca b1re that o ids ou r fo llowing the def i nition 

i s the EngJish - like names of the pr edi c ates . Onc e a 

p er so n knnws, f o r examriJe, th at the r' redjc2te 11 diffe rs 

f r o m II h a s b e e n f o r rn <' 1 .l y d e f i n e d , i t s f u r t h e r d e t a i 1 s 

c1 re not so i mpo r t3nt for him . For the c ompile r-w rite r 

t oo : he could dir ect Jy de fin0 the ri r edicate in t e rms 

of, say, ma ch in e primitives. Koster (1 969 ,1 97 1 a ,b) shows 

how in ge ner a l to con st ruct procedures from rul es wit h 

niota va riables . 8 ut for ' ob v ious ' predicates it would 

be mo r o effi cie nt to ig n ore the details of the form a J. 

d efinit i o n to i nst ea d i n te rp ret t hem directl y. Of course, 

some p r edicRtes a re n ot so obvi o us : the Al~ol 68 

defi nition makes ex t ens ive us e of the s e in defini n g more 

r.o mp 1 8X c ond_itions such a s th e equ iv " l ence or n on­

equivalence of modes , an d ope r a tor identification , etc . 

( seo section 7 of v2n Wij ngaa r de n et a l.,1 974 ). But 

t hese a re still given names meaningful in Engli s h . 
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2. 6 Conclu s ion 

On th e basis of the a r gume nts that have been gi ven, 

I c onclu de that the fir s t fc ~r me thods surveyed -

c on tex - sen s iti ve , sc a tte r ed-cont e xt, pro tir am me d, and 

pro perty gra mmars - are e ith e r too we a k f or, or un a b le 

to express i n a r ea so n ab le nu mhe r of rule s , the context 

c onditio ns o f a me diu m- s ized J 2 n g ua g e such as 

Algal or ALE X. 

The re ma inin g form a lisms c 2 n be divided into tw o 

bro a d g r oup s - tho s e which us e ordinary ma th e matic s 

( e . g . inc luding set th e ory ), a nd tho s e which us e 

unr es tricted rewritin g rules wi t h me tav a ri ab les, to 

de s c r ibe th e ne ce ssa ry context c o nd iti.ons . In th e former , 

th e re are gr amma r s us in g inh e rit e d a nd d e riv e d a ttr i butes , 

Pr od uct i on Sy s t e ms , a nd the Vie nn a Definiti o n meth od. 

In the 1 2. t e r g r oup th ore a r e t h e va n lJijn gc3a rden gr a mmars , 

w h i l e t h e L i n k e d - f o r e s t f· i a n i p u l a t i o n :3 y s t ems o a n b e 

l oo ke d up o n as a cr oss be tween t he two gr ou ps . 

The gr o u rs h a ve t he i r ch a r a ct e ri s tic a dv a nt ayus and 

di s a d va nt age s. The va n lJ i j ngaardo n g r amma r s havo t h e 

a dv r1 nt ag e of s t a yin c::: clo s e to th e b as ic n ot i o n of' G 

synt ec tic gr ;:,mrna r f o r , h ra s e- s tr uct ure L-1n quag es ari d 

stiJl .includin g th e r eq uired c o n tex tu r1 l c ondition s . 

Ho L,1 F! v Pr, b e i n g 2. de f j n .it i on on] y of the s ynt a x , t he re 

i s no e as y t,1 c1y of f o r rn2 lly a t tc1c h ing th e sema nt i c s of 

the l a ng uage be in g spe c i fied. Jn the Al gol 68 re r ort 

(v a n lJijng aa rden e t a l .,1 96 8 ) t h is is don e by as so ciat ­

in q En glish ' s emantic s ' se c ti on s afte r e a ch section of 

synt a x rul es - foll owin g her e the Alga). 60 r ep ort ( Na ur 

et a l.,1 963 ). Th is may be quite r ea d~ ble, but, c omp a red 

wit h what h a s been atta ined i n some oth e r me thod s , it 

should be poss ible to make th is ass ociation more f ormal. 

Tho s e sch e mes , for e xam pl e the Vienn a Definition 

me tho d or the Li n ked-fo r est Mani pulation Syst em s, which 

def ine tr a ns form a tio ns from ' conc rete' to ' ab s t r ac t' 

syntaxes ha ve advantages th at are d iffer en t than those of the van 

lJijn ga ar den grammars . They a r e mor e satisfactory whe n 

for ma l de f i nition s of sema nti cs or algorithmi c a na ly s es 

are to be included in the ov e r a ll definiti on, a s will be 

prop e rly seen in t he ne x t ch a pter. The ' abstract 



syntax ', in which context conditions have been confirmed, 

i s a useful i n t erm ediat e structure ( see se cti o n 2 .4.3). 

Howeve r, for someone who only WAnts a speci fi catio n of 

syntax, finding the answer t o even a simple question 

( e.g . whethrH, in PL /I, labels are a .1 low e d on 11 decla re 11 

statements) can involve prolonged fathoming of the 

translation functL---,ns . For they a r e mathematice lly stated 

in such a way th 2 t one n eeds to b e fu lly acquainterl 

with the structures being a n a ly se d and reconstructed 

at each stage in or d er to be abl e to follow the trans ­

l at ion of the so rt of pro gram in which one is inter ­

ested . For sorneo nA not so initi ate d, th e Vienn a Definition 

Lanouage is p r a cti ca lly op aque , and definitions us ing 

it ( e.g. Appe ndices D & I, or the PL/I definition of 

lJ ;:ilk et 8 ]. 1 1 969 ) are unusable in ma ny cases. I consider 

that a scheme should be of the so rt wh ere , if someone 

k n o tiJ s o n l y a p a r t o f t h e m 8 t h o r:J a n d ~, t r , ; c t u r e s i n v o J. \I e d , 

one can understand o t least .a proportionnl p a rt of 

a rlcfini tio n using them . For this , it hGlrs if En gJi s h 

na mes with I obvious I mea nin g!, nre u se d, rathC?.r thon 

l or~lG a mou nts of m2thernaticc1l notqtion which may be 

h 2 rd to ri:=ia d. 



3 . 1 In troductio n 

Sema n tics is concAr nerl with meR n i n g, a nd whe n one 

s t urlies the semantics of pro~r amm i n g languages , on e is 

c oncer n ed wit h t he mea n i n g o f prog r ams eithe r as th eir 

' effect ' o r as t heir 'v alue ' ths r e a r e d i f f erent ways 

of repre~enti ng me 2 n i n g . 

3 6 · 

S e m a n t i r. i- h e o r y i s a s o m e t,J h a t 1 r, s s cJ e v e .1 op e d s u h j e c t 

c ompar e d t<iith th e theory of syntax , anrl as yet the r e a r e 

n o d i r e c t a p r 1 i c a t i o n s o f s e rr, n n t i c t h e o r y 1,1 h i c h h ,:-i v e 

the import anc e, s a½ of syntactic theory in compiler 

con s truction. Howo v Rr , semantic theory is not being 

n eg l ecte d, and thero a re sever a l important l ong-range 

goals : 

1 ) t o h e l r i n t h e j n \I e t, t i g a t i on o f Urn p r o p e r t i e s o f 

srerific p r ogr~ms, and in constructjng proofs o f 

c orrectn ess of given proqrams , 

2 ) to help in the desjgn and ovaluation o f langu age s , 

3 ) to l ead to method n for the complete form a J definition 

of pro~rArnrning l 2 nq uages , to be used as a re f erence 

h y t h e c o rn p i 1 e r 1,1 r i t er a n d t h e p r o ~ r a m rn 8 r , a n d f o r 

standardisatio n purposes , 

4 ) in c omhinatio n wit h the f orma J studies o f mRchi ne 

operation s , tc help in th-e const r uction o f compi l e rs. 

The f orm of a sema ntic definition depe nds very mu c h 

on h ow on e c onc ei ves 11 mea ning 11 : va ri ous a l te r n .1 t iv e s a r e 

p oss i ble, a nd one can d i s tin g uis h fiv ~ ma in typ es of meanin g , 

as we ll as a s che me modelle d on sy nt"a c t ic s ystems : 

1) na tur a l s e ma ntic s 

2 ) co mpil e r se ma nt i c s 

3 ) structur a l sem a nti cs 

4) f un ction a l se ma nti cs 

5 ) propo s it io na l s e ma ntics 

6 ) s em a ntic s based o n st rin g r ewritin g rules, 

i n o rd er o f i ncre as in gly for ma l na t ure . Ho we v e r , t he 

mo s t for ma l de finit io ns t e nd to be the le as t r e2 da ble 

a nd us eful , s o the t ypes of sema nt ics will not be 

d is c us s ed in the ord e r a b ove. 
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3.2 Natura) semAntics 

N3tu r al meani ngs are those we use e very day to t hink 

with, but unfortunately the sciences have not giver: us;:, 

good thooretical hold on t hem . Ev on so , t hey a re still 

r elevant for pro ~rammin g l ang u age definition. For if 

we arG to ccrne to understand c::iny def'i.nition, jt rnust lJ8 

r em err. ! . c r e d t h a t o t ir v EH y u n d e r s t a r 1 d i n g p r e f; u pp o s e s t h e s e 

' natur 8 1 rnean.i.ngr, '. Everyone l..,ho usRs a pro ~r;:-irnming 

l .c· n IJ t 1 c1 ~.Jo must hove Rn in f' o r m c1 l cl c s r j p t ion of this 

l a n g u 2 g o i n h .i. s m .i n d ; o t h e nii s G h c c o u l d n o t us e t h e 

lan guage . There is no question th at thr,se info r m2J 

descriptions a re probably different f' o r different reople , 

Anrl that lhey wiJl differ from any for m2 l doscriotio n . 

0 u t i n t h e e n d , c1 n y 1 a n ~1 u a q 8 d e f i n i t i on f a i J ::; o r p r e v a i J s 

according to how well it conveys our intuitive ide ;is 

c.,bou t the Jan ~JLJcwe. Thus nven in formaJ semantics one 

should always kesp an eye on how pc0rJe in t uitively 

u n d n r s ton d \ c.1 n IJ u D g R s . Th P. i r inf or m ;:d under s t c1 n ci :i. n g 1,1 iJ. l 

of cour ~e differ ~reat ly, as Wau r(1 964 ) remc1rks , frnm tho 

f ormal description of an y compiJer, so th at i t i.s not 

very convenient to refflr the proqrc.1rr.mer to lho listing 

of thn Gompi Jer c1nd tell him tn an~wnr his own quRstions . 

A mora easily unde rstood def initjnn couJd be based 9 for 

e x a rn p J e , o n t h e h i e r a r c h .i. G a l s r, e c i f i c ;, t i o n o f r r o p e r t j c s 

cm d a c tj ons o f 11 r o g r am s t r ll c t u r e s : t h i s i s t h e b 2 s i :, o f' 

' structured p r ogr~mming '. Late r it will be se8n how 

differer,~ de f inition methods c ompare in this resp e ct . 

3 . 2 . 1 Natu ral l anquao e semantics 

Pa r t wa y i n r ig our hetween a pe r son' s intuitive 

unde rs t a ndin g and a for mal definition , th e re a r e t he 

n at ur a ) languages : Eng l ish in this ca~e . Using natural 

l a n guages has bee n the rnos t c ommon way of describ in g 

pro gr amm ing l a nguages - f amilia r to every one who has 

exp e r ien ce wi th pro g r amming ma nu a ls etc . These may 

ra~ ge fr om an i nf or ma l intr od uction to tryin g to spe c ify 

t h e l ang uag e as complete ly as possible (f or an e x amp le, 

u s in g PL/I, see IBM (1 970)). With care one ca n ob t a in 

re asonable p r ecision using English as a met a language 

especia lly if use d in c onju nction with some mo re formal 

schem e fo r syntax . 
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Note th a t th is con junction o f English a nd form a l 

syntax can be crafti ly arra n ge d to great l y help the 

re a dabili ty. So th o Al go l 6 0 rc~ort can hav e 1 t he s y mb o l s used 

for disti n g uishin g the metalinguisti c vn r iables have been 

c h o s c n t o b e t ,J o r d s d c s c r i b .i n q a r p r o x L:i m a t e 1 y t h e n 8 t u r e 

of t he corres pond ing var i able . Whore words which h a ve 

app8 2red in thj s inc1nnc r ar e u sP.cl Rlscuh or e .i_ n t he text 

t hey will refer to the corre sponcJi n g synbictic definition. 1 

D u n c <1 n ( 1 9 6 Li ) c o n t. c n d s t h a t i t .i :; t h i s c o n \/ G n t. i on w h i c h 

has CJi ve n the [3c:ckus notation its value : ' by mecins of 

it , a l,, o r cJ c on lie us c rl as a rn r: t :=i id en t i f .i er ,·' n d be man j p­

u _l at. c cl form 8 J l y uh j_ J e D t t h e s a 111 e t _i rn e j t can be u ~: e d 

in the natur o l l anguRQ8 tex t and Pven undergo i nfJ.exion. 

For EJX~mp le , you ca n hove the uorrJ 11 .l ab rd " in t he syntc1x , 

c1 n d y o u can s a y 11 1 ,i he l s 11 , 11 t o J ,' h o l 11 , " l n be l l n g 11 
, 

11 
_l o b o l -

c d 11, 11 un lnbel ed 11 , etc . ' i n the textual definit i o n rif the 

semc::ntjcs . S uc h is th o pnL.Je r of nnLu r c:il .ln ng1Jage th8t 

c c1 n be omploy8d . 

8otur n j n c to natur ;; l l2n~1112qPs in g0nor2l : they a r e 

easy fo r ~ to unclersL1nd bec2.u~.o they a re ir1f'orrna l, nnrl 

much of' L.Jhat the:y say .i.s tacit, not exf) .l icjt , Sr.l1uattz 

( 1 9 7 () ) 11 o i n t s out t h n t uh at on e f i 11 d s in ;:i pr o gr , 1 m rn i. r 1 g 

la n ~; u ::: CJ e mu nu ;_1 .l i ~, o 1 rn o s t n o \/ o r n r, y s torn o U c form 2. I 

de f i n j t i on o f t h e t:1 e ~111 i n ~; o f p r o o r c: • r.1 s • I r 1 s t c n d , on e f i n d s 

a defin it ion havi n g a strongly oxpos itory f lovou r , in 

. .. 

tJ h i c h c e r t ;i .i n ~. a l i c n t f e c t u r e s m ;:i y b e s e t f o r t h L.J i t h 

rel r1t iv e c a r e , bu t in which mur.h is su~Jc;)031-.8rl ra the r th ,1 n 

stated and left f or t he reader, guided by cortain princ i­

ples of naturalne ss e nd minimu m su r prise, to supply by 

deducti on . 8y t he ir natu re , definitions u s jn g na tur 81 

l a n g unges a r e extremeJy difficult to pro ces s mech an ically , 

e v en hy pothetically. For a natur a l langu age itsel f 

i ncor por a tes a hu ge a nd not - f o r mally- an a ly se d body of 

tools , an d we a r e still s o fa r from being able to 

treat them for rno l ly , especia l ly i n reg a rd to t hei r sema nti c 

pr op e r ties , th a t we h a ve no way of processing such def ­

in itions , even in p r i nciple . That i s , ev e n i f gjven what 

p ur po rt s to be a com pl et e natural l a ngua ge d e finition o f 

a pr ogramming l onguage, ther e is not yet a ny pr ogr a mmab l e 
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way either of verifying its compl e teness, or of mechanically 

tran sform ing it into a co mpl i e r or a n interpreter for the 

languag e , or of mochanically d e termining whether a ny g iven 

compil e r does in fact r eal i se the object defined orig­

inally. 

A definitional sc he me ide al ly should a id us in ri s ing 

fr om simp li c it y to c omplexit y, and t herefore a meta ­

lan guage sh ould be simp ler than the l ang u a(J e that it js 

being used to def ine . Alt hou gh natu r a l lan guages s e em simple 

for us, they are ver y complex for computer s , a nd so quite 

unsuit ab le in a mechanicaJ world . 

3.2 . 2 Sema ntics b y compilers 

lt i s po ssible to r egard defining a pro grammin g 

lan guage by a co mpile r as giving its moaniny : by tr a ns l at ­

in g pro grams into another l anguaye who se sema ntic s is 

k n own - us ually a machine l a n guaqe for a n actua l or a 

hyp otheti c a l machine . For excJmpl os , see Fclcl rna n(196F.i), 

Garwick(1964), Ni va t and Nolin (1 9G4 ), or Wirth and Webe r 

(1 966 ),( a l s o section 3.6 . 3 ). 

Using c ornpi1 r,,r semc.intics ass umes that the exect1tion-

t i me t- e 111 ant ic s of the b i r ge t la n g u a~; e i s g j v e n as c=, p r .i rn i­

t i v e in t e r ms o f which sour ca l ansuages may be de fin ed . 

This al lows ma ny of the more co mplicated aspe cts uf th e 

lan g ua ge to be treated only once, at com pile-ti me , by 

algorithms which a re guaran t ee d to termin8te (t he act ual 

methods of tre atme nt will be di s cussed in s ectio n 3 . 5 .1). 

However, especially from the theoretical vi ewpoint , 

defini ti ons of lan g ua ges by their compilers cann o t be 

r egarded as satisfactory for se v e ral rR as ons . One is that 

it onJ.y postpones the difficult problem of defining the 

basic interpretation of some com p utin~ lan guage. And , as 

Wegner (1 972) note s , a compiler by itself only gives the 

rel at ion between the source lan g u ag e and the target langua ge : 

it rarely gi v es anyo ne insight into the es s ential na ture of 

the former . Because , too, compilers are us ually h ea vily 

involved ~ith lan gu age-irrelev a nt machine details , the best 

sch eme would probably be a compiJ.er-independent definition , 

and then one or more co mpilers can be con st ructed whi ch 

satisfy this d e finit io n of the l ang uage. 
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3.3 Propositi onal semantics 

Propositional meanings are those repre se nted by well­

form ed for mulae in some s yste m of lo ~ical calculus. Each 

formula repre s ents some statement, who se trutl1 or falsity 

i s explicitly asserted. In such asser tion s, all context­

de pende nt mean in gs have been r emoved : each for mula repre sents 

a statement stand in g alone with fixed ( proposit ion a l) mea n­

ing. The theories of formal logic such as the propos itiional 

or pre dicat e calculi h a ve be e n developed to great depths 

by lo gici ans ( see Mendelso n, 1964, for example). 

When it co mes to d efin ing programm ing l ang uages by 

prop osi tion a l me anings, though, the difficulties are mu ch 

mo re formidable. La r gely because of their size , as yet 

no-on e has define d a whole lan guag e in this way: these 

meanings have more been use d, to date at l eas t, in looking 

at the meanin gs of p2r ticular programs. For e xample, many 

inv estigat ors have look ed into t he problems of prov ing 

th at a particular program corr e ctly c alcula t es som e gi ven 

func tio n. 

The fir s t s i gnifi cant wor k in this field is th a t of 

Flo yd (1967). His method, app li ed to simple flowchart 

pro grams, con s ists of attac hin g predicate s , using the 

values of t he pro gram 1 s variables , to the edges of the 

flo wchart. Th ese predicates are therefore attached between 

every two success ive statements , and at the s t ar t and end of 

the program, an d are desig ned· to specify the se t of all states 

t hat may occur whe~ control passes along that edge of the 

flowchart. The predicate with the input d e fines the domain 

of the pro gram consid e red as a function, and the predicate 

as s ociated with the output edge defines the set of all 

output states that may occur when the program terminates. 

The a ssertions repr esented by the s e predicates are then 

proved to have the property that whenever the control 

reaches any part icul ar point in the program, the assertion 

attached to th a t point will be true. Cl earl y if the 

ass e rtions have this propert y then whenever the program 

stops, the la s t assertion will be true. Since this last 

assertion is some statement about the expected results 

of running the progr a m, it will have been proved that the 

results do in de ed satisfy this statement for allowed inputs. 
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Floyd(1967) showed th a t the proof that the assertions 

attach e d do have the r eq uired property could be done on 

tho basis of local tests . In fact,- it .is suf ficient to 

show thRt the a s sertions attRched before and after eAch 

statement s2tisfy some condition rel a ted to the sem~nti cs 

of that statement . Ashcro ft(1 972 ) c al l s th is conditi on 

t h e:i II v er i f i c ation con di ti o ri ' for t hot pa rt i c,, l 2 r stat e r.1e n t. 

If this verifination condition is can~istent and complete 

then it c nnt ains a great doal of inf ormation about the 

state ~o nt , end Ashcroft(1972) wonders whethe r it could 

itself ~e considered as a definition of tha semantics 

of thu statement : "If there is 2 rule for const rt1 cting 

consistent vnd ~nmp J ete verification conditions, for 211 

· p o s s j tJ l e s ta t em e n t s o f a g i v o n t. y p e t h e n t I 1 .i. s r u J. e c a n 

be con si de red to be a ~emanti c defi nition of this type 

o f s t ;:1 t em e n t • 1 n t h e s i m p 1 e f l o t,1 c h n r t c a s e t h e ex e c u t i o n 

of' 2ny r ro gr am consists only of the succes siv e exect,tion 

of statements , and the r ules· for each typo of s tate r;ie nt 

suffice 2s n semanti c definiti.on of the Lrn o uage . 11 He 

says, howeve r, that this ide a of defining a lan guaoe v i a 

verification conditions h:1s not caught on . 

As disc usse d below, there are d ouhts about the 

adequ~cy of this approach for c ompute r science , hul it 

deserves to be devoloped logically . Most work on the 

compute r sc.ie nce si de has been in proofs by ' ind L' ctive 

assert ions ', as Floyd ' s met hod has been na med . See , for 

exam pJe , Hoa r e(1 97 1b) and London(197 2 ) for act ual n ro ofs , 

and London (1 97 1) for a comparison of vario us such appli c ­

ations . 

Mo re efficient proofs resu l t if more gene r al rel at ions 

are formalised conce r ning lar ge r - scale steps in the pro­

gram , as it is a commo n fai l ing of proo f techniques in 

predicate c a lculus to ge t lost in a maze of parti a l 

de r iv a tions : to be continua l ly rediscove r in g and mis ­

a ppl ying tr ivial lemmas . Fl oyd ' s origina l method has been 

deve l oped by Man na(1969 , 1971 ), Manna a nd Llaldinger(197 1 ) , 

and by Hoa r e ( 1969 ,1 971a) : these invest i gators conside r 

as more impo r tant corr ectne ss conditions for a whole 

prpgram, or signif i ca nt section of a pr ogram , That is , 

they l oo k f or input- output specification s fo r that p r ogram, 



wor k in g fr om the co n cep t of ' mea n i n g ' as a c or r ectness 

c r i t e r i on 1,1 h i c h c o n s t i t u t e s a n o c o s s a r y o n d s u f f' i c i G n t 

c onditi on fo r the rnogram t o r e?l i se 8 given ft!nctio n. 

By r e ly ing J ess on the pictu r e of assert i ons 2 ttached 

to ed ges of flowchar t s , i t has b08n found possible to 

t r e 3 t l n n g u a ~: a s w h i c h a t f i r s t cl i d n o t s e em a rn e n n h l e 

t o F J o y d I s m o t h o cl , s u c h o s l a n ~J u a ~J e s i n v o J v i n 1J r e c u r s -

i on ( f·1onna and Pnuolj , 1 g70 ). f\s w0ll as s.i.rnple fJ.01,1 -

cha r t lan gL1,~qe s , ;:,nd sirnp le r cc11rsive l;:-,n gunges , the 

method has b8on applied to non-d etR rmini sti c pro gra ms 

( 1''18 11 n a 1 9 7 0 ) ,, n d p () r a J l e l p r o gr a rri s ( A s h c r o f t a n d f',. , an n a 

1 9 7 1 ) • T e c Ii n 5. q u e s h c:i v e b e e n i n v 8 s t i g 8 t e d f' o r s y n t h e s -

i z .i n ~1 p r o g r 2 Jrl s f r o rn t h e .i. r j n p u t - o u t p u t s p o c i f i c a t .i on : 

f·1 ;:i n n a a n d U c1 l d j n ~J e r ( 1 9 ? 1 ) • 

T h or e 8 r e r e n ~ ons , h OL,J c v e r , w h y t h i s f or m o f s e m-

~2 

antic definition - by input - output specificatio ns - i~ 

n o t a 1 t o o e L h c r s u i t a b l e as a u n i v er s 8 1 n or rn cJ l f o r m f or 

s p e c i f' y i 11 g -t h e :~ em an tj c ~ o f p r o q r n rn r:i i n g Lrn (,J u a ~ e s • T 11 e 

p r o o f s rn us t f i r s t as s u ill o l h ~ t t h c p r o ~ r a rn t G r m i n a t F? s : 

o t h e r w .i. s e i t i t, u s 8 .l 8 s s t o t a J k o f a n y .i. n p u t - o u t. p u t 

r el;-:d,.i.ons . Programrninq .lan9u3gfrn i n gerq..!rc'll have an 

u n de c i d c'l b J e h a J t i n g p r o l, J 8 m , s o l ,r h i l e t h c r e a r e p r o o f s 

for rrn r ticuLn prnrJrnrn,, t hat are know n to ternd na tf~ , 

Urnre c an be nn. gener,11 dof j ni tion o f the ni c2,nj n~1s of 

a 1 1 p o s s i b l e r r o g r urns i n s o me rn o qr a mm i n g 1 a r I g l 1c1 CJ c, • 

But one can talk o f lhe meaning o f a pro Gram even if 

i t does not terminate , be c ause , fo r examp l e ,~ i t may 

p r i nt ou t i nte r mediate res ult s i n a pe rf ectl y we ll-de~ 

ined ma nn e r. 

Sec ondly, i nput- outpu t s e man t i c s reg a rd al l p r o­

g r ams which re al i s e th e same f 11nction as equ iv a l e nt . 

Th i s i s very g ood f or t he logic ia n, but t he c omp ut e r 
/ 

scientist i s mo re o f te n int e r este d in the pr ob l em s of 

r ep r es ent at i on of pr og r ams in different pr og r a mmin g 

l a ngu ag es , or in the di f ferenc es of i mpl em ent a tion 

in va rious sys t ems . The s e probl em s are not part of t h e 

l ogic a l s pe cification of the pro grams, but they a re 

n o t tot a lly irrelev a n t in s em a ntics , and they are es p­

eci a lly not irrelev nnt d u r in g th e a pplic a tion of s e m­

antic theory . 



Input-output definitions using propositional sem­

antic s are non-constructive definitions : rather than 

explicitly giving sequenc e s of op erations, they only 
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state the essential constraints th a t must be satisfied 

by all allowable sequencos. In the repre s entation and 

implementation of progr am s, on th e other h2nd, the a im 

is to specify each operation as de finitely as possible. 

Th ere are many rese a rche r s, ho e ve r, who are rnech-

anically minded, and who s e e prop os itional mea nings as 

the only type ultimately sa tisf actory, so the standing 

of propositional meanin gs should be expected to impr­

ove eventually . 



3.4 Functional semantics 

Definj_ng a pr ogram by functional semantics co nsists 

o f s p e c i f y i n g t.J h a t p a r t i a l f u n c t i o n t h e p r o gr a rr1 d e n o t e s 

b y d e f i n i ng thi s func tio n in terms of the f unct ions 

d e noted by the s ut 1pr1 rt s of the r ro gra rn . Comparfld with 
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the c omputa tional Method ( to be di scussed in nnre de ­

tail in secti on ~.6, hut i n esse nc e consisti n g of specify­

ing how the i nd ividua l c omp utatio ns of the pro ~r aM a re 

carried out), th e fun ction c1 J method is muc h more 2c cept­

abl e mathematica l ly it o ive s s tr1Je m2thematica l mode l 

o f the pro qrammin g l a ngua ge . This is 

tho theory of fu nctional applicatio n 

.L,rgely bec;;:i use 

is a br nnch of 

m a t h o m ,:it, i c s tJ h i c h i s r e as n n a b l y t,.1 e 11 L I n d E r s t o o d , a n d 

.i t i s f a r h a r d e r t o d e m n n s t. r cl t e t h a t t tJ o rn 2 c h i n c, s t.J i t h 

same resul t diffBrent c omma nd sRqt1e nces produce the 

t h a n i t i s t o r r o v e t h ,1 t t t J o f u n c t i o n a l 

r e fJ r e s en t t_h e s a in e ,1 a .l u e • 

expres~~io ns 

Th e n e 11 r. r 2 l 2 j_ m i n us j n ~! f t Inc t .i. on 2 1 mean i n ci i, to 

define or n~ r~ms is therefore to r e0a r d the whoJe p r o­

~rnm as 2n expr e~ninn - in it s most neneral sense as~ 

f IJ n r:: t j_ 0 n Of it P C Cl n c3 t, it UC n t V cl r L=1 b .l 8 S - \,I h O '.3 e V :.:i ] U 8 i S 

t o b e f o u n d • B e c a u s e t h e s i rn p J. n s t. s o r t o f c o in p u t e r i s 

a t le as t a soquenr,o o f c omrna ncls , the c omposition of 

f unctions needs t o be con s .i_ciered , and this comp os j ti on 

gives un r.xr, re ssion tJhic h is the (ft incti onn .1.) 1nea n i ng 

o f th e t,1ho l e pr oorcon,. To defi ne, then, a ~, i mp l e pr o­

g r amming J a nguage , the rul es for con·s tructino the fun­

ction co r r espo nd i ng to each c o~m and coul d be given . 

This is do ne, for examp le, by Maurer(1972 ), who regards 

these f unctio ns as a furth e r product of the BNF g r am mar 

which de f i nes the s yntax of the pro gr am . (As s ee n in 

se ction 2 .4. 2 , t his extra machiner y c i n be use d to 

check various co n tex t-d e p e nd e nt c onditions too). Ma urer 

(197 2 ) g iv es a d esc ri ption of pa rts of Fortr a n II with 

meanin gs by funct i ons. Hi s su bs et includ e s assi g nments, 

a rith metic expressions, IF, GO TO, and DO s t ateme nts, 

and s t atement sequences . Ho we ver, he does not con s ider 

s ubroutines or par ame t e rs: the se req uire an extended 

f ormali sm to r e pr ese nt in fun c t i on a l sema ntics, a nd 

th a t found most use ful has bee n the l amb da calculus. 
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3.4.1 The l 2mbda calculus 

The la mbda c 2lc ulus has been extensively investigated 

in mathematics ( se e, e.g. Churcr.:,1941) before it was 

introduced for use in definin g programmi n g semantics, 

fir s t in the LISP l anguage ( McCa rthy et al., 1962 ). 

We gner(19 6B , s ections 3.5 - 3.10) gives a gene r a l 

in troducti on to the la~bda c al culus f o r co mp ute r 

science. 

As a start tow2r ds the theoret i ca l sema ntic s of 

pr og r amm in g l a nguage s using the l ambda c a lculus , 

La ndin(1 9643 ) used it for modelling just the a ri th ­

metic expre ssi ons that occtir in pr og r ams . Th at is, he 

mode led the three 1,1 2 ys of con st ructin o cx r ressions : 

1) by for min g larnb da -Px pres s i ons ( e . g . in the c ase 

wh e re t he ex pressi on c ontains forma l pa ram e ters, or 

where a n a ux ili a ry function i s bein g inv oked ) ; 

2) by f o r ming op er a t or-oper a nd co mb inati ons f o r 

infi x a r ith~eti c opAr ato r s ; and 3 ) by for min g l ist s 

of exrr ess i o ns for par2mete r l ists . He used t he term 

" applic2ti v e expression " to ci esc r.i.he t he ge ner 2 l 11c1tur e 

of the s e con st r uctions , a nd des crib e d a n ab strc1ct 

mach.ine ( the 11 SECD 11 ) for e va l uating the 2f)plicc1tive 

expressions in a ny par ticul a r e nvironment. 

Since l a n guagos are more th o n ju s t exp res sio n s -

con tai n ing assignme nt s , gotos a nd l oops too - it is 

mor e difficult to de s cribe a full l a ng uag e usin g funct ­

i onal meanings re pre se nted by l amb d a _ c a lculus exp r es s­

ion s . La ndin(19 64 b ,19 65 ) has t o ex tend the calculus to 

t ak e imperative f eatures of lan g ua g e s into a ccount. 

Jumps are now tak a n care of by treatjng them as proced­

ure call s - except, however, th a t this will not work 

with an 'unn atu r a l' jump into a compu~d statement whe re 

a 'natural' exit is expected. Consider, for ex~ mp le 

if b then begi n ... ; l:s ••• end el se ooto l -- --- -
This s ort of situation i s a problem, too, with 

other method s of defining Algal-like languages 

(see also se ction 3.6.3.1). It is a c ase of the tree 

s t ructure of the pro gr a m bein g seri ously disturbed by 

by gotos - so Landin(1964b) ar gu es that I there ;ire s ome 



grouncis for blaming l\lgol 60 r athe r t han our mode l'. 

To d ea l tJith a ss i ~Jn111e nt , both the noti on of 

appl i cati ve express ion and the st ri 1ct. ure of the ev a l­

ua ti ng machine a re extende d. T~is is r eal ly admitting 

t h ;:i t fun cti o n ;::i l mecinings a r e in;;idequate to des crib e the 

f u 11 r an g e o f 2 s s i g n rn e n t s and c o r1 t r n l s tater.; en t. s 5. n 2 

modern pro~;r arnm:i. n g l a ng uage : bec2t 1s e one has to bu il d 

t h em i n t a a m o. c h i n e , a p P. r a t i n g i 1·1 fJ e r ;:; t i.. v e .l y r a t h e r t h a n 

p ur Rly functi onAl ly , instead of trea tin g them i n 2 

unifi erl manner i n the l ambda calculus of functions . 

B LJ j:: t h e h y b r .i. d s y f'. t e m i s s ti : l 111 e a n i n ~J f u 1 , a n d 

i s Li sefu l f o r 8 def.i.nit.inn of Alga l 60 sema ntics -

es sentia lly by exhib iti ng how lo mnJel constructs of 

Al ga l 60 by ~e~ns of extended appJ:i.cative expressions. 

A for ma l description of the correspondence iG given in 

Landin(196lb, 19 65), with an ' abstract Al9ol ' as a n 

i n ten rn G di ate step • Th e for ma l s y ~. t em i !" used as a 

b a s i s f a r a d i s c us s i n n CJ f a .l t e r n ;-: U . v e s t a v ;::1 r i. o u s 

A J (j o l 6 D c Cl n c e p t s e • CJ • t h e d .i. f f c r o fl t p a r 2 rr E.: t e r rn F1 c h E' n -
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isms of call- by -refer ence a s o pposoo to call-b y- namo & -v alue, 

a n d s o m e ,1 a r i ;: t .i. D n s o n t h e ' a w 11 1 c o n r, o p t . 

St r c'i c hoy ' c, ( 1 S G 4 ) l I or k on ~; e:rn, ;:, n tic s by f 1.1 n c t i ons 

ha s buen deveJ orsd in rarallol with thB d~sign of thr 

p r nor nm mi n CJ l (, n g u 3 r 1 e C r.1 L ( e . u • see Barro r1 et e l. , 1 9 6 3 ) • 

U n l j k o L a n d i n , h o d o e s n o t p r n p n f; e e x t e n d :i. n q l h e l a III b d a -

c a J. c u l u s f a r m 8 J i s m , a n rl h e d o e t, n o t n e e d t o p o s t u J. ;! t e 

as a n ess enti al pa r t of the basic semanti c desc ri ption 

of the l a nguage a ny spoci.rd ' evaluc1tini;i mecha ni sm ' o:c 

notional co mpute r . The se a re avoided by fir st int r o­

ducin g tw o basi c c oncept s of the " l e ft - hand v a lu e " an d 

th e "right - hand va luen of an express ion. The s e corre s ­

p ond to "ad dr ess tl and "v a lue" of a n as si gnmG nt opr:natio n 

in a co nv enti ona l co mpute r, but the y are mo r e ge nera l , 

bein g usea ble in other sit ua ti ons suc h as the spe ci fic ­

ation of proc edu re paramete r s . lJ ith the se two conc ept s , 

an 11 abstract store " i s defined , LJhich i s a function 

f r o rn 1 e f t - h a n d v a 1-u e s t o r i g h t - h a n d v a J. u e s • I n t h e 

mathemati cal model of a p ro gr am, s , th e abs tr a ct s tore, 
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is pass ed as a n ext ra parameter to every operat i on . This 

obvi ates the n ee d for a separate abs tr a ct mach in e to 

maintain the state of vari abl es u~dergoing assignments : 

by passing the state functions expl ic it ly a t e ach 

s t e p , a 11 t h e over w r i ting or upd ating is con c e r1 t r a t e d 

into a single quantity , a nd, at least in principle , it 

i s ne ver altere d - a wholly new abstract st ore i s formed 

by each updat ing operatio n, without l osing the old one . 

For example,Strac~ey (1 964 ) defines an update operato r 

U for each left-h a nd va lu e a , and uses 

s' = (U( a ))( b , s ) 

to construct o n ew 2bst r ac t store s 1 in which a is now 

mapped cnto the n ew ri ght - h2nd value b. He then de s cribes 

a metho d for associating ( ccmoositions of) func tions 

w i t h ( ~, e q u o n c e s o f ) p r o q r a rn c o mm 2 n d s • I n t I 1 r:1 C°' e n o r 2 l 

c ase, when a J oQ p st ructure i~ presont in the sequonce 

of cornm2.nds, the association uill l 8ad to a set of 

mutu ~J.ly-ro cu r ~ivo ft1nct ions . /\s yet t his method of 

co mposit ion is only inform 2lJ.y describC?rl, hu t is 

m o d cir cJ t e 1 y corn pre hens .i. v e , being a b J. e t Cl h 2. n d l e ju rn p s , 

b l o c k d o c l a r <1 t j on s , d i f f G r e n t rn o d e s o f r. 2 l l i n g p a r ~ 1n F. t () r s , 

et c. f:- urt herrnore , it l ec1 ds to sevRral 1110thr:,rratic2J 

re s u 1 t s t h c3 t c:ir e u '3 e f u l .in pr o c1 r a rn r~ i n g t h 8 or y • For 

exc.1mpJ.e , if it is m2theinatic;:, ]ly po~.s.i.ble to con struct 

the ' fixed-roint ' operator for the gr ou p of mutually 

r ecursive fun ctiors that r ep r es ent a loop in t he 

origin a l program , then on e can r emo v e the recu r sion, 

and henc e t he loop , r es uJtin g in a simplo r pro ~r am . 

One of the mai n r easo ns why Strache y' s method i s so 

u s e f u l i s that he incorpor ates many i deas of st r uctura l 

and computational sem2ntics ( which wi11 be disc ~s se d i n 

section 3.6). For e xam ple, his ' abst r a ct store ' is 

pr a ctic a lly the same as the ' s t ate vector ' of c omput ­

ation a l mod e ls, as is the gene ral s cheme of r e pre sent in g 

functi ons on an d to ' abstract stores '. Herce it i s not 

surpr isi ng that the two me t hods - bei ng in ess ence not 

too different - share many of· their advan tages . 
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3. 5 Semantics based on stri ng r8writino rul es 

Because in the earlier years syntactic theory was 

much better developed th~n any theory of semantics, many 

people tried using sy nt ac tic notions in defining all of 

a programming languuge, includin g semantics. Although 

non e of their attempts wsre e~inontly successful , I 

shall discuss them hero for cor;1pleteness, and because 

some definitions sti ll use them: they ha ve string 

re writing rules to describ e some syntactic 'preprocessing', 

midwa y botwe8n the rarsing 8nd the sern2ntic operations . 

3 • 5 • 1 P r .Q.Q.F o c o s s i n g i: f) ,,; :c n t i c s 

~any,if not all, pract ic a l progr2mming lan gua ge s contain 

ce~tain fe atures which, strictly spank in g , are r edundant . 

T h e m o s t w e 11 kn own ex a r;, p l e i s t h c1 t o f t h e c o n t r o 11 o d 

loop: it is cos y to write it out in detail using only 

c o n d i t i o n a l s t c• t e rn e n t s a n d j um p s • S o c 2 s y , t h at i t i s 

co m:non to d e fine the r;102n in g of loop statrn:: ents in terms 

of a strin0 l rans f ormn ti on int o the l anguago without 

such sta te ments . See , f o r ex amµle, sections 4 . 6.4.2 

and 4.G . 4.3 of the Algal 60 r eport ( Naur et al.,1963) ) 

or section 9.3 of th e first AlQol 68 rerort ( va n 

lJijn gaa r.den et a l.,1 960) . In f\l g ol 60, tlien, the 

st a te me nt 

for V :=A~.~ B until C rlo S 

is ma pf)ed onto 

V : = A 

L1: if (V-C) -X· sign (B) .9l O then .9..9l£ exhausted 

s ; 
V :a:: V + B 

goto L1 ; 

exhau s ted: 

whero Vis a variable; A,B , & Care expressions; and S 

i s a statement (The synta ctic rules defining " variablens, 
11 expression"s, and 11 staterr: ent"s are include d e l sewhe re 

in the Al gal 60 report). 

This technique of defi n i n g features of a lan guage 

by mapping them onto constructs, in a subset , that have 

th e same meani n g , ha s bee n used exte nsively, such as 

by v a n Wijn gaa rde n( 1962,1964) , Nivat and Nol in (196Li), 

and Boyl e and Gra u( 1970). 
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In the scheme of va n LJijngaarcien( 1962,1964), a 

source program stri ng of Al gal 60 is t ho rou ghly pre­

processe d to convert it into a ~rooram in a r elated but 

s i mp le l a nguac;ie. Thi s st ring r e writing r emo ves cornrnents, 

for statements, functi on des i gn a tors an d type proce dures, 

actual parameters which are expressio ns (in f a vour o f 

all pa r ameters being procedure ida nt i f i ers), conditional 

expressions, s1,Ji t c h es , l abe ls, and .9ot o s t at ements . Algal 

60, r ed uced a cc ord i ng to such transformations, is see n 

to c onta in only a few conce p t s : (following van 

LJijn gaarden, 19G4) 

1 ) some arithme tical an d Bo ole a n OfJGrations 

2) nssici nmo nt 

3) the proc edure with or without pa r ame ter s , ca ll by 

va lu e , an d c a 11 by n a rn e 

4) loc 2li ty a11d 11 ow n11 concept : b locks a nd declarat ions. 

In h is scheme the preproc ess in g need s only t o be done 

once, before any of th e program's da ta is processed . An 

a l ternat ive s ch eme,espouse d by Boy le and Gr o u( 1970 ) , is 

to have dynamic t ex t tr ansf orm at ion s too. That is , the 

deci sion to apply a rewriting rul e to the pro gr am t ex t 

may bo rnado o n t he bas i s of th e act ual exe cution of the 

progr 2m . Al th ough this cor.1pl ic a t es the rewriting, it 

does allow a pu rely synt ac tic tre atme nt of ho w ident ifiers 

ret ain t he ir v a lu es thr ough the various po ssibilities 

of block and procedu re ne s ting. With dynam i c tr ans for m­

at ion s , th erefore , Boyle a nd Grau are ab le to follow 

clo s ely the r ewriti ng-seman tic s d e fined in the Al gal 60 

re port conc er nin g procedure invocations. Th ere, invocations 

are defined by 'copy r ule s ': rules which replace the 

procedure call by a textua l copy of the procedure body, 

and which s pecify the renaming of iderrtifiers if 

nece ssary to avoid cl a she s . What Boyle and Grau have 

done is to for malise the s e rules for copyin g and ren am-

ing so the t th ey can write down algorithms for these run­

time text ual tr a nsformations. These a l gorithms can be 

applied to blocks as well, to rename all occurences of 

identifi e rs declared within them, s o that the end r es ult 

is a program text for interpreta tion which has no prob­

lems of identifi e r scopes be c a use each variab le used has 
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an identifier, which they c a ll its 'c a nonical identifier,' 

uniquely it s own. In the appendix of their p ape r ( Ho yle 

a nd Gr au , 197 0) t hey give a n example of tr ansformin g a 

rec ursi ve function to c anon ic a l form. S ince the 

f actor.ial function a l ways terminates for finite in put , 

only a finite 11umbGr of rewr i t in g str in g transforma tions 

are necessary in their example: even f or recursive 

pr ofdrzms . 
Wegner(1970, section 5) also discusses the copy rule 

model for id entif ier accessing , and it has been often used 

to dGfl ne the invocation of procedures a nd functions (see 

for example v2n Wijngaa rden et a l.,1 968 s sect ion 8 . 6.2 ), 

following the idea o f the Algal 60 report. 

~ivat and ~olin (1 964J de sc ri be another way of defining 

Al£ol 60 rrograms by tr ans forming them into simpler 

p r ograms. However, they c onver t thorn into sequences of 

simple assignments and condition-instructions which us e 

an explicit program stack: much as any compiler would 

do to convert programs of a l angu a ge that al lows recur­

s i on into a low-level l on gua ge to run on a von ~e umann-

li ke m~chine with linear store, indirect addressing, and all. 

And RS Boyle a nd Grau( 1970) remark, since Niv a t and 

Nolin do n ot explicitly slate th e general algorithms 

for transforming Algal 60, it has not b ee n s hown 

wh ether their t arge t l anguage adequately supports the 

more difficult aspects of handling identifiers an d pro­

ce dures etc. Furthermoro, Doyl e and Grau arc not con-

vi nced that pushdown stacks with e~plicit linkages , 

in dir ec t ad dress in g , etc., are ex actly suitable for a 

simp le lan guage into which Algal 60 may be transformed 

in order to define it: they re gard their own work as an 

a tt empt to avoid these (and other) complexities. 

Con s idering again the ge neral technique of string 

transfo rmation rules to define the more complicated 

parts of a program semantics, the works of va n Wijn­

ga 2rden et al.,1968 .. ( e.g. section 8.6 . 2: "cal ls"), 

Wegn er (1970), and Boyle and Grau(1970) show the elegance 

of the method at l east for the copy rule mode l. But not 

so elegant are some of the (v ery ingenious) devices van 

Wijn gaa rden(1964) used to remove functions, labels, and 
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jumps etc. For ex amp lo, I con side r to be only sophis try 

replacin g a ll jumns uniformly by proc edure call s (to 

proceduros whic h neve r return ) r a ther than have one 

extra pri mit ive opera tion. 

Strin g trans fo rma tion s c a n thus lead to r eadable and 

ri goro us mode 1 s of .££,rt a iJJ. as pee ts of pr oc_;r arnming l angu ag e 

semantics. Some oth e r met ho ds - such as t he compu ta tional 

de finitions - will lry to do more : th ey wo uld cons i de r 

in muc h more deta i l the pr ecise ope r ational steps. A 

p r a c t i c a l i m p l e r.1 e rd, a t j_ on , a l s o , can n o t e f f i c i en t 1 y 

r e ly on text transformations at run-ti me - the re wr iting 

r ules d i s cussed in tllis section provide on ly an abstrac t 

model for the op e r ctions un cicr.l ying all im ple r:1c11t.a tions . 

So to some exto nt syn tnctic r~ucie ls (such as th e copy 

r u l e mod o l ) a n d c o m p u t a t i o n a l mod o l s a r e c o m p 1 e nw n t ti r y 

r o th o r th a n mut ually exc lus iv e . Wc9ne r(1 97D) , for exampl e, 

t rea t s t he cop y ru lo mode l as tho pr i mary deflnition , 

end t he n goes on t o discuss a variety of equ iv a l en t 

i rn p le n: en tot ions of t h n t mod r. l • 

3. S.2 uat8·~proces:,inq ~ strinc· rewritinr, r ule~ 

f',£:: r kov al~o ri l11;11s were o:ri~Jinally introduc ed to help 

define and inve st :i. 9c1 t o pro bl em~~ in co mputab ili ty theory 

( ~a rkov,1962), but th e tr ansformat i on scheme pre s en t 

in them has f ou nd several ~µpl ic a tion s in defining 

programmin g l a nguages . Thi s i s by rega rdi ng the pro g r am 

as gu idin g the rewriting of in put strings , throuG h a ll 

in te r med i a t e result s , into out put slri ngs : the mean ing 

of the pro gr am i s held to be defi ned by th ese r ewr itings. 

Applic a tions to s em a ntic theoty -were fir s t ma de by 

v a n Llijn gaar de n(1962,1964), and Caracciolo(1963,1966), 

u s in g an ex tension of t he original Ma rkov a l gorithms. 

In ordin a ry Mark ov algorithms t her e are tr a nsforma tion 

rules, the l e ft and ri gh t sides of which are sequences 

of symbols over some given alphabet. To find out whether 

a rul e is appl ic ab l e t o a n input sequ e nce of symbols, 

the s e qu ence i s scanned for th e occurence of a s ubsequence 

which is i de ntic a l to the l eft-hand s id e of the trans ­

form oti on r ul e . If t her e is such a sub seq uence, its 

first occuronce i s replaced by the ri s ht-h a nd s ide of 
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the rulo concerned. For example, given the rules 
1 O + 1 = 1 ' and ' 1 + 1 = 2 1 , the i n put s t r in 9 1 1 + O+ 1 ' w i 11 , on 

applying the first rul e , becpme 1 1+1 ', and then ' 2 ' with 

t ho second rule being applied. 

In the extended form a lism, the tr ansf orma ti on rules 

c o n t a i n n c t o n l y t o r rn .i n c1 1 s y rn b o l s , b u t a 1 s o l i n g u i s t i c 

vari a bles. Va n Llijngoarden(1964) uses Backus not ati on 

to repre sent th ese v a ri Pbles, and so he can define 

r U ]_ 8 S S UC h cl S t (d i 1 > + ( U i 2 '> 0 = < U i 2) < d i 1 7 1 
, a n d 

1 -l.ui 1'> +-<:ui2> = <..ui 1> -l.ui2>'. There is a corresponding 

extensio n to the algorithm for applying such rul es , in 

conj unctio n with production rules to define which values 

are possible for the vari ables. ny using a J.arge number 

of these extended rewritin g rules , with cuit8blc v ariables, 

one c a n define the rewriting-sem2ntics of dat2-proccssing 

op or a tions. For example, van Wijngaarden (1 964 ) QiV GS 44 

rul es for the addition a nd subtrHction of integers, as 

s t r in ~J s of d cc i 1n a l digits of a r bi tcu y .l ong t h • 



De Ba kker( 196 9) describes how the ide a s of van Wijn­

gaard e n(1964) were used as the base for de Bak ker(1967): 

"An a lm os t co mpl e te definition of· Al gal 60 wa s given 

(th e only f ea tur e not tr ea ted bein g re a l arith me tic), 

con s i s ting of ab out 80 0 tr a nsfor ma ti on ru l es. The mea ning 

of a n Al gal 60 pro oram i s determined by the wa y in 

which it is t ra ns for me d by th es e ru le s. He re another 

e xten s i on of t h e Markov a l go rith m s che me not yet di s ­

cu sse d is of i mport a nce, viz •• th e po ssi bility of h a vin g 

a d ynam ic a ll y growin g list of rul es. The e xe cution of 

a paFticul a r Al gal 6 0 pr ogr a m will lead to the e xt e ns ion 

of t he li s t of lan guag e - de finin g rul es with rul e s whic h 

ref le c t th e mea ning of thi s spec i fi c pr ogr am . For 

in s t a nce, t he occur e nc e of the ass i gnme nt s t a t eme nt 

a: = 3 in a pro ora m ca uses the cr eati on of a n e w rule 

a~ 3 (omitti ng scm e de t a i ls on lo c3lity), whir:h lJill 

be app lied e a c h tim e th e v a l ue of a is neede d s u bseq u­

ently in th e exe cution of the pro gram . De Ba kk e r(1 96 7) 

also give s a pre cis e definiti on of the for ma l s ystem 

used , illu s tr ate d bv se ver al ex am pl 8s , and a n im p l e­

ment a tion of an a l-' s tr act rnci c h in e f or in te r pre tin g it. 11 

Th ere is th e me t a -rule, incorpo ra t e d in t he abs tr act 

ma chin e , th at if two or more rul es a r e a ppli cab le a t 

a g iv e n s t age , t he n th e ru le ne a r es t the e nd of t he rul e-list 

i s use d. Th us t h e v a r i ab le list of rules is a n a logo us 

to a ma chin e ' s s t a ck of va lu es. 

Ov erA ll, bo c a us o th e bas ic definition me thod is so 

sim ple, the tot a l definiti on of a l a n guag e like Al gal 60 

is ver y lon gwind e d, the tre a t me nt of some features - s uch 

as go to s tate me nt s , and i dentifier localities - requiring 

some in genuity. And there mu s t be an easier way than 

having 8 00 tran s formation rules, the list of which must 

be searched at each step. 
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3.6 Semantics with structu res and comput ations on structures 

This type of meaning is tha one most often used in 

comp uter science. For computers 3re very much concerned 

with representations, structures, and operations on 

structures. On the whole, one is interested in formal­

i s ms which closely modsl, ev en if abstractly, the sty le 

of computation of actual digital comput e rs, and in 

the detailed s tudy of relations among representations 

and implement a tions. 

3.6.1 Info rmation structures 

The pri mary c oncept in structural se ma ntics is 

th a t of II infor mat ion s t r u c tu re 11 , or 11 s t. a te vec t or 11 

the s e are obj ec ts esed to describe the stat e of a mach­

ine (a bstrnct or actual) at a giv e n instant in the 

ex e cut i on of i t s pro gr arr • F o 11 o L.1 in g f·: c C c1 rt h y ( 1 9 G 2 ) , 

on e says th a t ' t he meanin g of a proQram i s defined by 

it s effect on the s tate vector'. ~au rer(1972) calls 

this assertion the "state \lector thosis 11 , and for mulates 

it, with re spec t to di s i.tal comnuters, as follows: 

'Th ere exi s ts for ench program a set V of variables, 

who se values at ::;ny sta ge of the co ni put c:i tion d ep end 

only on their values at the previous stage; and the 

entir e meanin g of the program is determined if we know 

its effe ct f, where, if I is an assignmant of some 

le gal value to ea ch vari a ble in V before the progr am 

st arts, f(I) is the corresponding assignment after 

the prog ram h a s finish ed. ' 

This model has been applied by McCarthy(1964) to 

the description of a subset of Algal, and to a proof of 

correctness of a compiler for a simple cl as s of arith­

metic expressions ( McCarthy and Painter, 1967). 

When structural meanings are compared with other 

types, it is seen that they are the most general type 

which can be represented ext~rnally. For example, one 

can write down a tree, lattice, network, vector, or 

any other sort of structure, an d define meanings by 

relations within, and transformations of, this structure. 

In mathematical logic, these types of structural meanings 
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a re call ed 11 intenti ona l 11 , as aga in s t 11 ex tonsional 11
• That 

is, mea nin gs are i mp licit as r e lation s rather th a n 

explicit as true-or-f a l s e propo~itions. Altho ugh formal 

lo gic proo f techniques c a nn ot be r ead i ly applied to 

th em , s tr uct ur a l mea nin gs have many practica l a dvantages . 

Bec2use t he mea nin g of a porticular f eatu r e is l ~rgel y 

t ac it - essent i al l y being i ts rela ti on to its contex t -

wi t h c a r e f u l des i gn it is rnuch eas i er for us to under­

stand t he rnleva nc e of that feat ure : t hat pa rt of its 

meaning whic h is give n explicitly. For t o describe it s 

meani n g us in g , say, propos i tional meanings , t he context, 

i. e . the slate of the pro gr am, mus t be expl ici t l y rep r e­

sented as a precondit ion withi n ea ch propos iti ona l 

formula . Proofs , both ma nu al and automn tic , wo uld 

len d to b e verbose a nd lon gwinded , and would easily 

o b s c u r s t h e r e 1 e v a ri c c o f t h o p [1 r t i c u 1 a r f' ea t u r e b e i n g 

c ons idere d . 

Lle gner(197D,1 971 ) formalises these ideas of inform­

ation structures and co mputatio ns as follows: 

An in form c1 t i o 11 2 t r u c tu re m o c1 e 1 i s a trip 1 e l'·l= ( I J I O, F ) 

wh ere I is a coun 'cc:~b le sst cf informc1ticn s tructure s 
C ( s trµc tu red sta t es ), I , a s ub2at of I, i s a s e t of 

i nit i a l roprosentntions, and Fi~ a finitely r epresen t­

able sst of unary operat i ons ( primitive instructions ) 

t.1hose do lilni n and r ange i s " sub s et of I. 

Most concern i s with the speci a l case of 

A detEJrm ini s tic tseq uentic:111-l..!:J..Lorr:ia tion struG_iure 

model is one which f' or a ll I . in I has a t most one 
--- J 
elemen t f in F applica ble to I . • 

J 
A ~omput 2tion in ·a de t ermi nist ic informa tion structur e 

model M = (I,1 ° ,F) is a sequence r 0,I1 , ••• of e lements 

of I such th a t I 0 is in 1°, a nd for j~D,1, ••• 

I. 1 = f(I.) for some fin F. 
J+ J 

A te rminati ng computation i s a computat ion which, 

fo r some integer n, ge ner ates an I to which no element 
n 

fin Fis ap plicable. 

A comple te pr ogrammin g l 2nguage def inition r e quires · 
·o 

the se ts I and I of informa ti on s tructures to be specifi ed 

in a I syntac tic metalang uage ', and the set F of primitiv e 

instructions to be s p ecifi e d in t he ' sema ntic meta l anguage'. 

Synt actic de finiti on me chan isms such as the BNF nota tion 

of the Al ~o l 60 re po rt in f act only accurately defi ne 



the set 1° of initial repre se ntations, where the s ynt a x 

tree of the program is reg a rded . as th e input, along 

with any da ta, to the computation.·On the oth er hand, 

defi nitions such as those in the Vi en na Definition 

La nguage VOL (Luc as ,1 968 , Wegner,1972), which are 

mo re oriented tow ard sema ntic s, r ather t ha n just syntax, 

specif y bot h th e se t 1° of initi al represent a tions and 

the set I of computation a l states, using the one meta­

l a ngu age . The VDL meta l a nguage was speci a lly designed 

ta specify tree structures of th e sa me style as the 
1 abstre ct syntax' described in sect ion s 2.4.3ff. When 

apr li ed to nLEX, th ere is the VOL descr i p tion of all 

a bs tract s yntaxes (in it i a l representations) in App endix 

C, and of a ll c omputational states in Append i x H. This 

unity of struct ural de s cription metalan gua ges is one of 

the gre at advantages of programming lan 9ua gc definitions 

using VDL, and makes the definition of a mod e rn, complex 

langu age s uch as PL./ I (Alber . et al., 1969 , lJalk et a l., 

1969 ) someuhot l ess diff i cul t to under s tand. Seman tic 

l angu2~es will be discus se d in the next section, but 

I remark here that one sern~ntic metalanguage i s used 

in both the s ynt 2. ctic transl ation (fr om concrete to 

abs~ r act syntax) end the semantic co mp ut at ions. Compare, 

for example, Appendices D and L, which a re the VDL 

definition of the translation and interpret a ti on phases, 

respectively. 

56 
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3.6.2 Semantic metalan ouaoes 

Semantic metalanguages are those in which the basic 

op e rations are sp ecified: these are th e operations 'F' 

of above that are the primitive in s tructions for trans­

forming th e current information structure into its 

succes s or, and so de fining the comput a tional sem a ntic s 

of the current section of the progr am be ing executed by 

me a ns of its effect on the s t a te stru c ture. 

3.6.2.1 The Vi e nn a Definition La ngu age 

Th e Vi e nna Definition La ngua ge (V DL) specifie s the 

s tate tr a ns itions in Fin ter ms of conditional express­

ions of the form 

f = . . . ; p ~ a n n 

where for i =1,2, •.• ,n, p. sp e cifie s a predic a te to be 
l 

satisfi e d by the current s t a te I, and a . sp ecifi cs the 
l 

s tate tr a ns ition if p. is the first 
l 

tru e pre d ic a t e of 

the conditional e xp re ss ion: for the first i, p. im plies 
l 

I' = a.(I). 
l 

The a c t ions a. a re eith e r ma cro ' c a lls' to a sequence 
l 

of other s uch con di tio na l s f (the s e c a lls hav in~ pa ram-

eters usu a lly), or a re on e of a sm a ll nu mber of primitiv e 

operation s which r e turn va lu es , and ma y, a s a 'si de' 

effect, modify oth e r compon e nts of t he st a te. Th e macro 

instructions may be view e d as s yntactic devic e s for 

easily grouping frequently us ed se que nces of operations, 

such as procedure c a lls etc., into the tree structure, 

whereas the value-r e turnin g instructions pe rfo rm the 

ba s ic structural tr a nsform a tions which constitute the 

semantic s in .terms of the computation at the level of 

expression evalu a tion, as s i gnment , sto~age alloc a tion , 

etc. To construct a nd modify the tree structures -

which are the heart of a VDL definition - there are used 

the u0 and u oper a tors, respectively, as has been 

described in section 2.4.3.1. 



Having a metalangua g e with the s cope and precision 

of VDL was a decided step forward in semantic theory. 

Of the long-ran ge goals mentioned in se cti on 3 .1, the 

invention of VOL ha s helped in work tow a rd ma ny of 
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them. Allen (1 972) ha s con s idered the us e of cDrnputational 

definitions in inve s tig a tin g the pro perties of specific 

pro gra ms 2nd of specific l a nguage constructs in their 

cont ex ts. For this goal, he consid e r s a xiomatic def ini t ions 

to be more us eful than abstract int e rrreters, so he 

tries to derive ex oct axi oms about pa rts of the state 

structure from the algorithmic model. These a xioms, 

which a re indep e nd e nt of any imple men t a tion model, are 

combi ne d with furt her p ropo s itions ab out a given pro gra m 

and th e n used in . provin (J n1or e about th e prog ra m. His 

work wrns prOfJositional se mantics to t a lk about the 

p~rticul a r pro gr am ) but co mp ut a tion a l se ma nt ic s is the 

stand a rd s t a rtin g point for d e finin g a ll pro gra ms in 

a lan ~uag e. 

Conc e rnin g th o theory of impl emen tation, ha ving an 

abstr a ct interpr e ter written in VDL a t least indicates 

some pr a cticability of imple ment a ti on, a lthou gh a n 

abstr a ct definiti on can t ak e li be rti es and, for exampl e , 

inclu de implicit s e a rche s (o.g. rule I20 in Appendix I), 

or oth e r sche mas in e fficient in prac t ice: e. g . the idea 

of stacking th e whole environment a nd control trees in 

t h e I ci um p I c o m p on on t • l,J e s h o u l d r e m e m b e r , h o tJ e v o r , t h a t 

th e ab s tr a ct interpreter is more of t e n only the formal 

stand a rd: althou gh it is a model of a possible implemen­

tat ion, usually it is the reference for the correctness 

of other implementation models . Th us Luc2s(19 68) 

considers another realisation of the · PL /I block concept, 

and proves its equivalence to that of the standard 

( Ll a l k e t al • , 1 9 6 9 ) • LI e g n e r ( 1 9 7 2 , s e c t i on 5 ) an d J on e s 

a nd Luc a s(1971) also consider proofs of interpreter 

equivalence. 

Another aspect of implementation theory is considered 

by Lucas(1970). While VDL uses the 11 tree 11 as its basic 

structure, an implem entation can often well us e structures 

suc h as stacks, directories, storage ar rays, etc. Lucas 

(1970) looks at these various 'software devices', as he 

cal ls them, and con siders whether they could be usefully 
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included as primitives in the definitional method . It 

is hop ed that th ese formal studies of ma chine structures 

( see section 3.6.3.1, and also Bekic a nd Walk,1971 ) 

will help in the mechanised design of i mp lem e nt a tio ns 

and perhaps of c omp ilers. 

How e v e r,VOL de finitions are not the ultimate in 

semantic descr i ptions . One immediate, and us uall y over­

ridin g, objection i s that the Vio nna Definition langua ge 

is very difficult to read and underst a nd. The VDL 

definition of PL/I i s not uidely known for its elegance, 

clarity, readability and down-to-earth sa nity. This 

probl em has been di s cus se d before, in section 2.6, and 

it was fcund th 2 t one of the difficulties with VOL is 

th at it viola t es whet may be cal led a 'principle of 

prop ortional understand in g '. Th a t i s , it requires a 

lot of work in cc mi ng to know the VOL s che me and the 

structu res it works with, before even the simplest 

q uestion abo ut a programs meDning c a n be answered. 

3.6.2.2 The BASI S/1 definiti on of PL/ I for ECMA/ANS I. 

To try to overcome this ma jor deficiency of VDL 

definitions, a mor e recent definition of PL/I ( the 

EC MA / A~SI BASIS/1 de finition,version 12, July 1974) 

has used an Engli sh- like meta lan gua ge in which to 

write t he alg orith ms etc. f or the sema ntics. The 

op erations are expresse d in a · semi-fornial programming 

langu age which uses the grammat ic a l flexibility of 

ordina ry English prose, while at the same time atta c hing 

precise mean ing to certain words and phrases, in orde~ 

that the flow of c ontrol and the tree man ipulatio ns be 

well defin e d. For example, the instructio ns 11 replace", 

"lett1
,

0 append", 11 attach", and "delete" · have specified 

computational meanings for tree operations, and 

instructions such as "perform", "go to 11 , 11 if 11 , "for each", 

and "case" et c., are us ed to direct the flow of control 

along the steps constituting the defined op er at ions 

(s ee section 1.2.3 of the BASIS/1-12 document for their 

exact specifications). 

It may appear th a t using English as a semantic meta­

language is a retrograde step in progressing towards 

completely formalised langu a ge definitions. Cert ai nly 



such definitions c a nnot be me ch a nically check e d, 

conv e rt ed , implement e d, or oth e rwi s e a uto mn tic a lly 

pr ocessed, but we s hould reme mb ~r t ha t no-one ha s yet 

s uc cee ded i n me ch a nic a lly proc ess in g t he de finition of 

a whole pro g r ammin g l ang uage writ te n in a ny oth e r 

s e 1n a ntic rn et a l a n g u a ge e ith e r • To da te , n c a r 1 y 2 11 uses 
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of a for ma l de finiti on hav e i nvol ve d pass in g t hr o ugh 

per s on a l know l ed ge be f ore t he y can be che cke d, imple men­

t ed , etc. To t he f or mRli s t, t his merel y indic a t es the 

pr im itive s t a te of s oms ntic th eor y, but to thoso who 

wa nt to re a d, und e r stand , and us e the de fini t ion in 

p r a c t ical wa ys it ind i ca t e s t h a t som e co mp romi se of 

c om pl e te forma li sa ti on would be pr of it ab l e . Unli ke the 

fo r mal i s t s , th e y do no t see un bea r ab le chaos or va guene s s 

necessaril y f ollowin g t his mov e ; in dee d, con s iderab le 

pr e ci s i on i s a tt ai na bl e, as in the BAS ! S/1 met h od 

int rod uc e d ab ove, and use d to de fin e ALE X in Append ices 

J, K, and L. · This pr e c is ion i s ai de d by th e f act th ~t 

t ile operations wo r k on precise l y de fin ed ob j ect s ( a 

c omp le tel y f orma l notat i on is use d t o des c r ib e t rees 

in a cc or da nce wit h t l1 e ir syntact i c def i ni t i ons e . g . 

a s in Appendic e s J and K) a nd beca us e the c e rt a in word s 

e nd phr ases n;en tion e d ea rli e r h uve prec i s el y de fin e d 

s tructura l mea ni n gs . Pe rh a p s th e resu l t i ng de fini t i ons 

sho uld be c a ll ed t s e mi - f or ma l.' 

3 • 6 • 2 • 3 The /\ 1 Go 1 6 8 r;: et hod 

Anoth or dof ini t ion which use s a se mi-forma l English 

metalan g u ag e is that of the Al gal 68 r eport (van Wijn­

gaa rd e n et a l.,1968 , 1974). The degree of forma li ty in 

th e Engli sh of this r eport is mu c h the s a me as in t he 

BA S I S/1 de finition of PL/I f or ECMA/ANSI, with a large 

numb e r of words and phrases being s pecifically de fined: 

su nch as 11 environ","notion11 , "pro to-11 , 11 meta-n, and 

"hyper -no t i ons" , "designate", "produce", "elaborate", 

" enve l op'', a nd ma ny others. However, for two reasons 

pricipally, the BASIS/1 def ini tion is both more 

prec i se and mo re r ea dab le than the ' sem a ntics ' sec tion s 

of the Algal 68 re port. More precise , because as well 

as ha ving a formally def in e d synta ctic str ucture to 

work from (i. e . abstract s ynt ax, or 1° of sect ion 3.6.1), 
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the se t of all possible ma chin e sta tes (all th e I va lues 

of section 3.6.2) is also form al ly defined ( e .g. s ee 

App e ndix K for the se t of ma ~hi ne ·s t a tes allo wable durin g 

th e inter pretati on of ALEX pro grams ). The Algal 68 report, 

on th e oth er han d, only describes a hypoth et ical 

machine and i ts s truc tures us in g a semi- f orma l En gli s h, 

u it h con c ep t s suc h as nob j e c t s 11 , 1' n a rn e s 11 
, '' values 11 

, 

"to refer t o11
, otc ., for data st ructures~ and " scopes", 

"loc a l es ", " environs", an d 11 scenes 11 for program structures. 

WhilE su ch natura l-l~r, guage descrip tions are desire-

able &nd useful when a new abstract mode l i s being 

intr oduced, it would help th e d e fin ition in man y ways 

if these co mpute r structures were formally descr i bed as 

well. Such descriptions a re not difficult because they 

Are usua lly smal l c ompared with th e later fu ll semanti c 

specifications, a nd because lar ge data struct ur es a re 

beco111ing c ommon i n programmi n g. 

Se c ondly, the BASIS/1 definition i s more rend2ble 

th an the Al gal 68 r eport because it is se t out more 

lik e a compu ter program. Both dBfinitions intend to 

yiv e ri go r ous alg orithms for the i nterpretation of 

pro grams a l ong with their data, but tha f ormer method 

gives a much rno r e explicit exposition of thes0 algorithm0 . 

It uses computer-pro gramm in g- li ke f ea tu resf s uch as 

subroutine oper. a tion s tJith p2rame ter s a nd va lu es being 

r eturned , and its lay ou t of steps a nd c ases within o per­

ations - wh il e s i mil ar in s ome ways to th at of th e Al ~ol 

68 r epor t - uses les s En gli s h, a nd is easier to fo llow. 



3.6.2.4 Linked-Forest Manipulation Systems 

as semantic metalan gue qes 
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In all of the computational-metalan guages described 

abov~ in section 3.6.2, one has had the capacity of 

defining a rbitarily complicated functions, tr a nsform-. 

ations, etc., on the inform a tion structures. This is 

bec a use the s e se ma ntic metalan guag es a re or ga ni s ed very 

much like co mputer pro grams, with no re s triction on the 

co mp l e xity of t ests, e xpres s ion s , loops and proc e dure 

call s and so on that c a n be included. This power and 

complexity is almo s t certainly necess a ry when defining 

an in t ricate a nd epic l a ngua ge s uch as PL/I (e. g . the 

BASIS 8 nd VDL definitions), and to a le ss er extent 

wh e n definin g Al gal 68 (which i s much more cl ea nly 

or ga nised). However, our example l a n guog e ALEX is 

simpl e r s t ill, and it is po s si ble to de fine the inform­

tion- s tructure oper a tions of it s se ma n t ic s us in g a meta­

l a n guag e wi~ hout the c a pacity f or ar bi ta rily co mp lic a t e d 

functions. 

The met a l a nguag e in que s tion is Eul! k 's 'link Ed-

f o r e s t man i p u L i t i on s y s t em s ' ( u - I 'i '.:'J ) , w h i c h h a v e ;:i 1 r e a d y 

b ee n di s cuss ed, with respect to definin g cont ex t- de pe nd­

enci es in th e syntax, in s ecti on 2.4. 3 .2. In hi s 1 9 73 

pap e r, tulik give s a LF MS definition of hi s di a l ect ALG 

of Al gal 6 0, and this exa mple h 2s be en follow e d whe re 

po ss i ble in the LF MS de fini t i on of ALE X s em antic s in 

Appendix N. Thi s me a ns th a t his scheme of handlin g 

identifiers, declar a tions, and data cells h as been 

re peated: compared with the BA~i JS and VDL definitions, 

in this abstract ~ynt~x there are no . declarations to be 

ex e cuted, for the translator ha s already made decl­

arations of the pro gram into 'cells' f~r the abstract 

syntax and for the machine execution. Variables are 

' cell-designators' (or 'parameter-designators'), so 

they link directly to their values, ~ithout the need 

for . environment or denotation directories of the VDL, 

and subsequently of the BASIS, definition. This simplifies 

~any aspeits - variables in fun6tion ar g uments, for 

example, keep pointing to their proper values even if 
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n e w vari ab les with the s ame n am e are declar e d - but at 

the cost of destroy ing any distinction between abst r act 

synt a x, whi ch is usually read-only, a nd ma chine st ru ct­

ure, 1.1hich can be ch anged at will. ~ str uc tu re is n ow 

use d throug ho ut the exe cuti Gn, so 2 procedure-cal l , f or 

example, copies the procedure =o dy and then odds it to 

this s tructure ( Appendix N rule L1 6), an d then one must 

c arefully pro vide for selecti ve del etio n at exi t ( rul e 

L24) so th a t the c al l s tate men t can be reus ed . Th ere is 

no simple gua r a nt ee of the integrity of the program: in 

complete c ontrast to the policy of the BASIS definition, 

a c cording to which the abstra c t syntax is never ch ange d, 

nev er copied even: only ref ered to b y ' designators ' in 

the program-state • The VDL definition does copy the 

syntax, be c ause it does not hav e designat ors, onl y sel­

ectors, so it c annot have pointers to an arbitary stat­

e ment , only to an orbitary i mmed iat e co mp on e nt of some 

g iven n ode (cf. the di s cus s ion in sectio n 2.4.3.2 ). 

In for m, a LF MS definition, e.g. of Appendix N, 

loo ks mu ch like a f'iarko v algorithm (cf. secti on 3.5) 

it i s a list of transformation rule s ' s ·~ t' where s & 

tare arbi t ar y seque nces of symbols sta nding fo r types 

of no dGs and their subs tructurGs, houev e r, rcJthsr th an 

strings . Whenever the in formation str ucture ha s a seq u­

enc e ' s', it s fi rst occurence is r pplaced by the soque­

nce of struct ures I t 1 ( both s.eque nc es ha ve the same nu rnbe r 

of structures in a va lid rule). Rules c an be se l ected 

nonde term inisticall y, but a s ystem of control words is 

employed to mo s tly tame the nond etermi nis m: words su ch 

as "E XE C" or "E NO" or 11 VAL 11 may be dynamically a ttached 

to any node, and the rules c a n test for their ·presence. _ 

Also an LF MS c a n use the same mechanism for sequencing 

the application of rules as is used in Ros e nkrantz's 

(19 69) 'Pro gramme d Gra mmars ' (section 2.3.3), but in 

the ALEX semantic definition this is only e mp loyed in 

rule~ L2 ( Appendix N), to make sure the computation ends 

when the program has exited. These two measures do not 

elimin a te all nond e terminism: it remains, for example , 

in rules L17 and L29, where parameters, and pa rts of 

express ions, r espe ctively, are evalu a ted in parallel. 



The power of an LFMS definition, compared with the 

Markov al gor ithms of section 3.5, is greatly enhanced 
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by the f ac t th a t an LF MS oper a te s on trGes ( and I forests', 

which are so t of trees), rather than linear sequen ce s . And 

furthermore th ese are link ed trees and fore s ts : nodes 

c a n be 'd esig nators' which point across the tr ee to 

designate any other node. Thus the tree structures , 

with desi gnators, are very sim il ar to those of the BAS IS 

definition • But the algorithms which operate on the 

trees are quite di fferen t in s tyle: whereas the BAS IS 

definition r nsemb le s a co mputer program, with loc a l 

variab le s and strict control of the flow of c a lcul a t­

i ons , the LFM5 definition uses a kind of fre e-forma t 

str ucture mat ching. Mos t of the time this structure 

matchin g , however, is strai ghtforward because usua lly 

th ere is only one 11 EXEcn control word in the tree, and 

in s tructi ons requir e this c ontrol word to begin. Any 

other node s are re a ched from th e EXEC-l abc led hode, e.g. 

by design ato rs, so there is no need fur a very gene r a l 

s e t o f s t r u c t u r e - ma t c h i n g a l g o r i t h ms t o i n t e r p r e t L r r·1 S 

definition s . 

As an exampl e of an LF MS rule, consider ru le L21 of 
/.\ p p 8 n d i X I~ : 

L21 vari able=p~ r ameter 1-desi gnat or 

& parametor 1 : ~,type 1 arg ume nt=expre ss ion -'7 
expression-copy 

The l e ft-hand side of this rule is the precondition: 

here, a 'vari ab le' is required which is a 'parameter' 

designator, the par ame ter design a ted having as co~ponents 

a "name" string, a I type', and an 'ar gument 1 ( identically 

an 'expression'). If this precondition is satisfied, this 

means that the 11 variable 11 node is replaced by a copy of 

the expre ss ion. As part of the ALEX definition, the rule 

means that a variable designating a call-by-n am e param­

eter representing an expression is replaced in its 

context by a copy of that ex pression (this closely 

follows the copy-rule model for call-by-name parameters). 

Another example is the rule 

L14 EXEC goto-stmt: label 1-de s ignator 

& label 1 : stmt2-designator ~ 

goto-stmt:l a bel 1 -designator & EXEC stmt
2 
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In the ALEX scheme, the control word nExccn is the 

precondition for a statement's starting execution, just 

as "END" i s used to si gna l the com pletion of a state­

ment so its successbr c a n be EX ECuted (e.g. rule L6), 
a n d as 11 V A L ( x ) 11 i s t h e c on t r o l w o r d i n di c a t i n 1) t h a t 

the subsumed ex pres s ion has been evaluated to yield 

the value x. Hence the rule above transfers contro l 

(tr a ns fer s EXE C) from t he goto- s t atemen t to the s t a te­

ment design a ted by the label-value denoted by the label 

of t he goto-statement, and le a ves th a t s t a te ment in its 

norm a l st a te, r e ady for subsequent use. This rule, 

how eve r, does not ha ve the same effects as the corres­

ponding rul es of the VDL and BAS IS dofinitions. Llhile 

it i s perfect for ~ocal' goto s , it gives ve ry int e resting 

results when app lied to jumps which lead out s ide the 

current bl ock or procedure. This is lar ge ly dictated by 

our inability to def in e more co mplex al gorithms in th e 

LFr'lS sema nt"ic metalan~uage. I.Ji th out perhaps making the 

whol e defin itio n very muc h more co mp lic ate d, it is 

difficult to define tho routine s requir e d for a pro­

cedure to delete it se l f when it sx i ts , a nd a l s o to 

dol ete any block co pies between it se lf a nd the block 

c ont a inin g the de s tin atio n l abe l. In the existing 

sche me it is th e callino block which del etes the c a lled 

proc ed ure; the cn.lled procedure cannot de lete itself, 

without the LFMS form a lism being extended to allow 

more general st ructure-ma tching operations ( e .g. notation 

to represent a variable tree-depth in the precondition 

of a rule). 
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3.6.3 Hypothetical machines 

rriany formal definitions of pro.gramming languages use 

some kind of (hypothetical) machine, to define construct­

ively the detailed effects of a program in that lan guage. 

For example, th8rB are the definitions of PL/I (Alber 

et a 1 • , 1 9 G 9 and EC r11 A//\ f~ S I , 1 9 7 Li )-, I\ 1 go l 6 8 ( van lJ i j n-

9 a a r d 0 net al.,1968,1974), Basic (L ee,1972 ), Euler 

(Wirth and Weber,1966), and a subset of Fortr an ( Maurer, 

1972). Th ese hypothetical machines, as well a~ any 

compil~r s or interpreters using them, should be more 

abstract than realistic: the definitions should not be 

involv ed with the 111any details of concrete machines: 

these are irrelevant to the original language because 

one wants the final definition to accurately reflect 

only that language, and not a host of other contingent 

details of some particular machine. This means that, 

whatever level th e machine is prograrnrned at, an inter­

preter, for example, should be indep enden t of the idio­

syncrasios of particular r eal machines if it is to be 

put forward as a standard definition. Garwick(1964) 

proposed defining langu ag es by their compilers, but even 

so his 11 r:;1c 11 model used an assembly~l.er1guage of very 

bland characteristics ( h is ideas, ho wever , did not 

me et LJith a great do al of en thus i as m : part 1 y for 

reason s similar to tho se in section 3.2.2). 

A dofiniticn with a hypoth et ical mach ine cannot be 

regard ed as complete unless some re asonab ly precise 

description of th a t machine is given too, otherwise the 

difficult problem of defining the basic actions is only 

postponed, without a solution being ~roperly attempted. 

0 f c o u r s e , we m us t r e me m b e r t h at ~ f or ma 1 s y s t em 

has primitives that cannot be defined by the system 

and so must be specified elsewhere. And there are 

degrees of postponement: as the primitives are made 

more basic, the importance for the whole definition 

of specifying them formally, rather than intuitively, 

decreases. 

The amount of detail given to define a hypothetical 

machine has varied widely. Normally one would not expect 



a ver y extensi ve form a l definition for it, following 

the principle th a t 'th e me talan guage sh oul d be s i mp ler 

th an the l anguage ' ( cf. section 3.2 ) , It all depe nds 
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on how novGl the machine (or metal ~ng uage ) is, and how 

much work one is pr epared to put into the whole def­

ini tion. For exam ple~ the ma chin e use d by Wirth and 

We ber(1966) for de fin ing Euler i s suf fi cientl y s i mple 

th a t it mi ght be c ons i dere d self-exp l anatory, but the 

a bst r a ct machine for support in g Vi en na Definition 

Language progr;:rns, on the other hand, hnd m2.n y unconven­

tion al features, and in Luc as (1 968) a s ub stant i al , i f 

only sem i -formal, description is give n for tile ma chin e ' s 

r e p r e s en t at i on a nd op era t i on • Ho \J e \I or , lJ e g n er ( 1 9 7 2 ) does 

g iv e a definition of VDL in VDL : th e re is then a kind 

of consistency check on any actu a l interpretation of 

th e VDL primitives . 

3. 6 . 3 .1 J::!i.:c!i.inn structure?s 

lJhat kinds of st r uctures are buil t into the machine 

t o represent sta tes during the pro gram's ex ecution or 

in t ernre tation? Is the mach in e essent i a lly coll ul a r, 

li near , tree-like, or does it support arbitary structures ? 

Id e al ly the se shoul d match the kinds available in th e 

lan guage bein g de fine d: s o th a t, f or example, the Basi c 

defi nit ion of Lee (1 972) presupposes a l inear storage , 

where a s the Fortran definition of Mau r er (1 972 ) needs 

onl y cellular s t ora ge ( he does not includ e a rrc.iys in his 

sub set ); and the more complex Algal 68 uses ge neral 

' objec t s ', ' mu ltiple val ues', 'st ru ctur ed values', 

and 'n ames ' in its hy pothet ical ma chine, so th a t 

gen era l structures c an be construct e d however the 

us ers ' pro gr ams require. 

Th e r e is not alway s , howev er , a perf e ct ma tch. For 

ex am ple, the PL/1 ma ch ine of the VDL de f initio n (Alber 

et al., 1969), though esse ntially tr ee -structured, was 

required to ·suppor t " goto" oper ations , and ha ndle 

arr ay attri bu t es s uch as II a 1 i. g n e d 11 , 11 connected 11 , and 

oth e r archaic le gacies of the I BM 360 archit e cture. 

The de fini tion had grsat difficulty in de a ling with 



these conditions - which are essentially lin ea r and not 

hi e rarchic a l - within the architecture of a tree­

structur ed ma chine. It got arou nd t he problem hy g iving 

only several axioms which must be satisfied by a ny 

i mp l ementa tion, and l eav in g open the details a ft er 

t hat . The def initi on tho n makss 'unkn own ' in the 

standard t he r esu lt of ma ny oporationst for example, 

those on c1rra ys cJccJ.:1ro d with the 11 defined11 c onstr uct 

( c f • th e 11 equiv a 1 e nc e II cons truct in F or t ra n) , e ve n for 

simple cases t ha t tJould giv e the sc1me result in al l 

implem~ntations. For example, t he PL/I segment 

DECLArlE /\(10) , 
C(3) DEFINCD A(S); 

C = 6 ; 

r 0 s u l t s t ~1 c c or d i n g to U a _1_ k et a 1. ( 1 9 G 9 ) , i n a 11 o f t h 8 

array 11 A11 being made 0 un known 11 , foll otJ.i n g the rul e 

th a t 11 since no rel nt ionships between parts of va.l ue 

r epresentntions are def ined, an assignment simply makes 

a ll th ose parts unknown which are no t in de pBndent of 

t he pa rt to wh ic h tho assignment i s mnrJe ( with the 

c>:cept i on of this pc1 rt itself). 11 (/\ lbsr et a l.,1 969, 

section 4.2.2). In the above examp le, this mea ns 

t hat s inc e no r c l otions between the 11
/\

11 and 11
[ll va lu es 

a r e definad in th e stan da rd definit ion, the ass i gn­

ment makes al l the 11
/\

11 va lues "unknown 11 except thos e 

1.,1h ich happ e n t o be i de n t ical to 11 C11 valu es . 

Goto op e rations are another example of a mismatch 

between th e st ructur es impli e d by the l a n guage an d 

thos e sup por te d by a ma chine s uch a s that of VDL 

definitions. In fa ct , ma ny would argue aga inst the 

use o f goto-statements in well struc tured programs 

because they destr oy the corr esp ondence between the 

lin gui s tic structur e o f the program and the dynamic 

structure of the computa tion : these are exactly the 

same re asons why gate-operati ons are difficult to 
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su pport in a tree-struct ure d machine. For s uch a machine, 

the tr ee s tructure i mplies th a t the effect of any 

p3rticular node is define d in t e rms of the effects of 

the subphr ases of that node: this is the usual structure 



for VDL definitions ( see for example Appendices C and 

I). However, as Lucas(1 970) puts it: 

"Goto statements huve th e f~l.lowing consequence: 

Part s of an expansion may become irrelevant if one 
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of the s ubphr ases happens to be a goto stateme nt. One 

possibi lity to make an expansion irrelevant is to delete 

it. In ord er to be oble to show the deletions, the parts 

potBntially to be deleted must be parts of the state. 

Thus, we keep copies of progrnm-parts in the state for 

the sole purpose of being able to delete them.n (p 45) 

ALEX docs hnve goto sta te men ts simil a rly, and to 

manage them I have used a sche r,1e cl osely following the 

PL/I definition, of which Luc as was t alking just above , 

and which i s riescrib e d in Alber et al. (1 969, section 9.6). 
A c c o r d i n g t o t h e s c h e n, e 9 e a c h b l o c k c or;, p on e n t c on ta i n s 

;:i tr ee structure "control inform 8 tion 11 (see specificat­

ion s S1 & S4 of Appendix H), each lsvel of which con­

t ains a co py of th e program text, copio ci from the 

abstract syntax, as well as an index indicating which 

state me nt or group within this program segment is 

curr ently active . A goto stc:itonient, even a local one, 

will involv 0 trimming this tree sufficiently (ru le 

I20: ' goto-2' of Appendix I) so that it c2n be built 

up agai n (I 22 : ' goto-3 1 ) to point to the destination 

s t a t er'; 0 n t s o rn e w h e r e e l s e i n t h i s b l o c k ( I 2 3 : ' g o t o - <'1 ' ) • 

In this wayt one can support even the difficult case 

mentioned earlier ( sectio n 3.~.1 ) of 

if b the....12 beqin •.• ; l:s ••• en d el~ .9..~to l ; 

Here the 'buildin g up' of the "control inform atio n" 

is into the ~egin-block, so th at the st a te me nts is 

re a ched. This building up involv es copying the text 

for that block, and an index to s, into the "control 

inform a tion" tree. One cannot simply point the program 

control to s because one must arrange for a normal flow 

of control out of the se levels of statement nesting 

that have been built up. 

Ideally, the operation of a tree-structured machine 

should follow the tree structure of the abstract syntax 

. I 



of its program, a nd th ere should need only be one read-

on ly copy of this pro gr am si nc e hi gh-level-language 

pro grams should not alter the mse lves. · The mismatch of 

structures r esu ltin g from having to support goto operat-

ion s on such ma chines mea ns th a t there ha ve to be copies 

of the program in the dyn am ic machine st a tes, where they 
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c 2n be ch a nged or deleted, etc. , and th a t one cannot have 

an elega nt i n tu rproter operating with s i mp le recu rsi ve 

functions. The EPL interpreter of Luc as et el. (1 968) doe s not 

s upport gotos, and it s flow of c ontrol i s much mor e simp le 

th an that of the ALEX interpret e r in Appe nd ix I, bec a use 

it can use recursi ve func tions everywhere , e ven wi t hin 

co ndit i ona l s t atemen ts such as the example ab ov e : it h as 

n o gol o statements to break th e motch betwee n the st ructur es 

of th e machine and of its pro gr ams. 
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3.7 Conc lusi on 

Th e semant ic s found in this the s is to be mos t suitable, 

in t erms of th e aims li s t e d in ch apt er 1, for defining 

full- sca l e programming lan gua ges is that using str ucture s 

and co mp ut a tion s on structures . For these struct ur a l 

meanings a nu mbe r of semant i c metalanguages have been 

devis ed , the most c omprehens ive being the Vi e nn a Definition 

Langua ge , the lan guage of the Algal 68 reports, and the 

l angu age of the DAS IS/1 de finition of PL/I. fhe Vienna 

Definition La n g uage is th e mos t ma th emati cally orient ed 

of the three, striving to r eprese nt al l structures, 

func tions, and pri mitiv e operations by an al 9eb raic notation. 

Whil e still re gardi n g ri gou r as extremely im por t a nt, th e 

later two lan guages a im also at r eadab i lity: they us e 

En glish muc h more , but they do giv e certain words and 

phr ases precise computation a l mea nin ys . Com par in g th ese 

t wo, I c ons ider, for re asons d iscuss ed in section 3 . 6. 2 . 3 , 

that the sem i-for ma l En gli sh of th e BAS IS/1 def initi on i s 

to be pre fered, where precision and r oa dab ility are c oncern e d, 

to that of th e Al gal 68 reports. 

Where the emphasis i s not on such com prehens iv e 

lan guagos , and one does not hav e to de fine a rbit a rily 

c omplicate d functions a nd conditions, the Li nked-Forest 

Man i pul a tion Systems can give conci se , e ven elegant, d e fin­

itions, e.g . of ALEX semanti c s in Appe ndix N. Not e th a t 

this lan guage does not ha ve arrays, loop s t atorne nts, or 

l abe l expressions, neith e r does it ha ve any features requir­

in g in tricate or specialis e d semantics such as for ma tt e d 

input-output or mathematical li br ar y functions etc., a nd 

in Appendix N this simplicity of lan guag e is well matched 

to the capabilities of the Linked-Forest Manipul a tion 

Systems. 

The other metalanguages for sem an tics I ha ve not found 

to be so successful for the situations consid e red in this 

study. Natural semantics, for example those in natural 

langua ge s or in compilers on real computers, although 

perhaps where our ideas st a rt and where impleme ntations 

end, are not the most sui ta ble me a ns for for ma l definitions. 

This is because one would prefer de finitions which are 

complete, precise, and re ada ble, a nd other me tal a nguage s, 



especially those mentioned earlier in this section, are 

improvem ents in most of these respects. 
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The other types of semantics do not have the full powor 

of c omputati onal semantics, and have correspondingly 

restric ted applications. Propositional semantics is most 

useful for definin g the effects of particul ar programs 

( i.e. not the set of all programs of some l a ngua ge)f a nd 

even th on only certain cl c1sse s of pro gram s ( e.g. progrc1ms 

which C<'ln be proved to termin a te) can be properl y tre ated. 

The ran ge of applicability, though, is being increased by 

furth er Fesearch, so one should no t be bound too much b y 

one's first impr essi ons. 

P u r EJ f u n c t i o n a J. s e m a n t i c s is a n o t h er t y p e n o t s u i t. a b l e f o r d e f ir1-< 

ing cert oi n cl asses of programs: those with un a void a ble 

assign men t s or transfer statements . Ho we ve r, unctional 

semantic s can be extended, e.g. as in Strachey (1 964) or in 

Aiello et al.(1974 ) , to include the se more co mp ut a tional 

f ea tu res. But tl w n one fin ds that, in ef fect, one is usin g 

computation a l s8mantics, and one ben ef its accordin gly. Th ere 

is n ot a sharp d i st inction between functional and computat-

ional s e ma nti cs in this c ase : the same written expressio n, 

e. g . in th e la mbda c a lculu s ) can be interpr e t e d either 

c omputatio nally or function a lly. 

Semantics ba sed on string rewriting rule s can only 

with gre a t difficulty be e xtended to include a ll the 

construc tions of a progra mm ing lan g uag e such a~ Algal 60. 

They are most use ful for de fining, by syntactic preprocessing, 

certain features of a lan guage in terms of more basic 

statements: such as the definition in the Algal 60 report 

of "for" statements, or the various parameter me chanisms. 

For ne ar ly all other aspects of progr a~m ing languages , the 

other types of semantics, especially the structural semantics , 

have been found, in this study, to be better in terms of 

the criteria adopted for their comp ar ison . 

' 
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Appendix A 

Concrete s ynt a x of ALEX : a co nt ext-fr e e cov e ring gram ma r 

: := block pro g ram 

b lock ::= b e oin de cl a ra t i on-list s tmt-list en d 

decl a r a ti on- l i s t ::= de cl a r a tion / 

de cl a ra t ion-li s t declaration 

de cl arat i on :: = va ri ab le- de cl a r a tion/ procedure­

declar a ti on / f unc t i on-declaration 

va ri ab le- de cl a r a tion :: = typ e id-l is t 

id-l is t : := id / i d-li s t , id 

p r ocedu r e - decla r a ti o n 

fu ncti on - decla r at i o n 

:: = procedu r e id p a ra me ter s ; stm t 

.. -.. - type functio n id parameters 
s t mt r eturns exp r ess i on 

t yp e :: = i n teqe r /real / logi c a l 

pa r ame t e r s : := ( p a r amete r- Lis t ) / n ull 

paramete r- li s t ::= pa r ameter / pa r a me te r-li s t, paramete r 

par ame te r :: = value-optio n typ e i d 

v a l ue -optio n ::= va'l~ / nul l 

stmt-li s t ::= stmt / stmt -l ist stmt 

stmt :: = unlabe l led - stmt / i d : s tmt 

u nlabe ll ed - stm t 

ass i g nment - s t mt 

::= assig nmen t- stmt / got o- s t mt / i f- s t rn t / 

pr ocedure - c a l l/ block / 

co mpo und- s tm t / nu l l 

: : = id ·­.- e x p r essio n 

g oto- s t mt 

i f- s t mt 
: := o o t o id 

: : = if e x pre ss i on stm t e l se -p a rt fi 

e lse-p a rt : := else s t mt I 
the n 

nu l l 

p roc e d ur e -c a ll 

argument-l is t 

argu ment .. -.. -
compound- s tmt 

null .. -.. -

.. -.. -
.. -.. -

id/ id ( ar gume nt-li s t) 

ar gume nt / argu ment-list, ar g ument 

expre s s i on 
.. -.. - be gin st mt-list e nd 

expression ::= c onstant/ var/ function-call/ 

binary / unary 

constant .. -.. -
logical-value 

inte ger-v a lue / real-value / logical-v a lue 

::= true/ f a lse 



real-value .. - (not further specified) .. -
inteoer-value .. - 11 .. -
var .. - id .. -
binary .. - ( expression binary-op expression .. -
unary .. -.. - unary-op expre ss ion 

function-c ,d l 
.. -.. -

.. -.. -
letter 

::= id / id ( a rgument-list ) 

(not further specified) 
II 

/ id letter / id number 
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) 

binary-op 

unary-op 

id : : = 

letter 

number 

::= a/b /c/d/e/f/g/h/i /j/k/1/m/n/o/p /q/r/s/t/u/v/w/x /y/ z 

::= D/1/2/3/4/5/6/7/8/9 
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Appendix B 

Abst r ac t r ep re sentat i o n of the concrete synt a x in VDL 

(see section 2.4.3.1) 

AR 1 is-c-pro g r = is-c-block 

AR2 is-c-block = ((s 1 : is-BEGIN), 

(s 2 : i s -c-d e clli s t), 

(s 
3 

: i s - S E r:1 I C) , 

<s 4 : is- c-stli s t), 

( s 
5 

: i s - E f,JO ) ) 

AR3 is-c-decllist = (<s - del : is- SE~ IC), 

<s 1 : is -c- d e cl), ••. ) 

AR4 is-c-decl = is -c-v a r-decl v is -c- proc - decl v is-c-func-d e cJ 

ARS is-c-var-decl = (<s 1 : i s -c-t ype), 

< s 2 : is-c-v a rlist>) 

AR6 is-c-varlist = (< s-del : is-C O~M A), 

< s 1 : is-c-v a r>, ..• ) 

AR? is-c-var = i s -c- id 

ARB is-c-ty p e = i s - I NT v is - LOG vis-REAL 

AR9 is-c - proc-decl = (Zs
1

: is- P~ OC), 

<, s 2 : is-c-id), 

( s 3 : is-c-p a rli s t v i s -null?, 

( s 4 : i s - S U 'i IC ), 

<s 5 : is-c- s t > ) 

AR10 is - func-d e cl = (<s 1 : is-c - f u nc-typ e), 

< s 2 : is-c-id '>, 

< s 3 : is-c-p a rlist vi s -null), 

.(s 4 : is-SE MIC), 

<ss: is-c-st), 

( s 6 : is-RETUR NS), 

<s 7 : is-c-expr)) 

AR11 is-c-func-type = ((s 1 : is-c-type),(s 2 : is-FUNC)) 

AR12 is-c-parlist = (~s 1 : is-LEFT-PAR), 

<.s 2 : (<s -del: is-COm'. A>, 

(s
1

: is-c-param), •.• ) , 

<s
3

: is-RIG HT ~ PAR)) 



AR 1 3 is - c- par am = ( < s 1 : is-VAL U E v is-nu 11) , 

(s 2 : is-c-type), 

( s 3 : i s -c-id>) 

AR 14 is-c-stlist = ((s -d el : is-SE~ I C), 

<s 1 : is-c-st>, ••• ) 

AR 15 is-c-st = is-c-ul-st v i s -c-l ab -st 

AR16 is-c-lab-st = (< s 1 : is-c-id), 

( s 2 : i s -C OL CN), 

( s 3 : is-c - st>) 
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AR17 is-c-ul- s t = is-c-a ss i gn- s t v is-c-cond- s t v is-c-proc-c 2l: 

v i s -c- b lock v is-c - g o to - st v 

is-c-c ompou nd- s t vis -n ul l 

AR18 is-c- ass ign-st = ((s 1 : i s - c-i d ) , 

( s 2 : is - BECOMES), 

<s 3 : is -c -expr) ) 

AR 19 is-c- go to- s t = (<s
1

: i s -GOTO), 

< s 2 : is-c-id )) 

AR20 i s-c -c ond-st = (<s 1 : is-IF), 

<s 2 : is-c-expr), 

( s 
3
·: i s - THE N), 

( s 4 : i s -c-st), 

.( s 5 : i s - c - e 1 s e - p 2 r t> , 
<:: s 6 : i s -FI)) 

AR21 is-c-else - pa rt = ( <.s : is-EL SE ), 
1 

< s 2 : is-c-st)) vi s - n ull 

AR22 is-c-co mp ound-st = (Zs 1 : is- BEGIN >, 

<s 2 : is-c-stli s t), 

< s 3 : i s - E ND> ) 

AR23 is-c-proc-call = (<s 1 : is-c-id), 

( s 2 : is-c-arglist vis-null)) 

AR24 is-c-arglist = (<s
1

:. is-LEFT-PAR), 

(s 2 : (<s -del: is-C OM~iA), 

<s 1 : is-c-a rg), ••• ) , 

(s 3 : is-R IGHT-P f1R)) 

AR25 is-c- a rg = is-c-expr 
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AR26 is-c-expr = is-c-constant v is-c-var v is-c-func-call v 

is-c-bin v is-c-unary 

AR27 is-c-constant = is-c-lo g v is-c-int v is-c-real 

AR 28 is-c-log = is-TRUE vis-FAL SE 

AR29 is-c-int (not f urther specified) 

A:no is-c-real II 

AR31 is-c-var = i s -c-id 

AR3 2 is-c- bin = ((s 1 : is-LEFT- PAR), 

<s 2 : is-c-expr), 

( s 3 : is-c-bi na ry-op), 

<s 4 : is-c-e xpr >, 

(s 5 : is- RIGHT-PAR)) 

AR33 is-c-unary = (< s 1 : i s -c- unRry -op), 

<s 2 : is-c-expr)) 

AR34 is-c-func-call = (< s 1 : is-c-id), 

(s 2 : is-c-arglist)) 

AR35 is-c-bin ~ry -op (not furt he r spec ified) 

AR3 6 is-c-unary-op 

AR37 is-c-id = 
AR38 is- BEG I N( beqi n) 

is-UJO ( e nd) 

is- PROC ( procedure) 

is-FU NC( function) 

i s - If'H ( i n t e o e r ) 

is-REAL(r eal ) 

is-LOG(l ogic c=i l) 

is- RE TU RNS (return s) 

is-IF(if) 

is-THEN( then ) 

is-EL SE ( else ) 

is-FI(fi) 

is-TRUE(true) 

is-F ALSE(f a lse) 

is-V ALU E(value) 

is-GOTO(goto) 

II 

(all the I id' of Appendix /\) 

i s - C Of~ fYi A ( , ) 

i s - S u ·ir C ( ; ) 

is- COL Or~(:) 

is-BEcmn:s ( :=) 

i s -L EFT- PAR (() 

is-RIGHT-PAR ( ) ) 
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Abstract syntax for the VDL definition of ALEX 

A1 is-progr = is-block 

A2 is-block= (<s-decl-part: is-decl-part>, 

<s-st-list: is-st-list)) 

A3 is-decl-part = ( t<id: is-attr) : is-id(id)}) 
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A4 is-attr = is-var-attr v is-proc-attr v is- f unc-attr v 

is-label-attr 

A5 is-var- 2ttr = is-ty pe 

A6 i s -proc-attr = (~s-p 2r am - l ist: i s -para m-li s t>,<s-st: is-st)) 

A? is-func-attr = (< s -p c. ram-list: i s - pa r am-l ist>,<s -st: is-st), 

( s -func-type: i s -t yp e),<(s-result: is-expr>) 

AS is-p a r a m = (< s -v a lue-opt: is-VALUE vi s -n ul l>, 

<s -t ype: is-type), 

<'.'.' s -p 2r: is-id)) 

A9 is-t ype= is-I NT vi s-REA L vi s-LO G 

A10 is-12.bel-attr = (< s - st -loc: is-int-l i s t>) 

A11 is-st = is- ass i gn- s t v is-cond- s t v i s - goto - st vi s-nul l v 

is-proc-call v is-st-li s t vi s - block 

A12 i s - ass i gn- s t = (< s -l ef t-part: is- va r), 

< s -r ig ht-p a rt: is - e xpr)) 

A13 is- goto- s t = (<s -l a be l: is-id>) 

A14 is-proc-call = (<s -id: is -id),(s - a r g-li st : i s - a r g- l i s t>) 

A15 is-cond-st = (~s-choice : is- exp r>, 

< s -t hen - s t: is-st>,<s-e lse-st: is-st>) 

A16 is- a rg . = is-expr 

A17 is-expr = i s -can s t v is-var vis-bi nary v is-unary 

v is-func-call 

A18 is-canst= is-log-c v is-int-c v is-real-c 

A19 is-log-c = is-TRUE vis-FALSE 

A20 is-var = is-id 

A21 is-binary =(<s-rd1:is-expr),<s-op:is-binary-op), 

(s-rd2:is-expr)) 

A22 is-unary = (<s-rd:is-expr),<s-op:is-unary-op)) 

A23 is-func-call = is-proc-call 

A24 is-int-c, is-re a l-c, is-un a ry-op, is-bin a ry-op 

are not further s pe cified 

A25 is-I ~T(I ~T), is-REAL(REAL) etc. 
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Appendix D 

Tr ans l At ion from concrete to absttact syn t ax 

T1 translate(t) = 

T2 

is-c-pr og r(t) ~ tr ans- block(t,null) 

T ~ Brror 

trans-block(cb,d ecs) = 
I 

PA SS : u0 (<s-d ec l-p 8rt:d ecpa rt>,< s -st-li s t: 

trans- s tlist(s
4

(cb),sym s ,d ecpa rt, 

u
0

(~ s - s t-loc:null >) ))) 

decp a rt: trans-d e cJ.list(s 2 (cb) ,syms,new decs) 

s y ms : u ( de c s ; i (id : at t r) for i d ( n e 1J d e c s ) = a t t r }) 

coll e ct-dGclar a tions(cb,n e wdecs) 

ne wd e c s : null 

Pass 1: collocting a ll d e cJ a r a t io ns 

the VOL 
ord e r of 
execution 

T3 collect-d e cl a r a tions(c~,newde c s) = 
c oll ect -J abR l s - st ( s i( s

4
(cb) ) , newdecs) for all i: s i(s 4 (cb)) 

/nu l .1 

c ollect-dec l( s i(s 2 (cb)),n e wd ecs ) for a ll i : s i( s 2 (c b))/nuJl 

T4 c olle ct- dGcl ( decl ,nd) = 
is-c-proc- de cl(decl) ~ 

is-c-func-decl ( dc-! Cl) ~ 

is-c-v a r-d e cl(decl) -~ 

a cid-ci e c(nd, s 2 (d ~cl) ,P ROC) 

add-dcc(nd , s 2 (ciec l), FU~ C) 

a dd-dGc(nd,id,s,(decl)) 
I 

for all i : id=si(s 2 (decl))/null 

T5 coll e ct-l abe l s - st ( st , nd) = 

i s -null( s t)-,. null 

i s -c-l ab-st ( s t) 7 collect-l ab els-st ( s 3 ( st) ,nd) 

a dd-d e c(nd,-s 1 (st),L ABE L) 

is-c- ass ign- s t(st) v is-c-proc-call(st) v is-c-goto-st(st) 

7 n t:,11 

is-c-compound-st(st) ~ coll ect-labe l s-st ( si (s 2 (st )) ,nd) 

for all i : si(s 2 (st))/null 

is-c-block(st) -7 null 

i s-c -con d-st ( s t) "-7' col l ect-labels-st(s 4 (st),nd) 

collect-labels-st(s2 (s 5 (st)),nd) 

T6 add-dec (n e wd ecs ,id, attr ) = 

newdecs : u(newdecs; (id:attr)) 

id(newd e cs ) / null 7 error· 
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Pass 2: translat i on, checking id e ntifiers, filling l abe l l ocE 

T? tr a ns-declli st (d ec lli st , syms , ne wd e c s) = 

(tr a ns-d ecl(s i( si ( decl li st) ), sy ms ,new de cs) 

for a ll i : s i( s
2

( de clli s t))fnull1 

TB tr a ns -d ec l( decl,syms,newdecs) = 

is-c-proc-d e c l ( decl) --? 

n e w de c s : u (n e w de c s ; < s 
2 

( de cl ) : u 
O 

( ( s -p a r a m-1 i s t : p l) , 

< s - st : pb) ) )) 

pb : trans-proc-body ( s 5 ( dec l), u ( syms ; pl )) 

pl : trans-p a r-l ist ( s
3

( decl )) 

i s-c - func-d e cl(decl) ~ 

n e wdecs :u(n ewdecs ; s
2

( dec l): 

u
0

(< s - pararn-list:p l>, 

( s - st : pb), 

< s-fu nc- type:s 1 (s
1

(d e cl ) )), 

( s -re s u l t : re ) ) >) 

type/s 1( s 1( decl)) -~ ~s_sor 

re : trans-ex pr ( s
7

( decl) , u(syrns; rl ),type) 

p b : t r ans - proc - body(s 5 ( decl) , u(syrns ; pl)) 

pl : trans-p s r-ljst( s
3

( d ec l)) 

i s - c-v a r- dec l ( decl) ~ null 'l cJ.lready in ' neLJdecs ' 

b y coll ec t-decl 

T 9 t r a n s - p a r-1 i s t ( c p l ) = 
i s -n u.ll ( cpl ) 7 null 

not( Ji,j) (i;tj & si ( s 2 (c pJ.)) =s/s 2 ( cp l ))fnull) ~ 

u0 ( t(e l em ( i ): u0 (<s -v alue-op t: s 1 ( p)), 

( s -t ype s 2 ( p) ), 

( s - pa r s 3 ( p) ))) 

p=si( s
2

(c pl )) for a ll i in 1:slen gth( s 2 (cp 1 ))}) 

:r ~ e rror 

T10 trans-proc-body(bod,syms) = 

PASS : blk 

blk: u0 (.!'.'. s -d ecl-pa rt: dee p), <(s -st-l j_st : u 0 ( <e lem( 1): st)) '>) 

decp= null ~ PA SS : st 7~ no .l abels to worry about 

s t: tr a ns -st( hod , syms .,d ecp , s tloc) 

stloc: u0 (< s 1 : 1)) 

deep: null 
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T11 trans-stli s t(t, s yms,d e cp, s tloc) = 

u 0 ( [(elem(i): t r a ns-st(si(t), s y ms,decp,u( s tloc;<sd+ 1 :i>) P 

: for all i i n 1:sl e n g t h (t)}) 

whe r e: d=slen g th(t) 

T12 tr a ns- s t( s t, s y ms,d ec p, s tloc) = 
i s -c-l ab -st ( st ) ~ PASS : tr a ns -s t (s 3 (st), s y ms,decp,stloc) 

dee p : u( d ecp; <s
1
(st): 

u 0 (~ s - s t-l oc: st loc))~ 

i s - n ull(st) ~ n ull 

is-c- assig n- s t( st) ~ tr a ns-ass i g n( s 1 ( s t),s 3 (st), s y ms ) 

i s -c-co n d-st ( st) ""'"7 t r a ns - cond ( s 2 ( st ), s 4 ( st ), s 2 ( s 5 ( st )), 

syms , de c p , stlo c) 

i s -c-goto - s t( st ) "°' PAS S : u 0 (< s - la b e l: l a b>) 

n ot is - label - 2 tt r( l ab ( syms ) ) ~ e rror 

i s - c - block ( s t ) ~ tr ans - block ( st , syms ) 

i s - c-c omp ou n d - st ( st) 7 t r ans - s tlist ( s 2 ( st ) ,syms , decp , 

stloc ) 

i s-c-proc - c al l ( st ) ~ tran s - p roc-cal l (st , sy ms) 

T13 trans - cond (v, then , e l se , syms , dec p, stloc) = 

PASS : u 0 (<s- choi ce : c ), 

< s - then-st : trans - st ( then , syms , decp , u 0 ( 1 ,< sd+ 1 :1)) 

i s - else-st :tr ans - st ( else , s yms , de c p , u 0 (1, sd+ 1 : 2 ) ) 

where : d=slen ~th ( s tloc ), l= s tlo c 

T14 tr a ns- as si g n(v a r, cexp,syms ) = 

PAS S: u 0 (< s - left - part :v a r;,(s - ri Gh t - pa r t : ae xp)) 

not con ver tible ( type ,v a r( syms )) ~ e rror 

aex p: t r ans - Expr ( cexp , s y ms , ty p e ) 

T15 : tr a ns- p r o c-c a ll(cal l, s y ms ) = 

PASS : u 0 (( s -id: s 1 (c a l l )>,(s - a r g-li s t: a l)) 

al : tran s - a r g l is t( s
2

(c al l), s - pa r am - l i s t( s 1 (c a ll) s y ms ),sy m 

not is-proc-att r( s 1 (c al l)(sy ms )) ~ e r r or 
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T16 trans-arglist(apl,fpl,syms) = 

PASS : u0 (f (e l em(i): trans-arg(si(apl),s.(fpl),syms)) 

: for all i in 1:slength(apl)}) 

slength(apl) f slength (fpl) ~ error 

is-null(apl) & i s -null(fpl) ~ null 

T17 trans- a r g(ap , fp , syms) = 
PAS S : aexp 

not c onv e rtib l e(t yp e,s-type(fp)) ~ e rror 

aexp : tr an s-e xp r(ap,sym s ,typ e) 

T18 trans-expr ( ex , syms,type) = 

is-c-c onstant ( ex) ~ ex 

is-c-var( e x) ~ PASS : ex 

% ret urn both type & abs tract 

syntax 

not is-var- a t t r(t ype ) ~ e rror 

type : ex ( syms) 

is -func-call(ex ) -) trans-func - call( ex , syms , type) 

is-c- r in(ex) -1 PA5S : u0 (< s - rd1 : a),(s -rd 2 : b),<s -op : s 3 (e x) )) 

type : re sult-t ype2 ( ta , s 3 ( ex) ,tb) 

a : trans- expr ( s 2 ( ex) ,s yms ,ta) 

b : t r ans - exp r( s 4(ex),syms,tb ) 

i s -c- uncry (ex) -) PASS : u0 (zs -rd:a),(s - op : s 1 ( ex )>) 

ty pe : re sul t-t ype1 (s 1 (ex),ta) 

a : tr ans - exp r( s 2(ex), s yms,ta) 

T19 tr ans -func-c al l(call,syms,type) = 

PASS : u0 (<s-id : s 1(c a ll) >,<s - arg-li st : a l>) 

type : s - f unc-ty pe ( fa ) 

al : trans - a r glis t( s 2 (c a ll),s-p a ram- l i st (f a ),syms) 

no t is-fun c-attr (fa) -3/ er ror 

where: f a= s 1 (c all)(syms) 

T20 the followin g functions are not further specified: 

result-ty pe1(op,arg) : t ype of op( a rg) 

result-type 2 ( a r g1 , op ,arg2) : type of op(arg 1,ar g2) 

T21 co nverti ble (t 1 ,t2 ) = 

t 1=t 2 ---), tru e 

is-I NT(t 1 ) & i s -f<EAL(t 2 ) ""'"7 t r ue 

T ~ false 



9 3 

T22 slen gth(x) = 

(Vi) is-null(s.(x)) ~ 0 
J. 

T ~ (t,i) (n o t i s -null( s .( ">< )) 
-- J. 

& (VJ) (j)i i mp lie s i s-null(sj(x)))) 

The iot a ope r a tor is use d in exr r ess i ons of the form 
(lx) p (x). 

Thi s e xpr essi on de not es the val ue of x f o r which p( x ) is 

tru e , but has no va lu e if no va lu e or mo r e th a n on e value 

in the ran ge of x has the pro per ty p. 
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Appendix E 

Definition of ALEX syntax by a Production System 

pro orams 

P PROGRAM 

b BLOCK 

cieclarations 

d DE CU1RATION 

vd VARI AB LE 
DECL . 

t TY PE 

pd PROCEDUfl E 
DEC L. 

fd FU NC TION 
DECL . 

p l P A R A ~1 E T E R 
LI ST. 

v VALUE 
OPTION 

statements 

s S T A T E f·: E NT 

us UNLABEL. 
s Tf'iT . 

GGTO-SHIT 

b 

beoin 
r:=null 

d • ·d ·s · •s end 1, •.• , m' 1, .•• , n 

if rd:= B(d 1 ; .•• ;dm;s 1 ; ••• ;sn) 

r' :=OVE RRID E(rd,r) 

DIFF . ID L I ST( DO~A IN(rd)) 

S T A T Er- ; UH ( s 1 , r ' ) , • . • , S T A TE ME NT ( s n , r ' ) 

vd I pd I fd 
t i1,i 2 ,···,im if rn ge q 1 

in teoe ~ / r e a J. I lo gical 

procedure 

if 
i pl s 

·- PAR/\r·1S ( pl) l3 ( s ) r . - + p 

r' := OVERR I DE (r ,r) 
p 

D IF F • I O L I S T ( D Of'i l\ If~ ( r ) ) 
p 

STATE f'1 UJT ( s ,r 1 ) 

t functio n i pl ; s returns e 

if rp:= PARA MS (pl) + B(s) 

r' := OVERR I DE (r ,r) 
p 

DI FF .I DLIST ( DOMAIN (r )) 
p 

s T A T E r:; on ( s , r ' ) 

B(t) = CT(e,r') 

... ,v t i ) / null m m m 

va lue/ null 

us I i:s 

ASGT- S H iT I GOTO- S rrn I r F-snn 
PROC-CALL I BLOCK I null 
ooto i if r(i)=L AB EL 

if m geq 1 

I 



ASGT-STMT i:=e if r(i)=INT v LOG v REAL 

CGNVERTI BLE(CT(e,r),r(i)) 

I F -5 nn i f e t h en s f i / 

ll e ..tlJ.@ s 1 el s e s
2 

fi 

if CON VER TI BLE(CT(e,r),LOG) 

PROC-CALL PROC / PARAM- PROC 

PRCC i if r(i)= PROC() 

PARAM -P RO C i(e
1

, ••• ,em) 
if m geq 1 

9 5 

r(i)= PR OC(pt 1 , .•• ,ptn) , m=n 

CON VER TI BLE( CT(ek),ptk) 
for a ll k= 1, .•• ,m 

ex pres s ion s a nd prim2 ries 

e E X P R E S S I G ~j C I i I f / bi n I un 

C CONS TAN T ic I re I le 

le LOG IC AL t rue I f a l se 
C Of~S T 

re REAL C mJSTAN T (not furt he r spe c i f i ed) 

ic IfHECER CON ST A l~ T II 

i IOUJT IF IE R lt / ·. i 

f FUN CT I ON FUN I 
CAL L 

FUN i 

P A rrn f·1- F U N i ( e 1 , 

lt / i dg 

PARAff: -F Uf·J 

i f r(i) =FUM (-rt) 

• • • , e ) 
m 

if m geq 1 

r(i)= FUN (pt 1 , ... , ptn-rt) , m=n 

CONVERTI GL E( CT (e k) , pt k) 
fo r a ll k=1, ..• ,m 

un UNAR Y EXPR UNAR Y-OP e 
bin BI NAR Y EXPR ( e 1 BI NAR Y~OP e

2 
) 

BI NAR Y-OP 

UNAR Y-OP 

dg DIGIT 

lt LETTER 

(not fur th er sp eci f ied) 
II 

o / 1 / 2 / 3 / 4 / s / 6 / 7 / s / 9 

a/ b / c /z 

com put a tion of env i ron ments 

B CDr·lP UTEO 
CECLS. 

B(d 1 ; •.• ;dm;s 1 ; ••• ;sn) = 6 (d 1 )+ ••• +B(dm)+ 

B(s 1)+ ••• +B(sn) 

B(i:s) = (i:L A6E L) +B(s) 

B(null) = null 
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B(i:=e) = null 

B(qoto i) = null 

8( PR OC-CALL) = null 

B(if e then s f i) = B(s) 

B(if e th e n s
1 

el se s
2 

fi) = B(s
1

)+ B( s 2 ) 

B( be c':in d
1

; ••• ;d m;s
1

; ••• ;sn end)= 
null if m geq 1 

B(s
1

)+ ... +B(sn) if m=O 

B( procedure i pl ; s ) = (i: PROC( B(pl)) ) 

B(t function i pl ; s return s e) = 
( i : FUN ( B(pl) - B(t) ) ) 

B((v 1 t 1 i 1 , ... ,v mtmi m)) = 

6 (v
1

) B( t
1

), 

B(v cJlu e) = VAL 
B ( i n t e g e r ) = IfH 

B(r eal) = F1 Ei\ L 

B( log ic a l) = LOG 

, 6 (v )B (t ) m m 

B( t i 1 ,i 2 , ••• ,im) = (i
1

: B(t ))+ ••• +(i rn : B( t)) 

PA RA~S PARAMS ((v 1 t 1 i 1 , .•• ,v mtmim)) = 

(i
1

: u(t
1

), ••• , i : B( t )) m m 

co mput8 d tvpe s of exoressions 
C T C Oi..-; P U T E D 

TY PE 
CT (ic,r) = INT 

CT(rc,r) = REAL 

CT( lc ,r ) = LOG 

CT(i ' r ) = r(i) if r( i)= INT V Fl EA L V LUG 
rt if r(i)= FU N(pt

1
, ••• ,ptn-rt) 

CT(UNARY-OP e 
' 

r) (not further specified) 
CT(e

1 
BI NAR Y-OP e

2
,r) 11 

CO NVE RT I BLE CONV ERTI BL E(t
1
,t

2
) = t

1
=t

2 
v t

1
=I NT & t

2
=REAL 

miscell a neou s predicates and functio ns 
D Dr·1A IN DO MA IN(null) = null 

D or~ A I N ( ( i 1 : d a 1
1
), ••• ,(in : d a 1 n ) ) = i 

1 
, ••• , in 

+ CON CATE NA T- r+null = r 

IC N r+r' = r" if r=(x), r'=(y), and r"=(x,y) 

DIFF.I DLI ST OIFF .lDLIS T(i
1

, ••• ,i) =V p t/q i /i if p/q 
n P q 

OVERRIDE OVERRIDE (((i 1 :r
1
), ••• ,(im:rm)), ( ( j

1
:s

1
), ••• )) = 

((i 1 :r 1 ), ••• ,(im:rm), list (jq:sq)) 

l;.Jp ipfjq 
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Appendix F 

Definition of /\LEX syntax by a van LJi jngc1arden o ramm;:n 

pro gr am : new blo ck. 

NES T block : begin symbol , NES T new DEFS LABSETY declaration of 

DEFS , semicolon, 

NEST new DE FS LABSETY se ries defining LA 5SETY , 

end symbol . 

NEST declaration of DEF DEFS NEST d e claration of DEF , semi c o.lo 1 

I 
, NEST declar ati on of OEFS . 

NEST declaration of I D ha s TY PE : TY PE symbo1 , ID token. 

TY PE sym bol , IDC LI ST, s e mir,olon , TYPE symbo l, ID token : 

TY PE sy mbol , I DC LIST , comma, ID token . 

NEST decl a r a t i on of ID has pro c( PARA ~S ) : 

procedure s ymbol, ID t o ken , PARA MS pa r amlist , sem i colon , 

f~EST new PAF-rn r-:s pr ocedure body . 

NEST decl a rati on of ID has func ( PA RA~S- TYPE) 

TY PE symbol , function s ym bol , ID token, 

PARA MS param l ist , sem i c olon , 

NE ST new PARAMS proc e dur e body , 

ret urn s s ymbol , TYP E NEST ne w PA R Af•1 S express i c n . 

NEST procedure body : NEST s t a tement ; 

~EST ne w LAB S s t at ement defining LABS . 

E r,; P T Y p c' r am l i s t Err, PTY . 

PRM S pa ramlist: left paren, PR MS parms , r ight p~ren. 

PR M PR MS parms : PR ~ pa rm, comma , PR MS pa rm s . 

I D has TY PE parm : TYP E symbol , ID token . 

ID has value TYPE parm : value symbol , TY ~E symbol , ID token . 

NEST s eries defi ning LA8SETY : 

NEST statement defining LABSETY ; 

where LABSETY is LAB5ETY2 LABSE TYj, 

NEST st 2t ement defining LA BS ETY2, semicolon, 

NEST ser i es de f ining LA GSE TY3. 



state ments 

NEST statement definino LABSE TY 

where LABSE TY is EGPTY, NEST statement; 

where LA 5S ETY is ID has label LA BS ETY2, 
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I D token, colon, NES T statement defining LABSETY2; 

NEST compound statement defining LABSETY; 

NE ST conditional defining LAB SE TY. 

NEST compound statement defining LABSE TY 

begin symbol, NES T series defining LA BSET Y, end symbol. 

NEST c onditional defining LABSE TY : 

NEST if thm part defining LA BS ETY, fi symbol; 

where LABSETY is LA8 SETY2 LABSETY3 , 

NEST if then part defining LA BS ETY2, 

else s ymbol, NEST statem ent defining LAB ~ETY3, 

fi symbol. 

NEST if then part defining LAB SETY : 

if symbol, logica l NES T expression, then s ymbol, 

NE ST s t 2 t ement defining LA BS ETY. 

NEST state men t : NEST as s i gnmen t; NEST goto; NEST bloc k ; 

NES T procedure call; Eh PTY. 

NEST goto: goto symbol , la bel NEST id e ntifier. 

NEST ass i gnment : TYPE1 NES T identifier, becomes sym bol, 

TYPE2 NEST expression, 

where TYPE2 is c onv e rtible to TYPE1. 

NEST procedure call : proc(PARAMS) NES T id entifier, 

actual NEST parameters pa ck matching PARA ~~ 

actual NEST par amete rs pack matching Ef' 1P TY 

actual NEST parameters pack matching PRMS 

U 1PTY. 

left paren, actual NEST parameters matching PRMS, 

ri gh t paren. 

actual NEST parameters matching PRM PR MS 

actual NEST parameter for PR M, comma, actual NEST 

parameters matchin~ PRMS. 

actual NEST parameter for ID has VALUE option TYPE1 

TYPE2 ~EST expression, 

where TY PE2 is convertible to TYPE1. 

VALUE option : valueJ E~PTY. 



99 

expressions 

TY PE NEST ex press ion TYP E constant; TYPE NEST identifier; 

TY PE NEST bin a ry; TYPE ~EST unary; 

TYPE NES T f unction c 2ll. 

TYPE NES T function ca l l : 

func( P~RA~S - TY ~E) NEST identifier, 

~ctu a l NEST parameters pa ck ma tching PAR AM S . 

TY PE f,J ES T un a ry : UNA RY- OP, TYPE2 rj EST expression, 

wher e TYPE i s resulttype of UNAR Y~O P on TYPE2 . 

TYPE NEST bin2ry lef t pa ren, TYPE2 NEST ex pres sion , 

BI NARY - OP , TYP E3 NES T expression, 

ri ght pa ren, 

where TY PE is r es ultt yp e of BINARY - OP 

on TY PE2 2n d TYPE3 . 

lo gical con sta nt true s ymb ol ; f al se s ymbo l. 

in te g er con s ta nt and r ea l co nst a nt are no t furt he r specified. 

conver sions an d r esu lt tvoes 

where TYPE i s con ve rtibl e to TYP E : true. 

where int ege r is con vertibl e to re a l: true . 
1 re s ulttype of .• on •. and .• ' is not further s pecifi ed , 

but an example is 

re s ult typ e of p lu s symb ol on in t e ge r and re a l r eal . 

id entifiers 

~OD E ~ES T id entifi er IIJ token , 

whe r e I D has ~lOOE f rom f.EST. 

PROP : ID has ATTRIBUTE . 

wh ere PROP from ~EST new PR OPSETY 

whe re PROP is not in PROPS ET Y, where PR OP from NEST; 

where PR OP is a l one in PROP SETY. 

where PR OP1 is alone in PROPS PR OP2: 

where ~RO P1 i s not in PR OPS, where PROP1 i s alone in PROP2 ; 

where PRO P1 is alone in PROPS , where PR OP1 is not in PROP 2. 

where PRO P1 is not in PROPS PROP2 

where PROP 1 is not in PR OPS, where PROP1 is not in PROP 2. 

where ID has ATTRI BUTE is al one in ID has ATTRIBUTE : true. 

where 101 has ATTRIBUTE1 is not in 102 has ATTR1 8 UTE2 

where 101 differs from 102~ 

[IBRARY 
MASSEY UNIVERSITY 



predicates 

t r u e : E ~~ P T Y • 

where NOT ETY is NCT ETY : true. 

where NO TETY1 ALP hA 1 diff e rs f rom ~OT ETY 2 ALPHA2 

where NG TE TY1 differs from NOTETY2; 

whe re ALPHA 1 precedes ALPHA2 in ALPHAB ET; 

where AL PHA2 prece des ALPH A1 in ALPH ABET. 

whe re ALPHA 1 pr e ce des ALPH A2 in 

NO TETY1 ALPHA 1 ~O TETY 2 ALPHA2 NC TET Y3 

whe re MC TI ON diff e r s from EMPTY 

where EGPTY differs from NOT I ON 

metao r oduc t ions 

NEST :: LAYER ; NEST LAYE R. 

LAYER :: new DE FSETY LAGSE TY. 

DEFS ET Y : : DE FS ; EMP TY. 

DEFS :: DEF ; DEFS DE F. 

DEF :: I D has ~OD E. 
LAiJS ETY : : LABS ; U lPTY . 

LABS :: LAB ; LABS LAB . 

LAB :: I D has l a bel. 
· A T T R I 8 U T E : : f :; CD E ; l a b e 1. 

true. 

true. 

true. 

~1 ODE TY f= E ; pr oc( PARA f'1 S) ; f unc( PhR /if: S- TYP E) . 

TYPE :: in te ~e r ; r e al 
E r,·, P T Y : : • 

PAfAFl S :: PR ~SET Y. 

P n r1 s E T Y : : P m , s ; u·: P T v • 

PR ~S :: PRM ; PRMS PR~ . 

logica l. 

PRM :: ID has TYPE ; ID has va lue TY PE. 

PROPS ETY :: PR OPS ; E~P TY. 

PROPS :: PRO P; PR OPS PROP. 

PR OP:: ID ha s ATTRI BU TE, 

ID :: LETTER; ID LETTER; ID DI GIT; 

IDCLIST :: ID; ID, comma, IDCLIST. 

NOTETY NOTI ON ; E~PTY. 

NOTI ON CHA R; NO TIO N CHA R. 

CH AR:: LETTER; ( ; ) ; - • 

ALPHA BET :: abcdef ghijklmnopqrstuvwxyz()-. 

DIGIT :: 0 ;1 ; 2 ; 3 ; 4; 5;6 ; 7 ; 8 ; 9 • 

1 00 

LETTER :: a;b;c;d;e;f;g;h;i;j;k;l;m;n;o;p;q;r;s;t;u;v;w;x;y;z. 
A LPHA : : CHA R 



LETTER token: LETTER symbol. 

ID LETTER token : ID token, LETTER symbol. 

ID DIGIT token : · ID token, DIGIT sy mbol. 

represent a tions 

be gin symbol 

end symbol 

procedure sy mbo l 

beoin 

end 

procedure 

function, if, fi, then , else, returns, goto, inte ge r, 

1 01 

real, lo gical, val ue, true, a nd f al se sy mb ols simila rly. 

ri gh t pa ren 

left paren 

semicol on 

colon 

co mma 

beco me s s ymbol 

plus s ymbol 

etc. 

a symbol 

b s ymb ol 

z s ymb ol 

0 symbol 

9 symbol 

) 
( 

' ·­,-
+ 

a 

b 

z 

0 

9 
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Appendix G 

Definition cf ALEX sy ntax by a Linked-forPst ~a nipulat i on Sv st ern 

1 

Context-fr ee component Abstract tre e component 

program--, block 

1.1 USED 

program: block 

S(ERROR)F(STOP) 

2 block-, be oi n block: declar a ti on -list, 
declaration-li s t; stmt-list 
stmt-list 
end 

2.1 DEC type 1 :id1 & DEC tyre 2 :id 1 S(ERRDR)F(NEXT) 

2.2 declaration1 : DEC typ e:id
2 

& variable: USED id 2 ~ 

declaration1 : DEC type:id2 & va riable= d e claration 1-
desig na tor 

2.3 

2.4 

2.5 

2. 6 

2.7 

2. 8 

parameter 1 : spec ,ty pe,id 2 & 

parameter 1 :s pe c,type,id2 & 

va ri ab le: USED i d2 7 
vari ab le=par am eter -
de s ignator s ( nEPEA t)F( NEXT) 

d e c l a r a t i on 1 & s t m t 3 : ( D E C l a b2l_ : i d ) , s t m t 4 ~ 

decl a ration 1 ,d e clarati on2=label: s tmt 3-~e sig nator,id" 
& s t m t 4 S ( REPEAT ) F ( \., E ,, T) 

goto-stmt: US EDid 1 & d e cl a rati on=l a be l 7 : 
stmt-aesignator , id1 -::, 

goto-st mt: l abe l 2-de s ign ato r & declaration 
S ( REP EAT ) F ( i·' EXT ) 

goto- s tmt: USED id S( ERRD R)F( ~EX T) 

DEC procedure 1 : id2 ,type-li s t 3 
& (procid: USED id 2 ), a rgument-list4 ~ 

DEC procedure 1 : id 2 ,type-li st3 
& ( procid : procedure1-de s i gna tor),ar gume nt-list4 , 

CHECK convertible ( TYPE S ~rgume nt-list4-co r y, 
type-li st 3) S( REPEAT)F( NEX T) 

DEC function 1 : id 2 ,typ e-list 3 
& (funcid: USED id2 ), a rgument-list4 ? 

DEC function 1 : id 2 ,type- l ist3 
& (funcid: function 1-designator),argument-list4 , 

CHE CK convertible( TYPES ~rgument-list4-copy, 
type-li st3) S(REPEAT)F( NEXT) 

2.9 CHECK true ~ null 

2.10 CHECK fal s e S(ERROR) 

2.11 declaration: DEC type: id-} 

declaration=cell: value=undefined , type 
S(REPEAT)F(NEXT) 



2.12 DEC procedure~ null 

2.13 DEC function ~ null 

2.14 id ~ null 

3 declaration-list~ 
decl a ration/ 
declaration-list 

declaration 

4 declaration-;) 
type id-li s t 

S ( REPEAT )F( ~E XT) 

S( REPEAT)F ( NEXT ) 

S(REPEAT)F ( ST OP) 

declaration-list 
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declaration : type, 
id-li s t 

4.1 declarati on 1 : type,(id-list: id2 , •• )-::) 

declaration
1

: type,(id-list: , •• ) , 
decl a ration 3 : DEC type: id 2 S ( REPEAT)F( STCP ) 

5 id-list~ id/ 
id--list,id 

6 declaration~ proc edu r e id 
par ame t e rs 
stmt 

6. 1 Tvr:·, t: s nul 1 -;, null 

id-li s t 

d e claration=proc edure : 

pa ram e ters , stmt , 

DEC proc e dure : id, 
TYPES pa ra mete r s -copy 

6. 2 TY PES pa r ame ter-li s t~ (TY P[ pa ra met or)-list 

6 . 3 TY PE pa r ame ter: sp e c, t ype,id ~ type 
6.4 Perfor ru 2.1 to 2 .14 

7 d eclaration ~ d ecl a r a ti on =fu nct ion : 

type func t i on id paramet er s , s tmt, type , 

8 

9 

pa r ame t e rs; 
sb,t r e turn s expr ess ion 

7.1 Perfor m 6.1 to 6 .4 

type~ inte ger/real/loqical 

parameters~ null / 

(par ameter-list ) 

1 O parameter 7 
value-option type id 

expre ssion , 
DEC functi on: id, 

TYPES pa ram e t e r s -copy 

type= int /real/ l.£g 

parameters : null/ 

parameter-list 

parameter: spec , type , id 

1 1 value-option~ value/ null spec: value/ name 

12 parameter-list~ 

parameter/ 

parameter , parameter-list 

parameter-list 



13 stmt-list ~ stmt / 
s tmt-list; s tmt 

,. . 
14 s tmt ~ ulstmt / 

id: s tmt 

15 ulstmt ~ beo in 
s t mt-list 
end 

1 6 ulst mt 7 
if e xpressi on t hen 

if e x rn ess i on t he n 

else --
1 7 ulstmt ~ 

id := expr ess ion 

1 8 ul stm t ~ ~ id 

1 9 uls t mt ~ nul l 

20 ul stm t ""7 i d I 

s t mt fi 

stm t
1 

s t mt
2 fi 

id( a rgu ment-li s t) 

22 a r gumen t~ exp re s si on 

2 1 a r gumen t-li s t~ a rgu men t/ 

a r gumen t- lis t, a r gumen t 

I 

1 04 

stmt-list 

stmt = stmt / 
·stmt: (DEC label: id),stmt 

stmt = stmt-list 

s tmt = if-stmt: 

expression,stmt,nu l l / 

ex pression,st. mt
1 
,st mt

2 

stmt = assi gnment-st mt: 

(v a riable: USED id), e xpre ssion 

s t mt = goto- s t mt: US ED id 

st mt = null 

s t mt=pr oced ure-call: 
(pro ci d: USED id ),null / 

(procid: USE~ id), 
a rgument-li s t 

a r gu ment= ex pre ssjo n 

a r gume nt-li s t 

2 3 expre ss ion-;> t rue/ fa l~ / exp r ession= con s tant= v a lue = 

r ea l-v a lue/ tru e/f alse/re a l-v al ue / 

integer-v a lue integer- va lue 

24 ex pres s i on--,. id expression= vari 2ble: 

25 expres s ion~ 
unary-op e xpression 

26 expression ~( e xpre s si on1 b inary-op 
expression

2
) 

27 ex pression~ id/ 

id(argument-list) 

USED id 

expression= unary: 
unary-op,expression 

expression= binary: 
exprelss~on1 ,binary-op, 
expression

2 

expression= function-call: 
(funcid: USE0 id),null / 

(funcid: USED id), 
argument-list 

28 real-value, integer-value, unary-op, and binary-op 

are not further specified. 
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29 ( ext r a rul es for cal cul a tin g TY PES of 2 . 7 & 2.8) 

29 .1 TYPES arg ument - list~ (T YPE argument=exp ression) -l ist 

29 . 2 TYPE true -? .l£..9. 
29.3 TYPE f a l s e ~ l.9..9. 
29 . 4 TYPE r eal -v a lue~ real 

29 . 5 TYPE inte ger -value 7 int 

29.6 TYPE variable=declaration1-d esignator 
& decl aration1 : OEC type 

~ type 

29.7 TY PE un ary : unary - op, Exp r e s sion ~ 

r esul t-t ype(unary-op , TYPE expr es sion) 

29.8 TYPE bin a ry : expression1 , binary-op , expre s sion 2 -} 

result-type2(binary-op, TY PE ex pression1 , 
TYPE ex pression2 ) 

29. 9 TY PE fu ncti on -c a ll: (funcid=funct ion1- de s ign a t or) , •• 

& funct i on
1

: pa rameter-li s t,st mt,typu,expre s si o n 

--:) type 
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Appendix H 

Ma chin e states fo r t he VDL definition 

S1 

52 

S3 

i s - s tate= (~s- e nv: is-env?, 
<_s - C : i S - C) , 

<s-ci : is-ci), 
<. s -d : is-d'>, 
Zs- b loc k- a ctivation 

% environment directory 
% instruction control 
% statement c ontrol 
% dump: the s t a ck 

is- block- name), ¾ uni q ue block na me 
<s-at : i s - a t), % attribute dir e ctory 
<s -dn : is -dn>, % denotati c n dir e ctory 
<s -n : is-n)) ~ unique-name i nd ex 

i s - e n v = ( [ <. i d : i s - n> : i s - i d ( i d ) S ) 
i s -c des cri be s th e se t of a ll pro gr a m c ontrol trees 

of i nst r uc t io ns . 

S 4 i s- ci = (< s-text : is-s t v is -n ull), 
Cs- ind e x : is- in dex >, % in d ex in t o t e xt 
( s -ci : i s -ci), 
<.s- c : i s-c > ) 
vi s -nu l l 

5 5 i s -in dex= is - i nt vi s - TRUE vi s -F ALSE 

S 6 i s -d = (<s - en v: is-env) ,(s -c: is -c),<s - ci: is -ci), 
<s - bl ock-act.i va ti on : is - b loc k- name>, 
<s-d : is - d )) 

v is-nul l 

S7 i s -b l oc k- name= i s - n vi s -n ul l 

SB is-at = (f ( n:i s - dntype ): is-n (n)( ) 

S9 is-d n type = i s - I NT v i s-REA L v is -L OG v 
i s - PROC v i s-FU NC v is-THUNK v is-L gB [L 

S10 i s -dn = ({ <'.,n: i s -v a l ue v 
is-l a be l- dn v 
i s - th un k-d n v 
(<. s- e nv : is- e nv >, 
< s - at t r : ( is-p r oc- a ttr v is-fun c- att r )>)> 

is-n(n)J) 

S 11 i s -l abe l- dn = (<s-bl ock-activ at ion:i s - bl oc k-n ame), 
( s - s t-loc : i s-i nde x-li s t)) 

S12 i s - t hunk-dn = (<s- e nv : is- e nv),<s-attr : is- e x pr)) 
513 i s- n = is-int 

The initi a l s tate for any giv e n pro gram t for is-progr(t) 
is 

Io = J-.!o(<s-c . int-pro gr(t)),<s-n 1 )) • . 
States I whose control part s-c(I) is null are end-states. 

Compon e nt s of the current state I , s-env(I), 

s-c(I), etc., may be represented by the abbreviations 

ENV,J;_, £.I, .Q, BA, 8.J, ON, anp !:!_, 



Appendix -r 
lnter oret a tion instructions for the VDL definition 

11 int-proor(t) = 

int-block(t) 

for: is-progr(t) - see Appendix C 

I2 int-bloc k(t) = 

s-d s tack 

s-c exit ; 
--:rnf- s t-li s t( s - s t-list(t)) ; 

int- de c l - pa r t ( s -decl-part(t)) ; 
up ciate - e nv ( s - decl- part(t)) 

s-block-activ a tion 

13 unique-n ame = 

PASS : ns-n(l) 

s -n : s -n(I) + 1 

14 !:!,_Qd a te- e nv(t) = 

unique-n am e 

107 

null ; 

l updat e-id(id,n) ;n:uni gue-n ar.ie , for all 
id(t)/-null1 

I5 upd2 t e - id ( id ,n) = 

s - env : JJ(E NV _; (id:n)) 

I6 in t -d ec l- oa rt(t) = 
null ; 

t~-de cl(i d ( E~V),id( t )) f or all id(t)/-n ullJ 

I7 int-d e cl( n ,attr) = 

is-v a r- a t t r( a ttr) ~ s - a t:~(~;<n: a ttr)) 

is-proc- a ttr(a t tr) ~ s - a t:}-J(.~_.I.;<.n:P ROC'>) 
~ : t-1 ( ~ ; <'. n : 

JJ O (< s-a t t r: at t r '> t 
<..s-env:E NV )°)J) 

is-func-attr(attr) ~ s- a t:~(~;<n:FUNC)) 

s-dn :}-J(Q.I:!;<n: 
µ 0 (<( s-attr: attr> ~ 

<s-env: ENV)) >J 
is-label-attr(attr) -j s-at:~(~;<n:LABEL>) 

s-d O !,U l.Qli ;( n !JJQ (<. s-s t-1 DC: 

attr)~ls-block-activation: 
..aA.. )'7} > 



IS int-st-list(t) = 

st a ck-ci(1 ,t) 

I9 st a ck-ci(index,t) = 

s-ci: f1o(<s-tex t: t), <s -in dex: index>, 
( s-ci : c..L) ,<s-c : C>) 

~ : continue 

I10 c ontinue= 

int-next -s t:; 
i nt- s t ( t a k e - s t ( s - i n d ex ( .U ) , s - t e x t ( U ) ) ) 

I11 take-st(ind ex,t) = 

1 0 8 

is-st-li s t(t) & is-int (in dex) & index in (1:l en gth(t)) 
~ e.lem(inde x ) t 

is-if- s t(t) & is-TR UE(index) ~ s-th en-st (t) 
is-if- s t(t) & is- FA LSE(ind ex)~ s- e l s e-st(t) 

T-:, error 

I12 int-n ext- s t = 
is - i n t ( s - in de X (..uJ ) & s -in de X lU.) < length ( s - t e X t Cu) ) 
~ c ont in ue ; 

upd- i ndex ; 

T ~ s-ci : s -ci(il ) 
s-c : s-c (..U ) 

I13 up d-in de x = 
s - ci : / J ( U ; ( s -in de x: s -in de x(.il)+1>) 

I 14 in t-s t(t ) = 
i s - a s s i gn-s t(t) ~ int-ass i on- s t(t) 
i s -cond-s t( t ) ~ j_n t - if - st ( t) 
is- goto-st(t) ~ in t - ao t o- s t(t) 
i s -proc-c a ll(t) & at t= PRO C ~ int-proc-call(t ) 

is-st-li s t(t) ~ i nt - st -1i s t(t) 
i s -bloc k(t) ~ in t - block(t) 
is-null(t) ~ null 

where: att = ( s-id ( t)) ( ENV))(.8.l) 

I15 int-if-st(t) = 

st a ck-ci(convert (c hoice , LDG) ,t) 
choice:int-expr(s-choice(t)) 

116 int-assign-st(t) = 

assign(n , v) ; 
v: int-expr(s -r ight-part(t)) ; 
n: eval - ref ( s - left-part(t) ) ; 

117 assi gn(n,v) = 
~: ~(Q.Ji; (n: convert(v,n(.8.1)))) 
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118 int- oo to-st(t) = 
r oto-1(s-label(t)(E NV)(..filL)) 

119 goto-1(label-dn) = 

is-null(.flA)-, error % stop at outermost block 

s- bl ock- a ctiv a tion(l abe l-dn) = M 4 
o ot o-2(s-st-loc(l a bel-dn)) % local go to 

T ~ s-d: u(u; < s -c: ooto-1(la be l-dn) ) ) 
~: ex it % cut st a ck 

12 0 ooto - 2 ( s tlocs) = 

( .'3 list) l e ngth(list) ~ 1 & 
ci-indexli st (s-ci(£.J))~list = stlocs ~ 

ooto-3((ilist)(ci-indexlist ( s-ci(Cl))~list 
= stlocs) 

T--? ~.ci : s -ci(Ll) 
~ : _O O t 0- 2 ( S t l O CS ) 

121 ci-in dex list(ci) = 

i s-nu ll(ci) ~ null 
T ~ ci-indexlist(s-ci(ci)) -(s-index(ci}'> 

1 22 ooto-3 ( index l ist ) = 

i s-nul l(tail (in dexlist)) ~ goto - 4 ( index
1

) 

T-} s-c i: f-l o (<. s - text : s -st( st
1

)),<. s -c : int-next-st), 

< s -c i: p ( D; <s - in dex : ind ex? ) >) 

~ : ooto-3 ( tail ( i ndexlis t) ) 

where : index
1 

= he a d( indexl i st) , 

st1 = take-st (in dex 1 , s -t ext (£.I)) 

1 23 goto-i~ (in dex) = 

124 

s-ci: JJ(U; <.. s -index: index)) 
~: f: Ontinue 

int-pr oc-ca ll(t) = 

len g th(arg-li s tt) = length (p-li s tt) ~ 

s-env: JJ(envt; f a rg-dn(elem(i) p-listt 

s-d : stack 
1,i~ length(p-listt)1) 

.§..::.£. exit ; 
int-st(stt) 

T ~ error 

,elem(i) 
arg-listt) 

where: nt=(s-id(t))(rn) , p-listt=s-param-list(s-attr 
(nt(QlJ))) , 

envt=s-env(nt(.M)) , arg-listt=s-arg-list(t) , 

stt =s-st(s-attr(nt(Q.N))) 
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!25 arg-dn(fp,ap) = 

s-value-opt(fp)=V AL v is-const(ap) ~ %call-by-value 

PASS: ~
0
(.(s-par(fp):n)); 

assign(n,v) ; 

v: int- expr ( ap ) ; 
n: unique-n am e ; 

is-var(ap) ~ % call-by-reference 

P/\SS: µ
0
ks-par(fp): ap(UjV))) 

T ~ % make a thunk 
PASS: µ

0
(<:::s-p a r(fp): n)); 

s-at: µ(AT; <n: THUNK)); 

s-dn: ~(O N; <n: µ
0
(~s-attr:ap),<s-env:E~JV); ); 

n: un ique-name 

!2 6 stack= 
s - d : u 

O 
( .( s - en v : _EN V ) , <.s - c : 1; ) , <.s - d : .Q > ,<. s -c i : Ll >, 
<s-block-activation:Jia,)) 

127 exit= --s-Env s-env ( D) 
s-c s - c ( D)-
s- d s -d( D) 
s-ci s - ciTD) 
s=Tiock-activation s-b lock-act ivation(Q) 

I 28 int- exor (t) = 

is-binary( t) ~ 

is-unary(t) ~ 

is-func-call(t) 

int- bin-op (s-o p (t),a,b) ; 
a: int-expr(s-rd1(t)) 
b: int-expr(s-rd2(t)) ; 

int-uD.=..Q..Q. ( s -o p (t),a) ; 
a : int-exor(s-rd(t)) 

& att=FUNC ~ 

pass-value(n) ; 
int- f unc-c all (t,n) 

n : unique-n am e 

is-var(t) &. 

is-var(t) & 

is-v a r-attr(nt(B...I)) 

PASS: nt(~) 

is-var-attr(nt(AT)) & is-thunk-dr1 
(nt(D N)) "'? 

pass -v al ue(n) ; 
int-thunk-val(t,n) ; 

n : uniqu e- nam e 

is-const(t) 7 PAS S: value(t) 

T ~ error 

where: nt=t(ENV) , att= ((s-id(t))(E NV))(Q) , 

and value, in t - b in-op, and int-un-op are 
not further s pecified. 



I29 pass-value(n) = 

PASS: . n(~) 

I 3 0 in t- fun c - c.iiil ( t , n ) = 

length( a r g-listt) = l ength (p-li s tt) ~ 

s - e nv: p(envt; [ arg-dn ( elern (i) ;J-li s tt , 
elem (i) a r g-listt) 

: 1~ i,l e ngt h(p-li s tt) J ) 
s -d: s tack ---s-c : exit ; 

c=issig n_(n,v) ; 
v : i-.D1..=.§...)$Jl_t ( exprt ) 
int-st( stt ) ; 

T ~ e rror 

1 1 1 

wh ere nt=( s -id(t))(E NV ) , dnt=nt(.QJ:!.) , e nvt= s - e nv(dnt), 

p-li s tt= s -p a r am-li s t( s - a ttr ( dnt)) , 

a rg-li s tt= s - a r g-li s t(t) , 

s tt= s - s t(s- a ttr( dnt)) , ex prt= s - expr ( s-e ttr( dnt )). 

I31 int-thun k-v a l(t,n) = 

s -env: s-en v(t( ENV )( DN) ) 
s-d stack -- --
s -c .f_Li t ; 

s - d n : f.l ( D N ; <.. n : v) ) ; 
~int-expr( s - at tr(t( EN V)(D ~) )) 

I3 2 eval-r e f(t) = 

i s - V a r ( t ) & i s - V a l u e ( t ( E N V ) ( ~ ) ) ~ p /\ s s : t ( E r,J V ) 

is-var(t) & is-thun k-dn(t( ENV )( DN) )-:,. 

PASS : n(D N); fa the returned name 
int-thuni<-=ref ( t ,n) 

n : unique-n am e 

T "-7 error 

I33 int-thunk-re((t,n) = 

s-env: 

s-d 

envt 
stack 

~ exit ; 

% al l oth er sorts of 
expressions 

s,.. d n : fJ ( .Q.!i; ,( n : r'> ) ; 
r: eval-ref(exprt) 

where: nt= t(E NV) , envt = s-env(nt(DN)) , 

exprt = s-attr(nt(£r:L)) 

I34 length(L) = 

is-null(L) -). 0 

T ~ (~i) (elem(i,L)/null & elem(i+1,L)=null) 

135 concatenation 
L 

1 
....... L 

2 
= JJ ( L 1 ; t <e le m (length ( L 1 ) + i) : e 1 em ( i , L 2 ) > 

for 1 ~ i S len g th(L 2 )} ) 
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Appendix J 

Abstract s ynt ~x for t h e BASIS definition of ALE X 

( as sumed to b e produced fr om t h e c oncrete syntax of 
Appen d ix A by a t ran sla t i on procedure very similar 
to that of App e ndix D ) 

A 1 (p r o g r am) : : = <..b 1 o c k) 

A2 <.bloc k) : : = .('dec l ar a tion-list)<. s t a tem e nt-li s t) 

A3 <'.'decl ar ati o n') : := <:'.'..id e nti f i e r><'attribute) 

A4 < a ttri b ut e > ::= <vari a bl e - a ttr)/<procedure- a ttr)/ 
<.label- at tr> /<f unction- a t t o 

A5 <v a ri a b le-attr) ::= <.t y pe> 

A 6 <'.' p roc edu r e - at tr) ::= < par a met er-li s t><s t ate ment> 

A7 (funct io n-attr) : := < p a rarn e t er - li s t><stat eme nt) 
<. t y p e> < e x p r e s s i an) 

AB (ty p e>:: = I NT / REAL/ LO G 

A9 .(_p a r ameter'> .. -.. -
A1 0 <v a l ue-op t io n) 

A 1 1 < em p t y'; : : = 

<.v a lu e - opti on) <..ty pe>< id e n t if i er) 

::= VALUE / < em p t y) 

A1 2 ~l abel- a tt r) : : = <s tat em ent - de si g n a tor) 

A13 <.st a t em ent ) :: = < 2s s i g n rne r.t-s t mt)/<co nditi ona l- s t rnt>/ 
<.g ot o- s t mt> / ( p r ocedur e -c R 1 1) /<b l a c k)/ 
( st a t e rn en t - .l i s t)/ <e mp ty) 

A1 4 <ass i gnrnent - s t mt/ : : = <v a r i ab le)< e x p re ssio n) 

A 1 5 ( g a t a - s t rn t ) : : = <(i de nt i f i e r> 

A 1 6 (can d i t io n a 1- s t rn t) : : = <cha ic e)< t hen - s t m t).( e lse- s t m f> 

A 17 <.c h oic e) : : = .(ex p r e s s io n > 

A18 (t he n- s tmt) ::= <s tat e me nt> 

A1 9 ( e l se-s t mt:> : := <s tate ment) 

A20 ( p roc ed ure-call) : := (i de ntifi e b( a r g ument-list) 

A 2 1 ( a r g u m e n t ) : : = (e x p r e s s i a n) 

A22 (expression> : := <.con s t a nt> /(variable;/<bin a ry)/ 
<unary) / <. f unc ti on-c a l 1) 

A 2 3 <.constant) : : = ~ v a 1 u e:') 

A24 <variable) ::= <identifier) 

A 25 <binary) : : = (express i on)L_ b i nary-opera tor) <expression> 

A26 (unary) : := (un a ry-op Erator) <:expression) 

A27 <function-call> ::= (identifier)<ar g ument-list> 

A28 (binary-operato~ and<unary-operator)are not further 
specified, 
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Appendix K 

Machine states for the BASIS definition 

(;.machine-state7 ::= (program>~control-stat07~program-state~ 

~control-state~::= ~operation-list? 
1 ) ~operation~ : := 

~program - state;;> .. -.. - ~block-state-list7 

1115 ~block-st a t8-7 ::= 4environment-table~ 
(state ment-control~ 
<statement-designator> 
~enclo s in g- block~ 
~returned-value} 

M6 (environment-table~ ::= ,identifier-possession-list~ 
M7 {i dent ifi er-possession~ ::= (identifie ~~cell-design ator~ 
f'18 4:s t a t em e n t- c on t r o l-) : : = ~op e r a t i on -1 i s t) 

r·l 9 {enclosin g-block-:) : := .{;'.block-state-designator~ 
M 1 0 (. r et urn e d- v a 1 u e7 : : = ~valu e} / ~ c e 11-d e s i gnat o ~ / nu 11 

M11 ,cell~ :: = ,denototion~{dn- type~ 
r11 2 £-cl n-t y p 8~ : : = I NT / RE AL / L O G / L f\ 6 EL / 

PROC / FUNC / THU NK 

FI 1 3 4d e n o t a t i on) : : = ~ v a 1 u 97 / 4;-1 a b e 1- cl n) / (-p r o c f u n - d n) / 

~thunk-dn) / null 

f•114 ~v a lue) : : =TRUE /F ALSE /<-re a l-v a 1 UG) / fint e ger- v alue~ 
2) 

M15 ~r ea l-value)::= •• 
2) 

fi:16 Hnte ge r-v a lue} : : = . . 
r1 17 ~l abel-dn) : := ~block-state-designator) (statement- de signator-) 

r111s ~procfun -d n) : := ~environm ent-t able7~procfun-attH 
r·1 19 ( µ rocfun-att it : := (procedure-attr) / <function-at tr) 
['·120 {th un k-dn) : : = (en v i r onmen t-t a b 1 e~ < exp r essi on) 

Notes 1 The exact structure of {op erat ion) is left 

unform a li s ed and unspecified, but should be 

sufficient to represent all the operations and 
their local variables, etc., of Appendix L 

2 Real-values and integer-values are not further 
specified. 

3 A designator is a member of a class of objects which 
has the property that it can uniquely point to any 
node in either the ~machine-stat~ or ~program) trees, 
and is also capable of indicating when the node to 
which it points has been deleted. 

Any tree which contains a single designator as a comp­
onent is said to designate the tree to which the 

designator points. 



Appendix L 

Interpretation program for the BASIS definition 

81 interpret(p) 
where p is a <program; 

Step 1. Perform initialise-interpretation-state(p). 
Step 2. Perform interpret-block. 

82 initialise-interpretation-state(p) 
where p is a <prcgram> 

114 

Step 1. Let bd be a <st a t eme nt-design a to~ designating 
t h e <b l o ck) in p • 

Step 2. Appe nd to the machine-state the tree 
tpro i; ram-state:'.>: 

~ b lock-st ate-l i st~ : 
~ blo ck -statG;> : 

(stateMent-design a tor): bd. 

83 interpret-block 

Step 1. Let sd be a <stateme nt -desig nat or) of the 
first <.sta te fi ie nt> of the .(block> des i gnat ed 
by t he current <statement-d esi gnator). . 

Step 2. Pe rf orm sta c k(null ,~o perati on) for pr ologue,sd) . 

84 orolo q ue 

Step 1. For each (declaration>d of the cur ren t (bloc k>, 
perfo r m steps 1 .1 to 1. 3: 

Step 1.1. Let id be the (identifier~ im media tely 
contained in d, and let attr be the 
(attribute> of id in d . 

Step 1.2. Peform in itiali s e-decl a ration(attr) to 
obtain a ~ell)c; let cd be a ~cell­
designator7 de s ign a ting c. 

Step 1.3. Append to the curr e nt ~identifie r-possess ion-
1 i s t 7 an (id 8 n t if i er> : id ~c e 11-d e sign at or:;,> c d. 

S t e p 2 • R e p 1 a c e t h e c u r r en t <E. s le! t e m e n t - c o n t r o 1-;) by a n 
(o peration~ for c ont inue. 

85 initialise-d eclaration(attr) 
where attr is an <attribute> 

Case 1. attr i mmed iately contains a (variable-attr) 
Step 1.1 Retu rn a 4cell7:~denot a tion~:null 

~d n t y p e:) : a t t r • 
Case 2. attr im me diately contains a <procedure-attr> 

Step 2.1 Let type be PRO C. 
Step 2.2 Let et be a copy of the current 

kenvironment-t a ble7 • 
Step 2.3 Return a 

~ c e 11'1 : f den o ta t i o ~ : fp r o c f u n - d n~ : 
~nvironment-table}:et 
~procfun-attr~:attr 

~dn-type~: type. 
Case 3. attr immediately contains a (function-attr> 

Step 3.1 Let type be FU NC. 
Step 3.2 Go to step 2.2 



11 5 

Case 4. attr immediately contains a ~la bel-attr ) 
Step 4.1. Let lsd be the <statement-designator) in attr. 

Let bsd be a ~block-state-designator~ 
designating the current ~block-state). 

Step 4.2. Return a 
(cell~:~denotation7:~label-d~: 

~block-state-designator):bsd 
<Statement-d es ignator):lsd 

-'dn-type): L/\BEL. 

86 next-state me nt 
Thi s is normnlly the last action of each statement, 
an d advances the current <statement-designator>to 
designate the next statement. 

Step 1. Let st be the ~st at e ment) design a ted by the 
current <sta te ment-des ignator). Let stl be the 
<st atement-list) which contains st, but does not 
contain a ny (st ate men t-1 is t) which a 1 so contains s t • 

Step 2. Let st2 be that immediate component of stl which 
either cont a ins st or is exactly st. Then let st3 
be th 8 t Zst a ternent> which immedi a tely follows 
s t2 as a n immEcii a te component of st l. 

Step 3. If such a st3 is non-null, set the current <st2.te ment-· 
desi gnator) to des i gnate it, and return. Otherwise 

Step 4. Perform end-of-statement-l ist _( stl ). 

87 end-of-st a te me nt-list(stl) 
where st l is a (st a te ment-list) 

Step 1. Let n be the node uhich i mmediatel y contains stl. 
Case 1.1 . n is a <block), or is a <st a tement> contained 

in a (proc edure-a ttr). 
Step 1.1.1 Perform exit. 

Case 1.2. n is a <state ment) contained in a 
<.. function-attr) fa . 

Step 1.2.1. Let e be the ~expression) in fa. 
Step 1.2.2. Perform return-value(e). 

Case 1.3. (o the rwis e ) 
Step 1. 3. 1. Set the current <state me nt-de s ignator') 

to designate n. 
Step 1.3.2. Perform next-statement. 

88 continue 
This operation is the"driver" which initiates 
execution of the currently designated statement. 

Step 1. Perform interpret-statement. 
Step 2. Go to step 1. 

89 interpret-st atem ent 

Step 1. Let st be the node immediately contained by the 
(statement) designated by the current 
(statement-designator) . 

Case 1.1. st is an zassignment-stmt). 
Perform interpret-assignment-statement(st). 

Case 1.2. st is a (conditional-stmt~ 
Perform interpret-if-statement(st). 

C n s e 1 • 3 • s t is a ~got o-s t m t). 
Perform interpret-goto-statement(st). 

Case 1.4. st is a {procedure-call>, 
Perform interpret-procedure-call(st). 
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Case 1.5. st is a (state ment -list). 
Perform interpret-statement-list(st). 

Case 1.6. st is a Lblock) 
Perform interpret-block. 

Case 1.7. st is ~empty) . 
Perform next- s tate~ent. 

810 inter pret - assignment-stateme nt(a s t) 
where ast is an (asi gnment-stmt> 

St8p 1. Let var be the ~v ar iable) & e the ~expression) in ast. 
Step 2. Perform eval uate-r efere nc e (v ar ) to obt a in ed. 
Step 3. Perform evaluate-expression(e) to obt a in ~value~ va l. 
Step 4. Perform assig n(cd,v al) . 
Step S. Perform next-statement. 

811 assi gn(cd,val) 
where c d is a fc e 11-d e sign at or?' and v a 1 a lv a 1 u e -) 

Step 1. Let c be the «:ell) desi gnat e d by ed. 
Step 2. Let type be the fdn-type~ of c. 
Step 3. P8rform convert(val,type) to obta in val 2 
Step 4 . Replace the ~alue';r component of c by val2. 

8 12 interpret-if-sta tement(st) 
w h e r e s t i s a .l.c on d i t i on a 1-s t m t > 

Step 1. Let e be the <'.exp ression) of the 4:: hoice> of st . 
Step 2. Perform e val uate-ex pres sion(e) to obtai n val. 
Step 3. Lett be convert (v al,LOG) 

Case 3 .1. t i s TR~E 
L o t s b e t h e L.. t h e n - s t m t> o f s t . 

Case 3.2 , t is FALSE 
L e t s b e t h e < e 1 s e - s t. rn t> o f s t • 

S tep 4, Set the current (st a tement-designator)to 
designate the < statement) of s. 

8 1 3 int erpret - noto-s tatem ent ( gs ) 
where s s is a {goto-stmt> 

S t e p 1 • Let id be the <id en t if i er) that is in the ~1 a be l> in g s • 
Step 2. Perform id-ref(id), and obt a in the designated 

cell c, which must be of the form 

kc ell~: ~enotation~: ~l ab el-dn): 
~b 1 oc k-s t a te-des i gn a tor-) b s n 
<state me nt-designator) lab 

4 d n - t y p e~ : L A OE L • 
S t e p 3 • Th e ~ b 1 o c k-s t. a t e-1 is t7 must contain a ~ b 1 o ck-s tate~ 

designated by bsn (its corresponding block 
contains the <statement) designated by lab). 

Case 3.1. bs is the current fblock-state} 
Perform local-goto(lab). 

Case 3.2. bs is not the curr en t ~block-state~ 
Step 3.2.1. Replace the ~state me nt-control~ of bs 

by an ~operation7 for local-goto(lab). 

Step 3.2.2. For each ~block-stat$,b that occurs 
after bs in the ~lock-state-list~ 
(including the current block), 
replace the ~statement-control~ of b 
by an foperation, for exit. 
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B14 lacal-goto(dest) 
where des t is a (s ta teme n t-des i gna tor) 

Step 1. Replace the current <statement-designator) by dest. 
Step 2. Perform continue. 

815 int e rpret-procedure-call(pc) 
where pc i s a ~procedure-calO 

Step 1. Let id be the (identifier) a nd a l the <argument-
1 i s t) i mm e d i a t e l y c on t a i n e d .i. n p c • 

Step 2. Perform denotation(id) to give pd, which must be a 
~procfun-dn}:~environment-tab le~,env 

~procfun-attr~:(procedure-attr>: 
~p arameter-list;:pl; 
< s t at em e n t> : s • 

Step 3. Perform install-arguments(al,pl,env). 
Step 4. Let std be a <state me nt-d esignator> designating 

t h e < s t a t em e n t> s • 
Step 5. Perform s t ack (env,~operatio n~ for in terpre t-stateme nt,std) 

816 inst a ll-a rou me nts( al,pl ,env) 
w h e r e a 1 i s a n (.a r gum e n t -1 i s t> , p 1 a <'. p a ram e t e r - 1 i s t>, 

and env an ~environment-table~ 

Step 1. If l eng th( al ) does not equal lsngth(pl) then !rror. 
Step 2. Otherwise, 

for each i from 1 to length(al) perform 
Step 2.1. Let fp be the i'th component of pl, and 

ap be the i 'th component of al. 
Step 2. 2. Perfo r m argu ment-dn ( ap,fp) , and 

append the r es ult to the ~ident.i.fier-posse s sion­
list)contained in the environm ent-tab le en v. 

817 ar gumen t-dn(ap ,fp) 
,. 

w h e r e a p i s an ( a r g um e n t) and f p i s a < parameter;;>. 

Step 1. Let aexp be th e expressio n of ap . 
C as e 1 • 1 • I f a e x p i rn rn e d i a t e l y c o n t a i n s a ( c on s t a n t), o r 

the ~value-opti on) co mponent of fp is VALUE : 

Ste p 1.1.1. Peform eval uate -expression ( aexp ), 
givin g v2l. Let c be a 

/4 c e 1 H : (-cl e n o t a t i o n7 : ~ v a 1 u e) v a l ; 
~ d n - t y p e7 : nu 11 • 

Let cd be a~cell-designator7 designating c. 

Case 1.2. If aexp im med iately contains a ~variable>, and id. 
Perform id-ref(id) giving ed. 

Case 1.3. (oth erw ise make a thunk) 
Let env be a copy of th e current fenvironment­
table). Lat c be a 

~ell~ :fdenotation'): (-thunk-dn~: 
~ n v i r on rn en t- ta b 1 e} e n v 
(expression) aexp 

~n-typ~: THU NK . 

Let cd be a ~ell-designator:;> des ignating c. 

Step 2. Return an tj.dentifier-possessiorl'): 
<ide nt ifier> fp 
~cell-designator7 ed. 
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818 stack(env,op,std) 
where env is an~e nvironment-table~, op an ~operation7, 

and std a (state ffi ent-designator> 

Step 1. Let bsd be a ~block-state-designator~ 
desi gnatin g th e current 4-block-state:}. 

Step 2. Ap pend to the ~block-state-list~ a 

819 exit 

~block-st a te7 :~nvironme nt-table~ env 
~state men t-control~: 

~aper at ion-list-?: 
~oper at ion~: op,,, 

<'.s ta te rn en t -des i gna tor>: s td 
.(,enclo s in g-bl ock~: bsd 
(-r e t u r n s d - v a l u e-7 : n u 11 • 

Delete the current ~lock-state)from the ~block-s t a te-list~. 

820 int erpret - s t a tement-list(stl) 

Step 1. Set t he current ~tatement-designator) to 
designate t he first 4,tatement'> in st l. 

Step 2. Perf or m contin ue . 

8 21 evaluate-ex press i on( c) 

Step 1. Let ec be th e node immediately cont a ined in e . 
Ca se 1.1. ec is a (bin ar y'>: <.express ion> e1 

<.bin ary- op> op <. exp r essi on> e2: 

Perform evaluate-oxpress ion(a1) givin g a, 
ev a lu ate-expres sion(e 2 ) oivin g b . 

Return evaluate-bin a ry-op(op,a,b) 

Case 1.2. ec is a (un ar y> : <un a ry-opE!rator'> op 
~ex pr ession > e1. 

Per form evaluate- expression (e1), givin g a. 
Return evaluate-unary-op(op,a). 

Cas e 1.3. ec is a zfunc tio n-call> 
Perform evaluate-function-call(ec) 
Return the curr ent ~returncd-v 2. lue~. 

Ca s e 1.4. ec is a <variable>: <'-identifier'> id. 

C a s e 1 • 4 • 1 • D en o t a t i o n ( i d ) i s a '. V a 1 u e, v a 1 
Return val. 

Case 1.4.2. Denotation(id) is a(thunk-dn~thdn 
Perform evaluate-thunk-val(thdn ) . 
Return the current ~returned-value~. 

Case 1.5 . ec is a .(constant> 
Return its ~value-;}. 

822 id-ref(id) 
uh ere id is an <.identifier) 

Step 1. Search the current ~identifier-pos s ession-list~ 
for the last ~identifier-possession)ip containing id. 

Step 2. Return the ~cell-designator~ also contained in ip . 

823 denotation(id) 

Return the (denotation1 component of the ~cell~ 
designated by id-ref(id). 



824 evaluate-function-call(fc) 
where fc is a ~function-call) 
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Step 1. Let id be the (identifier) and al the<argument-list) 
immediately contain e d in fc. 

Step 2. Perform denotation(id) to give fd, which must be a 

~procfun-dn~:~environment-table)env 
~pro c f u n-at t N : 

lfunction-attr>: 
~p a rameter-lisb pl 
<statement> s 
~type) t 
<expression> re. 

Step 3. Perform install-arguments(al,pl,env). 
Step 4. Let std be a ,statement-designator~ 

desi gn ating the <state me nt> s. 
Step 5. Perfor m stack(env,4operation) for interpret-state~e nt, 

stdJ . 

825 evaluate-thunk-v a lus (dn) 
where dn is a~thunk-dn) 

Step 1. Let et be the lenviron me nt-t2ble~, 
and e the ~expte ssion> in dn. 

Step 2. Perform stack(et,~operation~ for return-value(e ) ,null). 

826 return- va lu e (e) 
--wheree i s an <expression> 

Step 1. Perfor m evaluate-e xpres s ion(e) a nd attach the 
re s ult to t he ~returned-v Plue~ component of the 
4block-st a te) designated by the current 
~ncl os ing- block). 

Step 2. Perfor m exit. 

827 e va luat e-referen c e( va r) 
where va r is a ivariable> 

Step 1. Let id be th e <'.identifi er> of var. 
Cas e 1.1. If denotation(id) is a ,v 2lue~ 

Return id-r e f(id). 
Case 1.2. If denotation (id) is a i-thunk-dn~ thdn 

Perform evaluat e-thunk-ref erence(thdn). 
Return the current kreturned-value-) 

( a '- c e 11-d e s i g n a tor~ ) • 

828 evaluate-thunk-refeience (dn) 
where dn is a ~thunk-dn~ 

Step 1. Let et be the ,environme nt-table~, and 
e the lexpressio~ in dn. 

Step 2. Perform stack(et,~operatiorr) for return-reference, 
null). 

829 return-reference(e) 
where e is an <..expression> 

Step 1. Perform evaluate-reference(e) and attach the result 
to the ~returped-value~ component of the iblock­
state) designated by the current ~enclosing-block~. 

Step 2. Perform exit. 

Note: evaluate-binary-op and evaluate-unary-op 

are not further specified. 
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Appendix r1 

,Abstract syntax tree-structures for the LFMS definition 

of ALEX 

AL1 program : block 

AL2 block: declaration-list, stmt-list 

AL3 decl ara tion= cell/ procedure/ function/ label 

AL4 cell : v a lue, type 

ALS va lue= r ea l - v tl lue /integer-value/ true/ false/ undef 

AL6 typ e = .illi / rea l/ 1.g_g_ 

AL? procedur e : pa rameter - list, stmt 

AL B function : parameter-l ist , stmt , type, expres si on 
A L 9 p a r am e t e r : s p 0 c , t y p e [, a r gu m e n t J / c e 11 

AL10 spec =value / nam e 

AL11 la bel : stmt-designator 

AL12 stmt = assignment-stmt / if-stmt / go to-stmt / 

procedure-call/ s t mt-list /block/ null 
AL13 as s ignment- stm t : variable , expression 

A L 1 4 i f - s t rn t : ex p r e s s i on , s t m t , s t m t 

AL15 goto-st mt: labe l-desi gnat or 

AL16 proc ed ure-c a ll : procid, a r gument-lis t 

AL17 procid = procedure-designat or 

AL18 argument= express ion 

AL19 expression= constant/ variable/ unary /binary/ 

function-call 
AL20 con s tant= valu e 

AL21 vari ab le= cell -designator/ par ame ter-desi gnator 
AL22 unary : un ar y-op , expression 

AL23 binary: expr ess ion, binary-op, expression 

AL24 function-call : funcid, argument-list 

AL25 funcid = function-designator 

Notes 1. Real-value, integer-value, unary-op, and 

binary-op are not further specified. 

2. undef is a terminal meaning that no value 

has been defined, and attempt to use it in an 

arithmetic exRression will result in an error. 

3. During execution, there will sometimes be 

further subnodes to call statements. 
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Transfor ma tion rul e s for the LF f5 definition 

L1 EXEC progra m: block -4 progr am : EXEC block 

12 1 

L2 pro gr a m: ENO b l ock ~ END program: block S(STOP). 

L3 EXEC bl oc k : st mt-list ~ block: EXE C st mt-list 

L4 block: END stmt-list ~ urn bloc k : s tmt-li s t 

LS EXE C s t mt-list: stmt •• 4 s tmt-li s t: EXE C stmt 

L6 •• ENO s tmt 1 , s t mt 2 •• -, .• stmt
1

, EXEC s t mt 2 •• 

L 7. stmt - li s t: •• ENO stmt ~ END s t mt-list: •• s tmt 

LB EXEC as si gnm e nt-s t mt : va ri a ble, exp re s sion ~ 
ass i gnme nt-stm t: va r iab le, EXE C exp r ess ion 

L9 a s s ignment - stmt : vari able=cel l 1-d esig nator ,VAL( x ) ex pr e s si o 
& c e l l 1 : va l ue =y , t ype ~ 

ENO assignment - s t mt : va riabl e ~ ex pr essio n 
& c e ll 1 : va l ue= conv ert ( x ,t ype) , typ e 

L10 EXEC i f-s t mt : e x pre ss i on,s t rnt 1 , stm t ? ~ 
if -s t mt: EXE C expressio n , s t mt 1 , s t mt 2 

L11 if- strnt : VAL ( true) exp r essio n , stmt 1 stm t 2 -:;> 

if-stm t: exp r ession , EXE C stmt1 , stmt 2 
L12 if-stmt : VAL( f a lse ) expressi on, s t mt 1 , stm t 2 ~ 

if- stmt : exp r ess i on , stm t 1 , EXEC stmt 2 
L 1 3 i f - s t m t : • , Ef'JD s t m t • . ~ E f\J D i f - s t m t : . , s t m t 

L1 4 EXEC goto - s tm t: l abel 1-designator & l a be l 1 : s t mt 2 -
designato r ~ 

got o-stmt : l abe l 1-d es i gna to r & EXEC stm t 2 
L15 EXE C empt y 7 END empt y 

L1 6 EX EC pro c edure-ca ll: 
proci d=p r oc e du re 1- des i g nator, ar g ume nt-li s t 

& procedu re 1 : pa ra met e r-li s t , stm t 7 
procedure-c a ll: 

procid , a r gument- list , 
~ ATCH (par a met e r-li s t-copy+ argument-li s t- c opy) , 
stmt-co p y 

L 1 7 M A T C H p a r am e t er -1 i s t ~ ( r1 A T C H p a r am e t er ) -1 i s t 

L18 MA TCH va lu e ,typ e ,argum e nt=e xpr es sion ~ 
~ a lue,t ype, EXEC expression 

L19 va lue, t ype, VAL(x) expression~ 
MATCHED cell: va lue=convert(x,type) , type 

L 2 D r1 ATC H ~, typ e , a r gum en t ~ r1 ATC HE D ~, type , a r g um e n t 
I 

L21 vari a ble=parameter 1-d es ignator 
& par~meter 1 : na me,type,argument=expression ~ 

expression-copy 

L22 (r1ATC HED parameter )-list ~ MATCHED-PR f-'1 S 
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L23 ~.A TCHED-P Rf,S , stmt -, EXEC stmt 

L 2 4 p r o c e d u r e - c a 11 : p r o c i d , a r g um e n t -1 i s t , E r~ D s t m t ~ 

END procedure-call: procid , argument-list 

L25 EXEC const an t=value=x ~ VAL(x) constant 

L26 EXEC variable=cell 1-designator & cell 1 : value=x , type~ 

VAL(x) variable 

L27 EXEC un ary : unary-op , expression ~ 
unary: un a ry-op, EXEC ex pression 

L28 un a ry: un a ry-op:o p,VAL (x) ex pression 4 
VAL(o p (x)) un ar y: unary-op: op , e xpression 

L2 9 EXEC bin a ry: expression 1 binary-op:op , expression 2 7 
binary: EXEC exp re ssio n1 , b inary-op:op , EXEC exp res sion 2 

L30 binar y: VAL( x ) ex pression 1 , binary-op:op, VAL(y) exp re ssio n2 1 

~ VAL( op ( x,y )) binary : express~o n1 , b in a ry-o p : op , 
expre ss ion 2 

L31 EXE C function-call: 
f un cidcf unc tio n - desi gna tor , a rgum e nt-li s t 

& function 1 : pnramele r- li s t,stmt,type,expression ~ 
function-call: 

funcid , argument -li st , 
MATCH ( parameter-list -copy+ argument-list-copy), 

stmt - cop y , type t expressio n- copy 

L3 2 Ef'~D stmt , type , exp r ession ~ 
stmt , t yp e , EXEC expre s sio n 

L3 3 functio n-cal l: 
funcid, a r gume nt-li s t,stmt,type, VAL (x) ex pression~ 

VAL(c onvert ( x ,typ o) ) function-call: funcid , a rgu ment -li st 

-li st } 
-d esig nato r 
-copy 

suffixes with special meanin gs 




