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, lff RODUCT Im, 

tons t de r i ni:;. the major st r i de·s that have been ,nad~ i n 

t wen t Y .. f f v e ye a r s i n compute r s er c n c e cJ n d n, o re s p e ci f i ca 1 l y 

in software desle,n, the techniques avnt\ablc for t.lcvetoping 

1 a: r g e re 1 r a b 1 e s y s t e tn s o r c, v en p rod u c i n g co r r cc t , ne d i urn- s f z c d 

programs. a re disappornting. \• 'e r.eneratly attack a problem by 

choosing some prograrnm int:. 1 anguage ancJ then ~ roceeJ to- design 

the program usin& an iterative process of codrng and 

debugging. Unfortunately after coropletlnf• these steps of 

program preparatton , we sti 1 have no guarantee that our 

product is crro r•f ree. Instead a g ene r .=i l ine t hod for 

developln~ pro~rarns which nrc a ssured to be correct i5 

n e c de d • Th i s f i: e 1 d u f r cs ca r ch c 0 111 e s u n d e r t he ha u d i n g of 

rel iobJe orocr.ArnmJnp;. 

Rel rable proerarnndn& 

categories. The first 

encouraged by Floy<l{l), 

can be defined into two general 

Is the uana l yt i ca 111 .:ippro.a c h 

1~1ng(2); loncJonC3), and others who 

attempt to prove a program correct after it has been written. 

This Is accomplished by dt=ri vlng assertions .:ibout values of 

v a r I ab 1 e s and con t r o 1 pa t t e r n s i,d th i n t Ii e D r o,; r a n1 • F r om 

these ~ssertions .1 one then uses mathemat ical niethods 1n 

trying to deduce the desired end result of the progr.1111. 

The sC?cond approach; called uconstructive" and primarily 

introduc ed by Dijks tra(~), ts to develop a F~1ethod for 
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correct programs rather than nrovlnr; the constructing 

re 1 i ab i 1 i t y of pre v t o us l y ~·, r t t ten p r o g rams . The l'Oa l of the 

construct I vo approach Is \'ff It i ng proL" rarns that are eas I er to 

prove correct. This Js accomplished by adhering to 

established programml ng restrictions ~·1h 11 e ~-Jr It [ ng a pros ram 

w ll i ch~ 1 n t u r n, ca us es t he µ r o g ran, to be con s t r u c t e d a s c1 

hierarchy of layers. Guaranteeinr. the retlobility of the 

p ro,1 r ari1 ls then reduced to µ rov l ng the co r rec tne s s of each 

1 ayer. The hope is that 1 a rr;e r p roc,rams can be hand 1 ed b y 

the analytic approach. 

The genera l constructive net hod that has been developed 

is ~~ o!k.tu re _c..i o rq:r, ra,-mi m: (other nanes used a re 

by levels of abstr~ctlon and program~lng 

r cf 1 rl c,1w n t ). '\ l t I UJ ugh [) j j ks t r a p i one c re J 111Q s t of 

programming 

Ly stepwise 

the early 

research i 11 th Is ilrP.o~ severa 1 ot hc r f)<:lpe rs huv~ nO\·J fo1 lowed 

inclu.llin!~ th<JSt! \Hitten lly Wlrth(SL r1.1rt1 . .J:SU1), He nderson anti 

Snowc.lon(7}, 1,-Ju0Jged8), :~.:iur( '.J), and Llsk.ov(lO). Their ~-1orks 

have all pointed out that ~-,h at is real 1 y needed is a mo re 

systematic way to go about progrummlng-~a systematic 

p roR rari111it ni; n1e t hod that l eacis to cl oar, re.a Job le I p rova b 1 c, 

and t hus re 1 i a tJ 1 e p rot~r~uns. 

Stru~tured Pro1~r<nmd oz. 

for L,uildtni~ 

prL1i::;ra111s in u utop Jown 11 f.:ishlon by means of a process of 
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success i vc UCC(.)111µ0s I ti on. ~•Jhcn we say u t >P ,Jmrn" \',c 1·;n.:rn thl' 

,;1biilt_y to lntro<luc,e an<.! u5e olijects 1..1hilP. Jesignlng a 

proc. ram before the o-bj ccts. a re necc s.s,H i l y def I ned. On the 

other h.:ind, u ''hot tom up 11 approach- - raqu I red ill most 
. 

present-day progran"ing languages--means that iln object must 

be defined in the lancuage hefore it can be used. The first 

step in structured programming ts to wrtte a program which 

salvos the given µro .l.:1em. Howe ver, ln 6 enera l this tnltlal 

proi;;rom Is not in a form understand~ble by the machine on 

which we are procran~ing but Instead only on some abstract 

r1u.1ch I ne. This a!)stract machine provides us vd th just those 

.ililt.a obj cct s and ~o~ rat i oas \~hi ch l,nvo been ~cna rate n by our 

program ilnd are• the·retor,e ~uitablc for solving the problem. 

This program is referred to as our top level abstn1ction . As 

was earlier noted, the fact is that names of operations and 

data structures may not be recognizable by the actual 

machine; so we refine these names by usinG real mac hine 

constructs as well as lo½cr level abstractions which 

themselves, in turn, must be suhscqucntly developed until our 

program is completely understandable by the nwchine on which 

the program Is to bo run . 

E,,ro,W S:Jll Qye ry i C1/I 

Nos t t d r.; he r l c v c 1 1 aingu.;:i~es today r. t ve the programmer 

th,c al.ti 1 i ty t o <lcsts;n abstract ope rat ions throu r.h the usage 
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of p rocedu ra 1 ;,,c c h a n, r srns. However, the re secn1s to be no 

analo,r:;ous mc-t'hor:I 

Obviously, If we hope 

structured appro~ch~ 

as thP. first. 

for hundl inb abstract data objects. 

to da si i n progra ms hy means of ~ 

th i' s second requ I remen t J s as n eces s~ ry 

Cu rrently n t the NJssachusetts Institute o f Tcchnolocy 

res en rch is be r ng tJ i rec ted t-m-ia rds the <le VG 1 oprnen t u f a new 

proc,ranun I ru; 1 nn1~ungo to be useJ specif i ca 11 y r n c onjunct ion 

with the structur~d 1-1 ro~ra1nml n1:, incthodo,logy(lU. ~-Jhi1e i t is 

be i n h as s umc d t ·r a t current 1 an g u ga es do n n t ha v c 5 u i tab 1 e 

rnechiln i s1u 5, f c,r construe ting da t.::i objects~ i t ls no t obv i ou s 

t: ha t th i s op i n i on i s j u s t H i e d • I n an cl t t t:: rn rH to r c a1c d y t h I s 

µ r c t.J i ca rnc n t ; we w i 1 I Li P. >,; r n by an a 1 y .z i n g t I 1 c -:. o nce pt o f data 

abstrflctic.ms urH.I how one \·.1<.lutd prograr.1 th,er.1 ln so11e present 

~a y langua ges . Althouch ou r choice of l annuages become s 

rel e v ant to ou r s ucce:ss e s and fu ilures, it 15' ir11portant to 

rccor,n i zo that ~-.ic ha v w: c hos(;:n I anguai;.es wh i er. h~ve bee n a 1 ! 

de s(gne d with clif fcrent concepts In ~ I nd. T he languaRes 

chosen ~re l) PL/1~ -descrlbcJ uy I l.1M as <Jri n u l \-purpose 

2) 1i;isca t--a wl th n un1e rou s data 

~ t r uc l u r i n ~~ f ~ ,c i 1 i t t es 1 3 )[ L l - - u n c x t c n s H) 1 c· 1 .inf'. ua ,~ ~ 1 .:ind 

4 )'SI f,IULAL 7--u s t 11 1u l .:1 ti on l i:H\l~UdJ,C, 

~~e tlo .112.t. in ten d to evil 1 U.;J t e t h,~s e 1 an ,c~u a 1.~~ s l n te nns of 

the goa l s of the I r c.Je s i r~ n er s; i n s t •a ad these 1 an~ u a r,e s w i 1 1 be 

_.., 



judged by how well they meet our design criteria set forth by 

structured pro~ranmlng . W will pay particular emphasrs un 

t he I r ab t 1 i . 1 es to rep r c sen t d a ta abs t r a c t i on s . 1\ s a re s u l t 

of the inslt:hts h ain<:!d by this study, \·1e \.;itl expec t to 

Dns~-1e r the question of whether or not ano t h,e r pro~ ramm t n 8. 

1 angua1;e r,1u st be de ve l op~tl for structured p rog ramming. 

Fur the rrno re, if the re is ~ need for a new 1 angunge of th ts 

type., what we have 1 earned from this ~na 1 ys is shou \ d prove 

useful. 

Ge fore ~/l'! exp 1 ore these 1 a nr,uagcs ~ we µ resent a mo rt? 

detailed history of the probl~ms of structured prol;ramming so 

that the rf'adcr \·d 1 l feel ~mre competent \·Jhen juJr,ing anJ 

trying tu resolve the pros and cons of ~ach 1angua~c. 

Criteria uµon Hhlch these cisscsments will be rna-..le \itl\ ulso 

be presented shortly. 
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II I STOP.Y 

P nn:. rain r c 1 i ab i 1 i t y f r OHi t h c ii n a l y t 1 c ~ l po i n t of v i {~ w 

has encou rilr,e. t.l much res co rch f ron, the 1 il t t er r,a rt of t Im 

1960's up ttll the present. These ye.:1rs of effort have 

produced much materi<.11 on the subject rcJn~ing frotn lmproved 

resolution schemes for lo glc(l2) to LJ.ssertion - · ype 

\ anguages ( 1;,) . liovJeve r, one f cic t becomes fa i r 1 y obvious: the 

me re u n st r u ct u r c d - - i n t he ~ € n s u of w i 1 u cont ro l f l ow ~ 11 cJ 

cnorn1ous {tu t unP.c:~~s n ry) s 1 ze- -a µro~ri.Jr.1 is, th e ,;10r~ 

tlffficult tlic prol.i l r--;,1 of dertvfnr. asscrLiOtl.;, in (.) r'der to 

µrove the pror.;ram correct. rurthcr:nore, tho i ncreas12 in 

d i ff t cu 1 t y seen, s to he mu re on the order of ex pon c 11 t i. a 1 { ,:rn tl 

.:ip:pro<1chinG inipossiLle) than linear. lnJ~ed, it seems tl1at 

If only some stralghtforwarrl daslgn mcthodolonY for 

D rocrn r.v11 int; we r e adhc red to during th~ dev e 1 o p,~cn t of the 

pro g r a n1 , t h a t f r n <i i n g t h c s e ass e r t t on s w o u l d be I nu ch ea s i e r • 

This h~s been one or tl1~ goa 1 s of t he constructive 

ilppro~ch i.ltld in p;irt icuh1r structured pro i.~ r a11uni11 r.;. /\s we 

notr.d "!arlier ( liut cxpLJin now in fuller dutail), by l.JuilJini; 

iJ progra1 :1 In this fashion , \·IC produce .:in a rra n i;crncnt of 

layers~ corrcsrondln~ to levels of aos traction, each with 

on ly one entry irnd one exit. The reli,J bi \tty of t he pro i; r.101 

is based up on the rel l~bi 1 ity of each succeedinS!. layer, cmd a. 

c ii an g c In ad e ta so rnc I 1 i G he r , ·e v e 1 o f at, s t r a c t i on ( th a t i s , ~ n 

earlier conceived lev el} has no effect on the reliability of 



10\t11=r levels. l l1us prov int the correctness of the entire 

pro~rur.I is reduced to prov inr. tl1c correctness of each layer 

in an or derly f.:ishlon. Tl1e correctness of c.:ich lay<=-r is not 

too dlf icult to prove as a r csu 1t of making the following 

restriction: control sequencin~ is 1 l mi ed to the 

co r1 c .ate n a t i on of ass i r; nme n t, l F -THE t~ - ELSE~ 00 \U 1 I LE ; and 

posstbly CASE 

relics upon 

proofs using 

s t ~ t c me n ts ; t he 

th~ fact that 

correctness of e.:ich layer 

th e s~ statements correspond to 

rI1a t hern, tr ca 1 r,1eth0us uf crn.1 ;,e ration~ case 

ana 1 ys i .s, and induct i (.H1. 

At this point Dn example ls presented t o help clarify 

t he rn etho<l fol lowed in structured progranl'1ini:t and its 

~ssociated reli,,bllity charactaristics. i l rltten tn a 

PL/l~like lan&uar.P.1 the example \•d11 .Jlso <Jisplay Cnglish 

phrases vn d ur,de;f ine<.l ~ymbol s at une level that niust be 

r c f I n e d a t 1 owe r 1 e v c 1 s. • Suppose t h c pro t, 1 e r1 i s to w r i t e a 

compllcr · for PL/I. Then the tup level would I.J c: 

!ir it e o conmf1cr for PL/ I pror,rJ rm;; 

r fo ~-.1 i f w o h ad a ma ch i n c ca pa b l e of u n d c r s t n n cJ r n r: 1 c v c l I ., 

tl1en Y/e ,..,oul cJ h.:ive no n-eec..l to proceed f urthcr; however,. \-SC 

\'d 1 l l.lssun1e tl1 is not to be the cc.1se. 

Instead we wil 1 refine the above program thus obtalnlng: 
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, I pror. ram: 
DEC LA~~E sou rcc_p roz r'um CHAn.ACTEn VAfW I NG; 
source_prograrn ~ lr-lPUT; 
translatc(source_proeram); 

!I I consists of riamin& tht= vari<Jblc so~ r ce_prograrn , 

wh l ch is lo lie L yµc ViJ ry i nr. 1 eng th ch;1 rac te r ~c quc nee; dnd 

1uake he re i $ thn t the machine unci~ rs t anJs 0£ C LI\RE, l;liAf1/I.CTEn, 

VAllYING, .:..nu HJPUT but m.1t 
11 transla t e ''1 • .Gssu1ning thilt li!PUT 

st:: ts th f~ ~our c (;_LI r o;; r ei m to th c p r oc ram t (.) be c: ornp i l e u .:ind 

11 translat e 11 does indeed proJucc the correct object code, it 

is easy to sec that level It solves the nrubleni. The 

rel iabil tty of level 11 n1ust be partially intuitive sincc the 

sn,ectfications of the action 11 translatc 11 ,HG not defined . 

ThTs p.:irticul.::ir point cunc:erning rcl.ia b ility should be Hell 

trnde rs tocHJ miJ Is the re f.o ,re re i tc rii tc<l hf; r e~ .J t l eve\ t I i t 

ts unnece s su ry to 1-...now how II transl? te" •i,,10 rks but ori 1 y wh.u t it 

i s supposed to Jo ; f u r t he rn,o re ~ t n cc \,•c ha v a no s erm n t i cs to 

express v-Jt,at th~ function of '1 translatc 11 Is, our p roof rel fcs 

pti rt 1 y on c n urnc r .!l t i on (con ,ca ten a t i on of s ta tcrne rH s) an c..1 

o .1 rt 1 y on i n tu i t ion • 

The n ex t re f i n e ni e II t i s a re s u l t o f o u r a ct u a l mac h i n e 

not uridcrstancllng the actiori translate. 
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I I I tr~nslate(x); 

l I I 

U[C LAl{E x CJ IARACT Ell. V Mt YI tJC; 
D[CLA~E phrasc_structure tree; 
phrase_structure = rccogntze(x}; 
~enerate_coc.le(phrasc_structure); 

introciuces the pa raine te r v.Jriablc 

phrase_structure of type tree; and operations recognize and 

,~eneratc. Of these.,. only x is conmtetely understood by the 

rnachine on V.Jhich we \ill eventually nm and the problem of 

what to reftne next must be resolved. {The question of what 

to refino next has no simple solution·-see (.iiscussion ln 

fol lowin g sect Ton.) 

/l t t I 1 I s po i n t I w i l 1 stop b cc au s c fe~l the reader 

should a rca son ab 1 e unde rs tan i.i in[.. cunce rn Ing the 

ucve 1 opmcnt of thr~ curnp i l er µ ro0 r~m. lk shou 1 d ~ l so l>e .:ib 1 e 

to con II In cc h I mse l f t Ila t i f . .:, l l the dd ta t ypc s ilnci ope ril ti 011::; 

int roducc(j su l;.J r ~-H.: re recoi;n I Zill; l c Ly our inach I ne; not on 1 y 

,...1oule.J the pro~rarn be complete but it \·Jould also be correct. 

As w~s the case for level t I, the way by which one can show 

the r c 1 i il b i 1 I t y for 1 eve 1 I l I res u l ts f r on, p r o P r a mrn i n g i n a 

s t r u ct u r~ d rim nn e r • r- or i n st an cc ., to prove the r<! 1 1 ab i 1 I t y of 

lavcl I I I, one n eeds -to shmJ noth i nr, of the Jeta i ls 

Jo ci n d th .:1 t the r c pr cs en t .J t inn n f t Ii c ll ..l t ,1 ~ tr u c tu r c t rec 

w t ! l b c r c f t n c d a t s 01, •c 1 owe r 1 e v c 1 • 
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strw-:tur;il ly 
f dP.nt if f P.ci, r- fr st i t Is evidrnt t h~t ~rclsinns concerntn~ 

t h P n e X t r c f i ,... (' n~ e n t "' u s t b P r " s n 1 v ~ rl' h u t i t i s u n c l ,., ;:i r ;,i s o 

how t h ii t p ;i r t l C U 1 a r er· o i <: e I s TT';, rl r, • I ';!f, T n ,. S LJ <: h <"' (=I (: j s I ('\ 11 s i ~ 

not Jfmite-1 tC" strur:tured proe,r;:irnn,inr; i...ut ls ?in int~<tr;1! 

ORrt of cnnstrur:tlnr pro~r~~s (~lt~nuph It m~y hp th~t 

structure ➔ prnr.:r~nnfnr- l"'l;,k"'s riPrlslnns f'""rr-> n<"tir.c.=ihl,-,. 1-iy 

ldPntf fyrn .~ tt, .~ri, i,,. j h n~fTn~rrtl'.!nts). Tt1r ~c-c:nn-i nrohlr-1-i i~ 

ho,.., to r~r,resrnt t l1r, ::.truc.tur(?,1 prn1"'rnrn ;i~ i+- --lr,v,..fnris. This 

in volves 

Hi th rF.r,~ rr. t0 t !:P. se crnd nf tl-,e SP. tun T ~ s LIP.~, ue rPmc1 r k 

that structurr-rl cnntrCll C?.n ro b rol,f:;n d,wrn in t\•.
1
0 c1re;is: 

cnntrol 

of control s0nuenctn r.: 

imp l' e me, n t;, t J on ri ro ~ 1 M1 • 

c'n nnt 

Th r> y C-:rn 

r,irrs ,('nt pn 

numhP.r nf Dr-0.sr>nt d,1y r>rof'ril,.,,...,inr lr1nl"'lr;1r,r- ~ , for ('lr,;,n iolf'.' PL/I 

(sef! r-,ills(H) iln--
1 Sullfv,1n(15)) , \·dtt, r-"~t lTl•cly 50'11" 

ITmltatinns ;1nr1 possif--ly so,.,,,.. <'Xtr> ns inris, r.,~. Tfl'1r le,..,,_ntTnrr 

thn ~ASE st~t~Mrnt In rL/1. 
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As was earlier recognized, refinement of action such as 

I1 trar1s late 11 in the c.ompl lcr examp le can be ex.pre.ssed by the 

combination of orocedure-1 Ike structures and a ~ood 1 ibrary 

system 1rsldch supports 1 inkine of act to n names wt th action 

Jefinitions. This v,1ould n ll o\lJ the programme r the aclv an.tagc 

of being able to build the program in a top-down fashlon. 

lr.Jcc<l, th,e develop1::ent of ~ 1anr,uage which µrovldes the 

structured lor.ic and 1 iLrary syst~m to back up the compi1cr 

\-tould proviuc cl sol id fouridation for the de ve\opm~nt of a 

lan&uagc specifica lly designe<l for structured programmin&. 

On the other hand, the rncthod I n which dat~ 

specifications i n structured pro&rn 1, \Ing s hou l d be h.:ind1ed Is 

unc 1 ear. for 1 n s Uince, in the comp i 1 er e xiJmp le hm.i do \,1,c:1 

represent the abstrac t ion "trce 11 and llny associated operators 

( e g • ~Je n1.:i y rd sh to i n c l u li i,; th a .:i ct i on s tr ave rs c ~ .::id d_a_n o cl c ; 

and dclctc_~_no<lc orcrcHinr, or 1 trct'.!s)? This l~su1.: is closely 

bo u n ci to the f i rs t pr,, b 1 e. 1:i of \·th P. n and h 0\'1 one s ho u l d def i n e 

anJ r<:flne datu ~tructure s. L:crtalnly the r epresenta tion of 

the cJa t.::i st r uc tu re wl 1 l h .:ivc a prof ounJ cf f ec t <.in the 

eff lcfoncy of the pror,r.am and the ease of writing tht: 

fun ct tons \•Jh i ch ~" i l t op c r rl t e on the ll .:i ta . Bu t how i s the 

pror, r.:i u1me r to dee t de upon the de t a i l s uf t hL st n1c ture \-.th i 1 c 

sti l 1 conf □ n ili nr; to a t0p - do11m dt~ v ~lop1nent of lhc proer.am? 

Th(: ri1c1rc i:cnr. r il lly held belief is to <lcfc r thnse 



decisions conccrnlns~ the datalls of data representation as 

long as posstble v1hlch hopefully leads to rcftncmcnt of 

program and data specifications In p~r~llel. The f o 1 1 ow I n g 

example will help the reader become more famil lar \•.Ith the 

quest l ons of data format that the pro~ramm~r must f.:ice in 

structured programming. 

Wlrth(5) develops a pro~r~m to solve the 8-queens 

problem by a nsucccsslve decomposition ur refinement of 

s Pe c [ f I ca t l on ••• ( un t i l ) a 1 1 Instructions arc expressed in 

terms of an underlying computer or pro~rilmmlng language,u 

The 8-qucen s prob 1 em is c.lesc r 1 bed as fol 1 ows: g I ven an 8.x8 

chessboard ~nd 8 queens, find a position for each queen so 

that no queen can take another (i.o. such that every row, 

column, and diagonal contains at most one queen). The first 

c.Jata dee is ion that l/1 rth rnust make Is \·then to define the 

boa rd • I 1c d ,ec I des upon n t i me when i t act ua l 1 y be comes 

necessary to access anrl manipulate parts of the board. 

Then tile decision of ho~·J to represent the Loard becomes 

of primary importance. An obvious solution consists of 

tntroducing c:i uoole.an matrix B(l:8,1:8) such that U( i,j) = 

true denotes that sciua re ( i, j) is occwp i cd. 
.. \n rth chooses the representation: 

i □ tCl':..Cf j 
Iot~s.er array 

(O <= j<=Y) 
x(l:8) {O<Qxl<=S) 

But instead 



such that j is the index of the currently inspected co ·turnn 

( a 1 1 ot·d n g J' to •e Qua 1 9 w i 1 1 ·1 n d i ca t e th a t th a s o 1 u t i on l s 

found), (xJ,j) is the coordinate of the l ast inspected 

square, ~n<l the position of the queen in column k Is given by 

the coordinate pair (xk,k) on the board~ tn Jus ti fying thls 

dectston, Wlrth says 1•1t ts fairly evldent even at this st~ge 

that the ••. (second) choice is mere suitable than a boolean 

rnatrix in terms of simpl iclty of later instructions a& w~n 
as of stora,;e ec.onomy.u 

So I t s~ems that al though st rue tu re<J D rog ramm Ing ts a 

top-dmm process, a L>o t to1n- uu just If i cation has Geen c i ven to 

support ;i chrd cc of da t.:, rep ,rt: sen tat I on s. Un fort una tc-1 y, if 

it Is <l i scove red that a \•Jrong choice has bean 111ad,e; one \,t f I 1 

be forced to back up. An ~nalysis of the trade-off between a 

st r I ct top-down deve 1 opmen t and neces.sa ry backup ml gh t 

I r:wrove cl!n y d,cc ts I on po 1 icy on v,ha t to r ,e-f Ina next and wba t 

f o rma t th c r of I n etae n t s hou 1 d take • 

In prlnclple there seem to be two ways of answering the 

fir t question of \·1hon to ref Irie tlata. Uc c.Jn do 'it ns soon 

as w~ r0cll ize that a part ic.ular d,Jtil structure is f'il('<~dcd som~ 

t hne in t he n ro~ra111 ur \llC can postpone t!1e def ln it ion unt i 1 

that t.lata structure iust be def tned Tn o r der for us to b r. 

able to continue along our path of refinement. 



Thr. SP.cond w~,y does serm tor>(> r,,orr Jn the sr,lrlt of 

structurerl pro~r~Mmrn~ sine~ it rlnrs nnt rP~ulrp 1ock Tn~ 

ahead tn s~~ how a d~ta structur~ fs OPPr~t~ri upon ~Pfore 

d~flnrnr.: Jtl r .e. Wirth usr>s the cnnc~pt of 11 hoarrl 11 ;is 1011~ 

as possfhlP. Also hy postpnnin~ thP rlecfslon WP el lmTn~te 

possJble prohlems gnnerated hy aw~w~r<l ~ata form~t that has 

already been rl~flne~. On thA othrr h?nd, w?ltln~ to choose a 

P,Ht ku l iH d~ ta rep resentu t f On c;1n r~ SU 1 t r n 
of 

comp at r h I ? ft y 
~nrl thus inefflclPncy ff ~ny pr~suppose~ 

operatrons on that format turn out to he clu~sy. r t a 1 so 
must bp rpallzed that w~ cannot rostpone rleclsl~ns forever 

and that the Drohlc~ of b~ckup will a rlsP ?n~ hRvp tn hp 

dr.al t ""th. 

So now th~ prob lem h~comes nnp Qf tryln~ to formulate 

som~ rules or t~ctlcs ccn~rrnln~ thP refine ~nt of rlata. 

fde~lly, t hey would ensur~ the programm~r nf ~elng ahle to 

te11 not only when but ex~ctly how to rAfinp ~ata. 

even beforP we c~n ~pproach this Proh l em~ wp must first h~ 

ahle to handle rlat~ reorPsent~tlon anrl rPfinem~nt 
In the 

1ancua.e.:e. 

It Is this l~tt~ r prohlPn to ~hlch this D~PPr ~~rlrpsses 

Itself with the hP.11ef thc,t its solution will PrPsPnt us with . 
both~ firm underst~ndlnn of data repr~sPnt tton ~nd a hetter 

comprehension of the concepts of · structur~rl pro~rammJn~. In 
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turn, ,,,e m~y th~n h (!VP. hon~s of t-,p f np; succ:Q s sf u l in sol v I nr. 

thP. first prohlem of when And hrM t o r~flne clatr1. BP.fnrp 

lnvestlgatinp. r.l?ffe.r@nt langu.ages , let us rxplore preclsel .y 

wh~t criteria ne~rl be s~tlsfled by a l~ngu~ge acceptahle for 

~xpresslnR abstract rlAta anrl wh~t ~x~mples w~ m~y wish ta USP 

in eVBluatlnR thP drfFer~nt l~ngUFl~~s. 



PROGR.M MI MG LANCiUAG E CRITERIA FOR 11flTA ABSTnACT IONS 

We noted earl fer that ~s a r~sult of uslng structured 

progr~mmlng technfQues, hoth ~hstrn~t d?ta nhjects anrl 

ahstract operators are RPnPr~terl, ThesR ohjects will 

henceforth he referred to as dAta ahstractlons an~ ooerator 

a~str~ctlons r~sp~ct lv~ly. We hAV~ ~lsc rsta~llsh~rl the fact 

that operator ;ihs t rc1c t Ions r:an hf' f n I r 1 y 1<11"> 11 re prP. SP.11 terl by 

proe:edu re-11 ke m£"ch?.n f sms cnmmc:m tn most p rf' se n t-d.ay 

programminr. l<1,r11:uagos.. So It ls (It tl;ls point thr1t we ~re 

most lnteresterl In •rst.abl Jshf nr. crTtP.rfil for rpr,resPntatlon 

of e data ~ 1--s t rr1c ti on thf'! rnus t h,r mP. t h y ~ pro.('.; rarrn i ng 

l anr.:u.age. 

Some of the le5scr data structuring rpqufrements wll1 

become clear as we analyze the languA~es with the aim nf 

Producln~ programs throuEh the use nf structurerl DrOgra~mln~. 

However~. the· rnojor crttP.rl.=1 should be rr,flrk· vP.ry preclsP. at 

thts point In the nap~r so thRt w~ h?V@ hnth set ~nals around 

which progr~ms should he dPsl~nerl In our glvPn lan~U~FC anrl a 

model for comparison of proKrams. 

One ohvlous ~nd possibly thP most IMonrtant reaulreMent 

ls that nf heln~ ~hl~ to expr~ss rlat~ ~hstr~ctlons withTn thP 

conffne s of the langu~~e. More Pxpl lcftly, our v!Pw ls that 

th~ data abstraction lntroriucos sOMP ahstract d~ta typp, anrl 

v~rrabl ~s of this typ~ may only assum~ v~lues correspnnrlln~ 
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to t i s t y PP. ( j us t as I n ALGOL 6 0, say, v a r I ;i b 1 P. s C"1 f t YPe r,;: ~ 1 

may only assum~ valuPs that are real numhers). T ~ abstract 

data type Is expl lcrtly rlPflned hy som~ s~t of operations 

which may on~rat~ on VBri~hles declared of that tyoe. The 

fmplementatlon of the abstraction may then he vlpw~rl ~s ~ 

form cons r st In~ of two parts: 1) the uncie rl y I n1; 

representation of the a~stract data typR ~nrl 2)the actions 

defined to operate on varlahles of tat data type by 

manfpulatrng Its under yin~ represent~tfon, 

For ~xample, r common ;i!--str<1ctlon In m~thematrcs rs the 

concept of a set which we rnlRht define by the op~r~tors 

union, mAmhershJp•t~stfnr, and i~t~rs~~tlnn. To tmplement 

the set ?bstrBctlon, WP choose som~ lower lev~l 

representatfon for a set. Our choice nf representation 

depends on th~ krnd nf ooAratlons which will pre~omlnat~ fn 

the appl feat Ion expcctPd. W~ ~ould repr sent a set as ~n 

array or nosslb1y as e l emPnts linked to~ethPr by pornters. 

After choosing one of thes~ un~nrlylnr repr~srnt~tlons, we 

would pro1;rarn the operr1tors givf>n above. This \o>JOulci comnlr.tP. 

our lmplcm~ntntlon of th~ set a~str~ctlon aTthougt It m~y hr 

th~ c~sc thAt further reflnrnpnt with r~sprct to thr 

renresPntatlon chns~n ~nd thr onerators drflnPd Is n~ccss~ry 

so that our ~ronram Js compl~t~fy un~Prstenrl~hle hy the 

actual machTne. 
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It is nlso a f~ct that at a h1~hPr lPvPl wr ne~d not nnr 

should we have access to t~e lnwer levrl (unrlerlyTn~) 

representation o somR d~t~ ahstr~ctlnn. This restriction 

has hcP.n r mp T ernP.n ted hy most hi p:hP r 1 •w~ 1 pr-o.r. rr1rnm T n r, 

lan~uaces for primitive typps ~nrl th~r~ is no rP~son that we 

shoulrl f~nore it while pro~ranmtn~ hy 1Pv~1s nf ~bstr~ctfon. 

For 1nstancP, a n~al numher In a nropr.:im01ln1t 1~n ,rrui'l .l':P. Ts 

usually reprcs~nted ~s a scqu~ncc of bits whl~h ~Ives the 

mr1n t t ss rt e1nd exp<>nen t p~ rts of the nur-11--"? r. Hovit"ve r, th P. rr ! s 

certainly no rPason for thP prn~ra~mer tn knnw whlch hits 

represent whtch part or even to a1lcw the pro~ rnm~P.r ~ccess 

to any bit. lnr:ieP.d,. this lowP.r level r~prP.s~ntf!tlon of real 

numbers is no ccinc~rn to th~ nrop,r?f"ffl~r usinr.: thP htr.her 

1 eve l too 1 of a D ror. ral1'lr.1 r nr, 1 a nguage. Th ts a rr.umen t app 1 I es 

In a similar f~shfon to our examolP of th~ set a~stractton. 

We ar~ tnterpstcrl In rlPc1~rln~ v~ r,~h1Ps to rPpr~s~nt sets 

a~d In acc~ssin~ tnform~tiun about thesP vnrl~hl~s thrnu~h 

th~ operators ~ssnclated wtth th~ SPt ah5tr?ction. Rut thP 

dat~ structurP t~~t w~s chosen n rerres~nt a set should br 

of no concern to us. 

In sumrn~ry,. a d~t~ ahstr~ctlon def{nPs an ahstract rl~ta 

type as a set of operators. f'.urthf'rlT'ore., thr> us~r Is not 

permitted to know how this tYD~ Is rppres~nte~ Tn the 

abstraction; lnstead, only the soecffied operBtors can 

man(pu1ate varlahles of this type. It rs these c:rlterl.a 



around whlch tbP 1a nrue ~e for st rue turF>ri 

n,e n t f one d e " ' r 1 I e r, f s be I n p; d f' v P. t op~ d at t, • I • T. 

do so ln terms of these requlr~ments~ CAn we represent 

abstract d~t~ concepts and ~t the s~me time arlher to the 

accesslhll ity restrtctions? If the ~nswer Is yes, th!n wTth 

w ~t ease can t Is hp accompl Is Pd? noes any syntactical 

format or s~m~nti~ concept or the ~ ,v ~n l~n~ua~e encnur~g~ 

the · use of structurPd progr~m~in~ as thQ ~~sr~ner's tool nr, 

on the other i-.~nrl , cau'se ,r1ny serious hP.ncl I c;in v,~ r l ~ us I n,z- t .e 

techntQUP. <1f structurPd orop:r?mminp;? 

Before l e~ vlnt thP torte crTtP.ri~ for dc1 ta 

abstractions~ we should ~ocus on or~ morP issue upon w .1ch 

d1sc uss1on ought t~ b~ b~SPrl durinR t he examfnatlon of ~ 

1 anr,u.age. Surpos~ thRt WP have cnnceo u~lly formulated the 

Is, we h.ive 

thP r~pr~sentat ron of thP tYDP ~nd thP 

('lperatTons \olhlc:h ci1n rn<1n lpulnt e of--jects of t'l-.;it tYPP. . Our 

next steP Is to nrotraw this rl~tr1 ahst ra~tl on In our chosrn 

pro~rammlng l~n~uace. We should hP. cnncrrnpd 2hout the task 

of conceptu~l lz~tion versus thP t~sk of prn~r?~min~ the d~tE 

ahstractron. Was the -abstract f o mueh IT"o re rlf fflcult to 

pr-og ram than It s conceptualTzatron le;ldS us to he l' leve? If 

the anr,ua[:!;e rlof> s nnt m P.P. t this c r 1 te r- Ton of 
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0
conceotualrzatfon case Jmplyfng pro.e;rc1mmlnp, sfnr,lic:lty 11 thP.n 

the laniuage must hp re~~rrled as~ rlls~p~olnt~ent from thrs 

vfewpolnt. 

$tack Ahstcactton 

let us now ~xamJne a data a~stractfnn example w~ have 

chos.en to program In our 1 anp,ueF:es. \•,',.. \-r( 11 name it the 

us tack ahs tract r on 11
• 

Th~ stack rs a l Jnear l 1st in which Ins rtloh, 

delet1ons, and a~teSSPS tn values ~rP marle at onP Pnrl of th~ 

l[st. The usages of st~cks Rre many tnclu~ln~ the 

lmplementatfon of ~ Pollsh~nntRtlon lntrrnrrt~r~ th~ 

support1n~ oF recursion, and th~ desl~nlng of p~rsJng 

a 1 go rr thms ( e.i,::. for opera tor p rP.r.~<l~nc~ cp•ar,m;i rs we might 

wrsh to use t\'10 stacks c~1 lf"d the "oper.:ltor'' an~ uooerann" 

stacks). 

When dcscrrhThg th~ concent nf ~n a~str~ctlon ~~rl fer, 

we noted th~t it can be senar~te1"'1 into tv10 parts: l};i 

representation of the d~ta ohJect (ln thfs c~s~ thP stack), 

and 2loneratlons on the ohject . T~P unrlerlyin~ 

representation we h~ve chosen for a -StRck will he ~n array to 

hold the stack R1em~nts an~ a polnter whrch points to thP top 

fflled location of thA SCQck. 0Der~tlons on a stack thAt we 

wl 11 cons lrt~r are thf' fol lowf ri1;: l)"pushu--;trlc!inr. an Plement 



-2f--

to the top of the stack, 2 ) 11 pop11 --clelet 1 ng thP. toJ'l element 

from the stilck, 3) 11 top elementu -r1ccessTnr. thP. top P.lement 

value from thP. stack, ~nci 4)"'inrt1Al rzattnri .. --lnltral rzlnr, 

the bottom ~lemPnt of thft st~c~. Thus the st~c~ abstractfon 

fs concP.ptually dpflned. 

Linear List Ahstrectrou 

A seconrl · ex~mple w~ will lnnk ~t wr11 he referrerl as a 

Hn•rnr_iTst abstrnctlon. Vie wtsh to JT10del thrP.P. rlfstlnctfve 

types of linear 1 lsts: a stack, a oueuP, an~ a riequeup (see 

Knuth(l6)). /1.t the top 1 evel of abstr~c.t ron c 11 1 lnecir 1 r sts 

can be rePrPsented c=-s arrays of l0c~tl()ns, r\t A lovJpr level 

thts rppresPntatlon m~y hr further speclfl~d dppenrlfn~ on 

what type of l1nN1r lists ,,,p arP. uslrir,. A stac:1,, ~hstrar:tlon 

would add ~s p~ rt 0f fts und~r1yin& rPpr~s~ntatfnn ~ pnrnter 

to the top of thP st~ck anrl a<l~ n~pr~tlons th~t w~ h~ve 

outl lned Part i~r. A QLJPue ;ril"lstr;-ctfor, mir:ht arl<l 11 frontu on<f 

u r ea r n p o t n t e r s t o I t s r r n r e s e n t ;:1 t t on ri n d I ITI p 1 P. 1"'1·@ n t op P. r a t r on 

of uP.ntpr
11

~-whlch vroulrl fns~rt ?n Plf'rnf?nt in th~ reAr of tt,e 

queu~; ~nr! uremove--~-\-1hfch wcn.ild (1~•1eti:> an el~mcnt fr·.arn the 

front of the qucu~. A rlrqurue abstractlnn could ~rlrl 

0
leftrnost'* nnd urlp:htmostu pnlntPrS t(l Tts r<->fHP.SP.nt~tlon ;inrl 

operators--c;,11 then~ 0 1rtl-Prtn anrl 11 c1r"'1PtP.,.--,"'~lch m;;ikc 

additions ;ind suhtn:ictlons to b("lth C'n(i~ of thr, 1 rst. Thus 11,r­

hav~ 1 n t roducP-d th() notion nf ht er a r:ch I c.c,1 .r!.ata t YPP.S anrf It 
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Js of lntcrrst to us to examfne how our langu~~es can 

represent thts concept. 

We w111 analyze e~ch chosRn 1anrua~~ wrth two goals Jn 

mind: l)we wish to s~e wh~t cAn he le~rned from ProgrammlnR 

In eAch langu~ge wh11e attemptrn~ to m~~t the specrflcatlons 

of structured prn~rAm~fng, ~n~ 2Jwe want to cl~terrnlne If the 

language can hf' used as ~ st rur.:t u rP.d p ror r;:irnm I np,: 1.~np:ui:lP-e. 
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Pl/I 

The block structured langunge, PL/1(17), was developed 

by IBM durlne the mid 1960's welt before the concepts uf 

structured procramming as a design mechanism for constructing 

programs. \!'Jere e .xplicltly 1ntro<luced by Dijkstra. PL/I ~,,ras 

destgned to cover as whJe a range of programming appl !cations 

as possible. The desrgners consider one of Its prime 

features to be th~ case with which modular programs are 

bullt, encourag~d by the fact that a PL/'1 program is composed 

of blocks of stotements called procedure ~nd bagin blocks. 

It should also be mentioned that PL/f is an extremely 

large laniuage ilnd it is inconcefvab l e to this writer how 

anyon.e cou Id be know 1 e dgea b 1 e of the complete 1 anguae,e. The 

deslencrs of the lansua ge reco~nlzed thts as a possibla 

drawback that would di scoura~e proerammers fronl learning PL/I 

(and companies from adopting the language) and have made 

programmers J\.1are of the fact that one needs to ? earn on 1 y a 

small subset of PL/I in order to ~-,rit~ most medium-difficult 

pro g rams • ( A r t e r a 1 l , th t s cove rs th c bu l k o f \ ·J r i t t c n 

progrums. l Ho,·1evc r, the l ani;ua ge does contain such on t I on s 

a s mu 1 t .t - ta s k i n i; so th a t on ,e t s ab 1 e to so 1 v e n 10 r c - d I f f I cu l t 

prob 1 er,1s us Ing PL/ I • As present some of the 1 anr.uage 

construe ts and the exarnp 1 es, may al so be unavJa re of some 

"slmpleru techn lque Cal though It is my bel lef that due to the 

enorrnous size of PL/t this is not rny fault). However, I am 



c1 I so qui t e sure th,1 t any 1'r.l is sed 11 feature cou 1 d not change 

the overal? outcome of the 1an&uage with regards to data 

abstractions of structured programming. 

One might argue that Pl/I was not developed with 

structured programming fn min d and therefore it ts unfair to 

evaluate PL/I as a structured programmrng languago. On the 

other hand, st rue turt! d p roe r<1mm i ng Is In tended to be a des Lan 

method based upon refining le vels of abstraction until they 

are expressed ln terMs of whichever langua ge --may it be PL/I 

or any othcr--that the programmer ls ustng. Thus It seems to 

be perfectly Justified to examine PL/I in these ter ms. 

U;;ita S.tructurfrn-.. Fuc_i Ji t les of PLLJ 

We hegin ~Y describing some of the data structuring 

f~cr l rt ies of PL/ I; how€vcr, it wit l bl'.! assumed that the 

reader 1· s so111ewhc.t t ram 11 i a r w I th the 1 anr;wage or at 1 east 

some b 1 oc:k st rue tured 1.anguage { eg. ALGOL6 O) , The ref.ore ._.,e 

will desc ribe un ly those data facil itles that we might come 

lnto cont~ct vd th when usin g the process of structured 

progran1m i ng to w r i te pro gr ams In Pl/ I • 

We be~ln wit h variables nnd data attributes. Variables 

ma y b c cons i d c red o I, e s r n r; 1 a e 1 e men t s , a r r a y s , ' o r 

structures. J\ssoclated with each variable is a symbolic nnnw 

and a value that may change during the execution of the 



prouram. The attributes of a variable consist of tts basic 

type and storage class. Dasie types In Pl/t are FIXED(•), 

FLOAT, CIIARACTE R, ~I T, anrl PO INTER; s to ra ga c 1 asses of a 

variable are STATIC, AUTOMATIC, BASED, and CONTROLLED. 

While basic types should be clear, an explanation of 

storage classes Js warranted. The storage class ~ttributcs 

are used to specify the type of storage allocation to be used 

for a data vari.lblc. The dufault cl.Tss Ts A.UTOMATH.:, which 

means that storage ts at t •oca tcJ upon co tc ring the t> \ oc k and 

ts released (freed) upon exlt from the block. The STATIC 

class, on the other hand, specifies thut storage Is to be 

al located at load ti1T1e and not released untl 1 procram 

execut I on has Leen comp 1 etc u. BASED and COIJTfWLLEO & i ve the 

programmer two different \·1ays of expl lcltly contro\l ing the 

allocation and freeing of st©rage by usin g the ALLOCATE and 

Fl-:EE s t.J. temC!n ts. 

A n umb e r o f o the r poss i b 1 y u s e f u 1 d n ta s t r u c t ,u rt n ~ 

faci11ties \·dth respect to structured programrntng exrst as 

pa r t Of th C p L / I I a n g u a~ e • The s e t n C 1 u de b 1 0 C k s t r u C tu r I n G 

techniQues (signified by BEGIN ••. END and PROCEOURE •.• ENO 

b 1 ·O c ks ) \·JI d c h p .a rt i .;;i ll y a 1 l ow u s to t h I n k i 11 t e rm s of 

abstractions (associating an abstraction with a block) 

( * ) 
Upper case letters will be used to sltnlfy keywo rds 1n Pl/1. 



especially with r egard to operators. A second construct is 

the data attribute LlKE.. Its function is to copy the 

structuring, names, and attributes of structures. For 

instance, suppose we wan ted to declare a variable, s, to be a 

set (see Chapter 3·). Assurninb 11 set'" were declared as a 

st r ucture variable, we inig;ht wrtte "DECLARE s LIKE. set;''. 

The rosul t would he chat s has the saflle structure as the 

variable set. A thirc..l fcJcility of Pl/I v,htc h we will 

f n v ~st i go t e i s Un in pot n ts t n to u pro c e cl u r o • Th i s feature 

not only allows one to ~nter a procedure at some deslnnated 

point ( ther than at the beginning) L>ut a1 so permits us to• 

specify paraneters and return attributes. Thus we may be 

able to set up numerous 11ope rator 0 ErH RY potnts wtthln a 

h I ven procedure, i,,1h t ch c:lS a who1 e ml gt1 t rep resent a data 

abstraction. 

St,1ct _Abstr.:action lo PLL! 

Three -stack abs tr .1 ct ion c x amp 1 es l n PL/ I w 11 1 be 

presented. This number of examp les is ciue to language 

re s tr t c t I on s i n conj u n t r o, n w i t h pro g ram r c q u t re men ts • A 

de ta i 1 ad ana 1 ys Is of ,each ex amp 1 e \-1 i 11 f o 1 ·1 ow the 

presentation of all three examples. 

I 11 PL/ 1: the stack abs t rile ti on out 1 I ncd l n the prev r ous 

chapter ml~ht be p ro grammed as shown in fig. 4-1. For now, 

ft is importont that we understand how the procedure 



creatc_stack works. Note th~t upon entering create_stack, 

not only Is space allocated for the stack hut ~lso the bottom 

element is initialized. We should also be aware that thls 

first example Is capable of handling only one stack at a time 

in exrstence. The operators seem fairly strai3,htforward 

although one should note that pop deletes the top element 

merely hy decrementinr; top and does not return t ha t element, 

while top_element performs the functi on of acc;:essln~ the top 

elem~nt Gut not dcle·tlnr; It from the :;;tock. 



create_stack: PnoCEDURE(n); 
DECLARE n FJXEO HIN{ l5); /* stack size•/ 
UECLARE stack(n) CH~R(l) CONTROLLEU; 
DECLARE top FIXED BlN(lS) STATIC; 

/• topmost fll1ed location•/ 

ALLOCATE stock; 
stack ( 1 ) g ' J 1 

; / • r n I t i a 1 both the bot torn•/ 
top = 1; / * e 1 elllcnt itnd the pol ntcr•/ 
RE TU P. I l; / * to t h,e s tack * / 

push: CNTnYCa); /• insert the value of a •/ 
OEC LAr.~ il CliAIH l}; 
toµ= top+l; 
stack(top) • <3; 
r~E TURrl; 

poµ: EtlTRY; 
top= top~l; 
R.ETUHtl; 

I* f.Jelete the top element•/ 

top_c lement: EIHRY RETURUS(CHAR( U); /• uet top e 1 em */ 
HCTURIH stack (top) ) ; 

EU O c rP-a te_s tack; 

f lg. 4-1 



Defore proceeding further, we should also note th~t 

representing a st~ck as a controlled array is not the only 

representation one might thfnk of. Indeed, the argument to 

represent a stack ~s a l ist of chained elements is solid ~nd, 

in fact, this stack description wi l 1 be pror.rammed in ~ later 

example (see ff&. ~-Z). Our declaration for a stack might 

have been written as follows: 

DECLARE 1 stack BASEO{p), /• µ is as point e r•/ 
'2. next PT U, 
2 value CHJ\R(l); 

Pictoriillly our stack would have looked like: 

So inst,eaci uf al lucat in~ the whole · stack at once, upon each 

call of the operation push (pop), a slne;le element ls 

allocated {freed). 

The liir, lin1itation of fjg. i. - 1 ls in trying to represent 

sever c:d d t ff c re n t s t ii ck s a t the s arne t i me • Th t s prob 1 em of 

multiple stack usa&e can be solved by rewritln~ the stack 

example uslne the LIKE attribute. Before clotne so, a further 

characteristic of LIKE should be revealed: to write 11 rECL1\r.c. 

a. LIKE b;" requires that b be declared on the same or h igher 



block level (a global cieclaration) than a. Reali zing this 

rcstrlction1 the exar.1ple is programmed as s hown in fig. 4-2. 



DECLARE x FIXED LIIN(l5); 

UECLARE 1 stack CASEO(p), 
2 m ~IXEO DIN(lS).. /• global decl. for stack•/ 
2 hocJy CHAR(n1 RC:FEIHx)),.. 
2 ton F(XEO BIH(lS); 

s tack_c,ps: PllOC EDUR [; 
/• Contained within are the fol lo\.lng oper~ */ 
I• ations : DUsh .1 POP , .:ind top_clement µlus •/ 
/• the oper of lnttial lza. The p,1r.1n1eters *I 
I• st~ck_ref nnd elem refer to the stack In */ 
1~ concern and hold the value of the element *I 
!• to which we are referrln~ respectively *I 
R[TURt ; / * no reason to ca 11 s t .ack_ops •/ 

push: EUTRY(stock_ref, ele111); 
DECLAR E stack_ref PTR, eleM CHAR(lJ; 
UECLAnE 1 name BASED(stack_ref) LIKE stack; 
n.:1me. top = name. top + l; 
namc .body{namc.top) c elem; 
f1ETURn; 

pop: EUIWI' (:;. tack_re f); 
DEC LA P. E s tac k_rc f l'TR; 
LiEC LArl E 1 name BASED ( s tacl~_rof) l I r<.E s tt1c k; 
nanl('. top = name. top ~ l; 
RE TlJIUI; 

top_element: 

initial fze: 

ENTRY ( s tack;_re f) tlETUP.~!S ( CHAR ( l}); 
OECLA~E stack ref ~T~; 
D l:C LAr:!.E 1 n~Me f~AS E l'C s tack_rc f) l I KE stack; 
RETURN(nane.body(na~e.top)); 

EHTRY(stack_ref ,el ern); 
DEC LArlE s ti:IC k_re r PTrC cl crn CHAR ( 1}; 
DECLAnE l name BASED(stack_ref) LIK[ stack; 
narnc.body(l) = olem; 
IHH11C • top = 1; 
HETUIW; 

[IHJ s tac k_ops;. 
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In conjuction with fig, ~-2, ~tan outside block level 

(correspondln~ to a higher level of abstraction--although no 

hlghe ·r than tlH? one on which the stack is dc-clarad), we can 

now wrlte the following I tnes of code: 

OECLAnE l operator ~ASED(p) LrKE stack; 
/• operator stack*/ 

UEC LAR E l operand 6ASED(p) LIKE stac~; 
/• operand stack•/ 

•· 
x = llJ O; 

ALLOCATE operator; f* the sfzcs of the hodlcs */ 
x = l O ; / * ~ re now e s t il 1:- 1 i s he d f o r • / 

ALLOCATE operand; I* the operator ~nd cperJnd •/ 
I* stacks respectiv~ly *I 

I 

CALL inltlalize(p,'1');/•lnltial iz~ each stack•/ 
CALL init!alfze(q,'$'); 

IF ••• TIIEN CALL p,ush(p, 1 a 1 ); 

/• push 'a' onto the opertor •/ 
LLSE CALL pop(q); 

/• or pop the op~ranJ stack */ 

y !I:! top_c1~11 cnt(q}; / 11 y r. cts sat to the *I 
/• top element of the operand */ 

These s ta tcr.rnr, ts in conjunction w l th the coinrncn ts shou 1 d be 

easily understood ilS to their meantnss and results. 

l~efcrrin.,.; L,:ick to f i,: . li-1, .,.,c reco1;n I zc the fact that 
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this first program \<1ould work only for a singl_c stack usage. 

On the other h~nd , this last example allowed usage for a 

multiple number of stacks; however because wa have used LIKE, 

we have had to separate the representation of a stack frorn 

its oper~tlons. Suppose we did not want to break up the 

abstraction and yet woul<l 1 Ike to take care of the case when 

we hau the nee t..l to use mo re than one stack . The re su 1 t In 1; 

progran, might resemble tt1at in ff g .• 4-3. 



stack: PfWC EDUR E; 
DEC LARE l s tac:k_e 1 amen t lJASED ( se p), I• st rue~ * / 

2 1 as t_s tac k .... e l emen t PTR, 
2 vaI Lie CHARO}; 

DECLARE scp PTR; 
DECLARE wp PTR; 
[)EC LAUE r:e t_stac:k_tlcscr i 1:itor EtffRY( Cl~AlH 32); PTR) 

!~ ETU RJJ S ( PTR}; 

creata_stack: 

push: 

ENTRY(stack_nanml.,. inlt); 
DEC LAn E st a c k_narne l CHAR ( 3 2 ) ., i n i t CHAR ( 1 ) ; 
DECLARE 1 stack_descriptor SASEO(sp), 

:.! 1 as t_s t:ack_desc r r pto r PT R~ 
2 n~me CllAP. ( 32), 
Z top_polnter PTR; /• descr. stack•/ 

DEC LAH[ sp l'T n; 
DECLARE stack_descrlptor_top PTk STATIC 

u~ I T ( nu l L ) ; 
1-,µ "' i;c t_s tack_Jesc rip tor ( s t~ch'_name l ~ 

stack_dcscriptor_top); 
IF \-1 r ... = ~lULL THEU SIGNAL error; /• stack. (\as 

never been previously created *I 
/\LLOL:ATE stack_dcsc:riptor; 
sp->last_s tack_descrir:itor=stack_(Joscriptor_top; 
s tack_de sc r I ptur _top = sp; / ,_ ne\>, top * / 
s p-) nane '" s t~ck_na.rnel; / • nJme of stack•/ 
ALLOCATE stack_elernont; /* get first element•/ 
sep-)valuc = init; 1~ anJ set to lnrt value•/ 
sep-) I as t_s tack_e 1 ernen t = IJU LL; 
sp-)to p_p olnter = sep; I* point to toµ of stk */ 
lt[TUrrn; 

E II TRY ( r. v a 1 UC', st c11 c kn a nm 2) ; 
DEC LAnE eva 1 uc CHAr~ { l} 1 s tackn .a 1e 2 CHAH C 3 2); 
wp • ge t_s t ~ck_do scrip tor ( s tac kn ame 2, 

stack_descriptor_top); 
:IF ~-,µ = f!Ull THEN SI LNkL error; / * not founc.l •I 
ALLOCAT[ stnck_~lernent; 
scp->vatuc m cvalu~; 
s C! p-> 1 D s t_s t □ c k_c 1 e1nc n t -"' ~·, p • > to D_P o I n to r; 
wp• )t oµ _ polnter ~ sep; 
nETUfUJ; 

fl~. 4-Hpage l) 



POP! EJHRY ( s tack_na,11e3); 
DECLAr~E st.ack_name3 CHAR(32); 
\·IP a: p;ct_stack_dcsc .riptor(stacknomc3, 

stack_descr I ptor _top), ; 
IF wp = NULL then SIGNAL error; /• not found*/ 
sep = wp - )top_polnter; 
wp->top_potnter = 1ast_stack_element; 
FREE stack_element; 
Rt::TURrl; 

top_element: 
·EtlTr..Y ( s tack_name 14) RETURNS ( CHAR( 1)); 
DECLARE stack_name4 CUAR(32); 
OECLARC top_vulue CIIAR(l); 
~",!p = ge t._s t .nck_desc r; ptor (st ack_riame,4,. 

IF ~''-' = WLL T!IEN SI GfV\L 
wp .. ~m - >top_pointer; 
IF WP = nu LL TIIE~~ s I GNAL 
tup_va 1 ue "' v,p - )v.J 1 uc; 
r.ETURM(ton_value); 

HID stack; 
get .... stack_cfoscr i Ptor: 

stack_descrlptor_top}; 
error; I* riot found •/ 

I* i n cJ r rec t ion • / 
error; I* no el etncn t * / 

PROCEDURE (ename, Q) rtETUfHJS( PTrl) ; 
DE CLARE en.:in1e CHAR( 3 2); 
DECLARE (q,rnp) PTR; 
DEC LAR E not_founJ GIT l it! T('l'B); 
mp g q ; · · / •· ca 11 by ref t r r ck s av o i de d * / 
CO WHILE (not_found & mp --= IJULL); 

IF 111r,->nar,1e n cname Tl·H:N no t_f ound = '0 1 B; 
ELSE mp= mp-))ast_stack_descriptor; 

El D.; . 
rl.ETURrl ( rotp); 
E~D gat_stock_clcscriptor ; 

fl~. 4-3(conc1usion) 



Ubviousty, f ig. 4-3 needs some explanat[on as to what is 

going on. The ove !ral 1 intent of the progru:m is to al low the 

creation and 111anlpulations of more than one stack. Thts 

requirement ts solved by construction a stack_descriptor 11st 

whose function it rs ls to keep track of both the stacks 

created and the el er,,on ts of each stack. 

rnstanc,e, that outer progr.am began with: 

Suppose, for 

CALL c rca tc_~ tack { 1 ope rilnd •, t $' } ; 
CALL create_stack( 1 <;pcrator•, 1 t 1 ); 

Then fig.4-4 depicts the results of these calls. 

s ta t ,emen ts: 

CALL push ( •operand' 1 
1 a 1 ); 

CALL push( •operand', 1 b 1 ); 

l f the 

f o 1l ow, the r cs u 1 t r n.y; mod i f i cat i ,on s a re l 1 l us trot e d i n f r g • 

4-5. lt should b~ fairly obvious to the reader that push, 

pop, and top_ e 1 ernen t correctly perform the l r intended 

functions. 
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We shou cl make a note at thls time concern(ng our 

awareness of the fact that instead of naming stac~ one might 

mere ly hu.Ve pointers to stacks. The usage of pofnters would 

certainly decrease the stack access time since we would 

lmmedi<ltely have the location of the stack instead of having 

to go throuch the extra procedure gct_stack_descrlptor in 

order to find the stack . Howevc r ,, the stack 1-Jou 1 cJ now be 

completely avai 1 al.de to <lnyone programming i1t some level 

h!r;her than the stuck {lbstractlon . Jle would not hilve to go 

through the opcrJtors to access the stack L>ut merely use the 

pointer tu the stack to change and infor~atJon about the 

stack. For r~asons of prev·enting these acccsslbi?fty 

properties, t he naming of stacks has been chosen as the 

method f or malntainenco of a multip le number of stacks. 

AosJ]ysts Rf PL/1_ 

We are now at the stauo of analysis--that is, we are 

ready to Jude,'? the me r t ts of Pl/ I wt th respect to the 

facll I tics it provides us for describing Jatn abstractions. 

\'le wi 11 take each of the three examples (f i c ures ~-1, I+ 2, 

4-3) and present first the good points and then the bad based 

upon the structured proi~rainmlng criteria thilt must be met. 

Regarding the sinnle stack example {fi g . 4-1)1 probably 

the most important point in PL/1 •s favor Is t he fact that the 

representation of the sta ck and the operators we introduced 



are wcll-contntned wlthtn the procedure crcate_stack. 

Furthermore the st.ack, Je Ing CONTROLLED by the programmer, 

can be dynam lea 11 y ~ l ~ ocatecJ .and freed, t.hus a ll o\•, 1 ng the 

desisner o er e~tcr f\exlbil rty in dcterminin~ the stack s1ze. 

Jn addrtion, contrary to the usual hazards of flcxibll lty, 

the requiremen t that the stack cannot be accessed fr-on, 

outside crc.u:tc_stack is satisfied. Pronr am111c r convenience is 

further increas~ci Gy the varla~lc attrl~ute STATlC which 

<les1gnates that the last value of top ts r~memb~ red upon 

reenter In~ t1ie rrocociu re t hrou~h c rca te_~ l:~ck or_ any one of 

several ENTRY points CcorrcspondinR to operators). And 

fortunately one 1s not permitted to eiccess t he vari ab le top 

( thereby poss I b 1 y chsn ~ 1 ng its value) from outs i ~ 

craate_stack. nvcralt then, an air of safety surrounds the 

abstractlon crcatc_stack. 

tlov1 vie prc!::.nnt the dcrccts of r l ; :r th t thl5 cx.:imple 

illustrates. Firs t of ~1 1 stack is nut really~ d~til type as 

we would prefer but instcarl a vartnb le. That is, we cannot 

s~y that x is a stack since stack is not ~ data attribute. 

In our exa1.1ple stack ·1s not only the ab strnctton we wish to 

d c f i n e bu t ~, 1 so t II c n a rn e o f t h ,e v a r l il b l c . O I; v i o us 1 y to 

extend this pro r.ra111 to handle a liiUl tip~c number o,f stacks, we 

must use more declarations. For ex.ample, -..{e v,ould be· forced 

to \.•1rlte something like 11 DECLARE {stackl(nl), stack2(n2), 

s tack3 (n3)) <.:OIHHOL LElJ CtlAR ( 1); 11 und s i m'l 1 a r ly 11 0 ECLAR[ 



(topl, top2, top3) FtXED DIN(lS) STATIC;'' and ,finally rev,,ri: te 
,, 

the operations to make sure they wil know on which stack 

they a:re operatrng . Th?s r ,eally points out the fact that our 

opera tors ha ve not been wrrtten to operate on the 

representation of some data type but Inste~d on the variable 

itself. Unfortunately bccau·sc there is also no synta,ctlc 

con nee ti on be t\lJ,cen s tac kl a,nd topl, the ho1.:1.sckeQ p In& chores 

involved in lnmle111enting t he usage of more th~n one stack In 

th Is rnanne r becon,e s i z~ able \'1h I 1 e the conct=pt of a s tac.:k and 

opera to ,rs push, pop, and top_c l emen t a re st i 11 s I mpl e. The 

ques.tion to consider at this stage Is, 1
'
1\'lhy should the 

lrnpler.ientaticn of multip1 ,e stacks be so n1uch r1ore difficult 

than imp 1 cr.len t .a ti on of a sing 1 e stack when the con ,cep t of 

more than one stack and associated oper<ltors has ncit become 

mo re comp l r ca tcd? 11 

/\ 1 so rcr,.:l rd I nr, the EtH"Y s ta temen t 1 ~·te sac that one can 

simulate oper.:itinr 1 dcscrrptlon s within n dDta abstroctfon. 

l~owvere; ~ couple of mrn,or cdticisms with ra~~rd to syntax 

shou ·1 d be b rou,~h t to tha n t tent I on of the read,a r. lfo must 

inc 1 udc ec1c.h opera tor section \d th n· nE runr1 s ta tcme n t- -v,il, I ch 

has no syntactic connection with the operator- -or als~ 

c x. e· cut i or 1 w i l l con t i n u C! w i t h the n ex t CM TRY s ta t e rne n t . I t 

mi p,ht mak~ rnore sense to \.,,rite 11 EtJD <ope rat lon_n ,iJrne>; u (us Ing 

UHF notation) to t~rmlnatc ea ch operation bloc k. &~condly, 

implementation restrictions require us to declare procedures 



and entry points at the level from whlch they ~rP called 

(unless, of course, one wlshes to try hfs luck wrth default 

condJtJons). Thfs causes A synt~ctlc confuslnn sJnc~ the 

decl-rnt?on takPs the form n~~LAPE <nam~> fN TnY .... That 

Js, ther~ ls r~ally a second usan~ of th~ k~yworrl EN TnY--a 

word whrch w~ depend on heavily. 

Jn defense of Pt/I, w~ Must rPal lze though th~t these 

last two points ar~ b~srcally lmpl~mentatlon and la nRuage 

desfgn consr~eratJnns that ha~ to h~ rlPalt wfth--Althou~h a 

more sat Is f ~ct or y way of ha nr' 1 T nr, thesP. proh 1 eris m I ~I,. t ha ve 

be-en JnventP.d. Howev~r, tha frrst crrttctsm lnvolvin~ the 

extensron of example onP t0 h~ndle more th~n one st~ck ~nd, 

ln turn, r~atlz(ng that this extension prohl em ls causeri hy 

the fact that stack is not an~ str~ct d~ta type hut th~ name 

of a varrable seems to ~e ~ very serious riefPct of the 

language. 

The necessity of a multi~le number f stacks hrtng us to 

example two (fl ~ . 4~2) which rntro rl uc~rl e usage of the LIKf 

attdbutP.. Pr~sented In this example Is the f~vor~ble 

rmpresslon th~t st~ck Is now a data typp in th~ sense that we 

can declare other varrables to take the sam~ struct ure as a 

stack. As A result, th e re is no need to Pv~n confront the 

question of progr~m In~ one stack as oppose~ to m~ny stacks 

as had to consld~r~d rn th~ prpvfous PL/f ~x a~n l e . 



Hoy,cver, ~-,e must a 1 so cxara inc ~1h y the usap; e of L l KE in 

this manner is not Ds promising as it initially seems. The 

dee I a r<J t 1 on of stack must occur ou. ts. r de the s tack_ops 

procedure in order to be understood by declarations of the 

form "DEC LAnc •••. Lt KE stack; 11 C cg. DEC LARE ope rilnd OAS ED C q) 

LIKE stack;). A result of this non-structured requirement 

Is that access to ~uch elements ~s operand.top fs possible at 

p rogramml ng 1 eve 1 s cl oba 1 to the s tac k_()ps '-' rocedure 

(corresponding to higher levels of abstraction). In fact, 

one can even a1loc'3te storage for "stack" and manipulate its 

parts, SilY stack. top, al though one \\/'OU 1 d hope th rs not to be 

the case; ~fter all, stack is merely supposed to play the 

role of ~ data type ~nd not a variable which can take on 

different values. A part of the stack structure \Je should 

examine - is the variable m. It is requrred simple to allow 

c.J yn.am l c ii l l •oca ti on of the body part of the stack. Even 

though \vhen consider i rig the rep res en tat ion of a stack m \'IOU 1 d 

not come into focus, as It no~, stands m Js as ~nuch a part of 

the stack structure as are body and top. 

!::uppose vie 1 oo k a l r tt I e tno re ca ref u 11 y at the s tack_ops 

procedure. One soon realizes that calls to the different 

operiltors rely on t ,hc uovarlny" impJen1cntation of PL/I. For 

lnstanc.e If we v,ritc nCALL push(Q; 1a 1);u, rush ihcrements 

narnc. top (wh :lch is rc~l Ty operancJ. top) and uss fens ua 11 to the 

top location of nanie (really operand.body(operand.top)). 



This type of pro~rammi n g; is both unclear 

lmplementation - dependcnt. l ote also that ln order to &roup 

the operator · cleflnttlons, we deslrnatc thcM as ENTRY points 

wlthlnO the procedure stack_ops; however, we certainly hope 

that stack._ops, itself, \·Jl\1 never be called. 

The last unfavorable point to be made here Is that, 1n 

general, one must refer to stacks by pointers rather than 

names (c11 though th-a pro~r.:i111 could have hecrn ·wr r tten us Ing 

nanies--see fig . ~-3--but this Is rao re difft cult). A side 

I s sue to Le d i s cussed he re I s t h c u. s a g c o f po-I n t e r s • 

Pointers arc wrth respC2ct to d~ta as ~s are to control 

sequencing-punstructurcd(l8). Perusing a progr~m full of 

gotos genera 11 y means that at s-omc point one \ ·1 I t 1 come to a 

1 lne in the program and not be able to tell how one got there 

because that spaghetti-l ike sequencing structure of go ~s 

that has led one to that 1 Jne has lung since been tengled and 

retangled in hls ~Ind. The snm~ holds true for any e xtensive 

use of polnters Once a ptece of data has been accesssed, it 

ts often the case that one is really not sure which series of 

pointers hils been used to retrieve this pl ~ce of Information. 

These probtems of mu1' trp1 -e access-paths ,,mans that attempts 

to prove these programs correct will f~il aln~st from the 

start. 

It has already been noted that example three (f[g. ~-3 ) 



has gotten around the extenstve usa~ge of pointers lJy 

accessing stacks by name in conjunction \Jith the procedure 

gct_stack_dcscriptor. Examp le three has certainly proven 

that it ts possible to describe in Pl/I the st~ck abstraction 

(its representation ~nd operations) within a single procedure 

(called stack In this c~se). Also we may not access stacks 

directly from outside the procedure but must go through the 

stack opcrottons in orrl~r to rnanipulate stacks. In general 

the messiness \·d th In th~ stack procedure is h I dden from the 

higher level nnd thus this majo r rcquir€:tmcnt c,f structurec.J 

progrannlng concerning data and operator abstractions is 

satlsfi .cd. 

llc.Mcve r ,. the process of cics i gn 1 ng the s t.ack ri rocedu rill: of 

fig. ~-3, whl le conceptually clear, produces a relatively 

unc \ ear and u,n reudab 1 e program ., Keep l ne t r.J:cl~ ·of both stack 

des er I pto rs ilnc.l stack e 1 eh1,cr, ts is I nJcecl mr.ss y and confusing. 

Al su due to our deterri,I nat lon to use n.:in1cs Instead of 

potnt•crs we have incur rod an add It looal lower lev ,el ptoccdurc 

r.ct_stack_dcscrlntor which ~ias not part of our original st.Jck 

abstr,Jctlon. The point to be c:lade here is that over.:ill Urn 

comp 1 c x i t y of th i s ~ o 1 u t I on i n PL/ I t n no \lily r cf l cc ts th c 

sl rn pl icity of concepts involved in solving tile probl~m. 

Suppose we no..,, 1 f st the rna j or favorable .:ind unf avorab le 

polnts of PL/I we found when attempting to use the l~ngua~e 
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for st rue turcd pror.; rani1n ins;: 

l.t.2 

l) Sincle stack abstraction consisting of tha stack 
r~prcsent~tion an<l defined operations can be f~lrly well 
represented ln Pl/I (flg. 4&1). 

2) Use of the E~TRY statement ollow us to define operators as 
part of the stack ~bstractlon. 

3) The LIKE attribute c .an be used to sirtulate abstract data 
types (fig. 4-2). 

4 ) T he r. c n e r a 1 s t .:i c k ..i h s t r o c t i o n c tJ n t, ~ p r o ,r. r a rnme d i n r~ L / I 
(fit;. 4 - 3). 

5) Except for use of tile U KE 
reDrescntatlon of a stack can 
outside the stack abstr~ctlon. 

attrll>ute, the underlying 
Le nadc i nacces s i b 11 e f ro r.a 

1) One· is unable to dc ffne stack as an abstract Ja ta type. 

2) Use of the LI KE attribute means thtjt t he pror.ramn,er wl 1 l 
be able to directly access the unde.rlyln~ representation of 
variables declared to have a structure LIKE s tack (fig. 4-2). 

3 ) Use o f the L I r. E J t t r l but c r.1e ans c x. ten s i v c use of po i n t ,e: rs 
(fig. 4 ... 2). 

4) In ordor to represent a P?neral stack abstr~ction (ie. one 
that is able to handle ei multiple number of stacks)~ fairly 
comp lex progri.lni r;1ust be \•,ritten. \·ih lle the concepts of the 
stnck abstr~ction aro s imple, the Pl/I pronram required to 
simulate this abstraction is bo th difficult to write and 
dlfficult to read . (fl ~ . 4~3). 

Dvc raJ J er it i yue of PL/I 

We now ci vc a iene ral critique resulting from our 

ana 1 ysis of u sing PL/I in conjunction v: ith the des ign 

philosophy of structured procramming. A quick gl~nce at t he 
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control features of Pl/t shows that with a bit of fixing up 

it is perfectly reasonable to assume that the cont~ol 
. 

requirements of structured progr<)mrnlng can be adhered to. 
I 

This fix-up \·:ou 1 d 1 nvol ve add Ing the CASE statement( 4.-) a,nd 

el lminatin·g al 1 other cont ro 1 constructs excei::it . for 

concatenation IF-THEN~ELSE, and 

Fur thermo re I i ts b 1 oc k st r u ct u r I n g fa c f 1 tty i s def 1 n 1 te l ·y an 

t mprovemen t { o.ver, say, f O f<TRAN) for J,esc rt bing c·on t ro 1 

abstractions. 

Certainly the strict top-down approach with respect to 

data of program development cannot bo adhered to In PL/I ond 

in fact th~ bottom-up approach is alo~st always taken~ For 

example, to design the 5t~ck p~ogram we would first bu[ld the 

stack procedure and test its operators; then the program · 

would be further developed around th,e stack 

proccdure--crentln~ stacks, pushini on or popping off 

elements when required for the solution to the probl.cmt 

Wit~ the ENTRY statement we can syntactically l tnk 

oper.:itors to a data structure, althOUJ•,h c.crtarnly the 

des I i,;ners of PL/ 1 u Id not i ntand for the ErflRY statement to 

be use ti i n th l s man n e r • t n t he f 1 r s t n 1 ace the s c o Pe r a ta rs 

wou 1 d have Leen p1rog rammed as separate procedures wh I \ e the­

ENTRY statement would be used to signify a secondary point 

within a procedur,e wliere the ca 11 er may wish to begl n 



exccu ti on. 

The failure of PL/I to provlde the pro1traminer with the 

nbil lty to create abstract data types ~nd make use of these 

in lowar level declara tions substantf~lly increases the 

d r ff 1 cu 1 t y of using PL/ I in conjunct I o-n w r th s true tured 

programm Ing. Ccr ta inly a hast c concept of st rue ture·<.l 

prog:rno•ni ng is the re·prcsentatiQn of programs rn terms of 

abstract data and op~rators. Abstract operators can be 

simulated by procec.Jural rnechani sms bot one is le·ft without 

any credible r~cll lty for representing abstract data types. 

Alth~uth one mi~ht argue thnt the LIKE ~ttribute is a 

substltute for abstrac type de~l~ratlons, t he fact is that 

nothing could be more untrue. The LIKE attrrbute cleals with 

the creation of a J)m[JaL structure to one a•ready defined; 

an abstract type declar~tion corresponds to the crea;lon of a 

ll.eY.£ data type (not nece ssar I t y a part of the L:inguage) and 

then the declaration of a variable whose range of assumed 

values and permissible operations ~re defined by that new 

type. lhe LIKE attribute hardly encourages the thought 

process of ilbstr~ction which is the basis of structured 

programming. 

For further analysis of PL/I let us attempt to program 

the 1 inear 1 ist prob lam ,outlined earlier in Chapter 3. \ic 

want to write a pro~ram the defines a linear 1 rst and, ih 
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part I cul a r, stacks, queues, and dequc ues. E.-ich of these 

1 lsts has a body associated with it and in fact the top level 

abstraction \'/ould simply consrst of 1 lnear lists and the 

underlying representation of the body. At a lower level 

abstraction stacks, queues, and dequeues would be represented 

as refined 1 inear lists together with parttcul~r operators 

associated with each type of list, 

Without thinking too lonK, one might try to program thfs 

in PL/I us sketched In fig. 4-6. liowever, after .:i bf t of 

revtew one should rcaltze that this program Is nowhere near a 

solution to our problem. For one thing, there ts only one 

~ody and therefore only one list. (To extend thls to more 

than one body v1ou t d be n some\,.ilia t cornp 1 ex problem that 

conceptually does not appear to be so difficult.) 

Furthermor~ w~ can only access the stack, queue, or dequeue 

p r o cc du re f r om w i th I n the t i n e c1 r _ 1 I s t pro cc du r c • Th J s 

requirement is not neccssarrly a bad restriction; it just ls 

not 1;,ha t we in tended to d,es I r;n. :to~•1eve r, I f we chose to get 

a round th I s pr· ob 1 ein by w r r t l n g t 1 n ea r _ 1 r s t , s tack, queue, and 

dequeue as four separate procedures, we would be in 

di saggree1nent ivd th the results of our abstract ion 

process--that the· latter three .:ire lower leve:i: abstracttons 

of linear lists. 



1 lnear_l ist: PHOCEDURE(n1, n); 
DECLARE body(m:n) CHAR{l) CONTnOLLED; 

+ •• 

stack~ PROCEDURE; 
DECLARE top FaXEO; 

push: EIHRY 
• •• 

pop : UITRY .... 
um stack; 

Qu~ue: PROCEDURE; 
DECLARE (front, rear) FIXED; ... 

enter: ENTRY 

remove: ENTRY 

ENO queue; 

dequeue: PROCEDURE; 
DECLARE (leftmost_ rl~htmost) FIXEO; 

insert: ENTRY 

1.J.elete: EMTn 

am <.Jequeuc; 

EtJU linear_list; 



One point that has not been previously ment[oncd Is the 

possibi 1 ity of 11 conf1 icting names". It seems perfectly 

reasonab 1 e that \ve mh;ht ha ve n.1mcd c~e ope rat ions of queue 

i n f I ~· • 4 -6 to be push a rid pop-~ a t tho w eh they v10 u 1 d i1 ct 

differently that the push and pop operators of stack. {For 

instance the most recent element plnced on~ stack gets 

pop µe d off { L i F O ) ~-J ll i l r. the e t e men t I n the queue for the 

l on g es t .:i rno u n t of t i in e 6 c ts pop p ~ d { F I F O ) • } So let us 

suppose that both the ~tncl and aueue procedures had ENTRY 

po i n ts name rJ poµ , Cc rt a i n 1 y at a h I f, her 1 eve 1 i f vie wanted 

to pop an clemen t ~ff~ narticular linear 11st , we would know 

wh i ch pop to refer to i f \J e kn e\" wll i ch type n f l I s t ( a s tack 

or a t1ueue) WF.! h,:1 d. ~:oweve r; the re Is no \.,ray to uo th ts in 

Pl/I and In fact ~e would receive a naming conflict error 

rnessage for hav inc: nm EnTR.Y pot n t'. 5 (~>1he the r in the same 

procedure or not) rlesignated by the same name . In all 

iloncs ty, the re are i1t 1 east t\-10 1reasons why ~-.i e shou 1 d not 

ex pc ct PL/ I to ha n cJ 1 e th i s i n on y d ff fer en t: manne r : 1) a stack 

or ,1 queue is not really ~n abstr~ct data type that can be 

desir.nated .:is a variable -:ittributc, and 2)PL/I <loes hot have 

th c fa c i 1 1 t y t 0 il I I O\•J th c pr or, r .J m1~l e r to d cs i r.n .J d at ,1 

~bstr~ction consi~t1nn of ~ rcprcscotott on ~nd ~ssocliltcd 

ope rn ti on in n 111annc r that inean s the 1 anr;uagc is no~•f ex ten Jed 

to include this new abstract <l~ta oLject. 



uvcr.'11, it should be clear that using structured 

programming as~ Jesi~n tool t= -or ~-,riting programs in PL/I is 

n·ea r 1 y 1 mDoss i b 1 e. \,then one sees papers tit 1 e<l some th l nr.. 

1 i ke 11 S true ture<l ~>rog rarnm t n,i; In PL/ I u one can lie su ra that 

thrs paper simply addresses itself to the issue of control 

and, In oartlcular, leaving o-ut the GOTO statement. This is 

a start but also close to the end regarding the 

one can fr., 1 1 o,.,, tht~ 3 tr uc t ur~ d iHoh ramn1 in,~ 

extent that 

. .:i pp ro.ach to 

des i en Ing p1ros;rams in PL/ I • ( I h.:i ve ncve r seen the usage of 

the ENTRY statement included in papers of th1s sort.) Due to 

the restrictions of t he lanhuage, PL/I 1s far from being able 

to me e t the c r i t e r i a s e t f o-r th by s t r u c tu r e d P r o g r a rrrn I n t: • 
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PASCAL 

Pasca1(19) \•ldS developed tn l9bY by flil · t ,nus ~·lirth. The 

des I en phi 1 osophy of t ha p roe ra111n1 i nr. 1 anr;uai;e \,;as ba sc cl on 

hiO principal aims: first, to create " <J lan ~u.:i,;e suitable to 

teach p roi•. ramm i np; <.1s a sys teIn.:1 t I c <l i sci p 1 inc, 0 ,1nd ~econd 
I 

to 

construct a l,:1ngua1~c i111plolocntab l e as pdrt of a rel ialile i:lnd 

e f f i c i en t p r o .~ r a mm i n g s y s t cm • 

In rcfcrencr., tCJ the latter of the~c two polnts, by early 

19 7 3 ( 20), Pas.cal hau b~en s ucccss. f u 1 l y i mp 1 c ae n ted on the CDC 

6000 c1nd the IC L 19 00. Fur the rmorC?; i r.1p 1 emen t,-=, t Ions on the 

I BM 360, Si gnia 6, c 11 1UO7O , and PDP-10 are in proi;ress at 

various locations . 

I n o rd e r to e v .:i 1 u d t e th P. s u cc c s. s o f t t Lt'.' f i rs t a t m, ·.·Jc 

can refer to Ii rth I s recent cock Sys t l:• wt is:; Prop..r,;irnr11 i ng: !:ill.. 

lntroducJion(21) i...hich u5es Pasc<ll as its prograrnrninr. 

language, In th j s liCJok, '► - j i rt h is very much con cc- rned ~·d th 

the explan<Jtion uf syster.unic r.>rogrr11nrnlni~ techniques, many of 

._.,hich ilre sf1nt lnr to concepts of structured programming. 

\·./i rth shm•Js how programs cies lr,ned in this fashion can be 

easily written in Pascal. 

\·/hen analyz.in.f; this langua&c vtith respect to structured 

pror;raimming and; in parUcu ar, tl1e rcpres~ntation of 

a b s t r a c t d a t a obj e c ts , we sh o u l d con s i de r- t he f o 1 1 m·J 1 n g 

po Int. Pasca1 is the only one of the four l anguag,c s 
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IJ r c s e r1 t •P. J l n t h i s p .a r c r th a t ,., a s s p e c i f i ca l l y de s I g n e d a r o u n d 

the concept of p rob r a nim i n g p r il c t i c es cons i de r l! t.l a s a 

uiscip1 ine. 

JJs:i ta st rus; tur Lug f sJ c i U t 1,c~ Qf Pa seal 

In P.:iscal d ata .Jre cJescribed by Jccl.,:u.ations and 

Q f. • . 
l£ - 1 n I tJ ,o.n s . Lach variable must be introduced by a v~riab)e 

cJ e c 1 a rat i,,QJI. wh i ch as soc late s cl t y µ e a nr.J i d c n t i f i e: r w i th that 

varlnble. i ll.iJ...tj,J_ ~ defines the set uf vulucs that the 

assoc tilted var i .ib 1 e may <1ssume. A data type ;nay be di rcct 1 y 

.Jescribed ,1n the variable dcclarution er uy rncans of an 

expl iclt ~ ~.t'f jnitir~Jl• 

I t hould Ltc nott:ci that fJasc~l ls Wl.t. a !dock - structured 

1 an,:;uar,e in t he sense t hnt i ts p redeces so r J\LUOL6 0 ¼'a.s ~ 

Variables are r! cclarc<.J either at the heginninp; of the 

p ro t, r.:i111- - ; n v,h t ch ca sc they a re 1 oca 1 co t hi: \·,1ho 1 e p rag ram,. 

o r L n a p r o c e c.i u re - - r n \·J h i c h c <1 s ~ t h ~ y a r c l o c .:i 1 to t h at 

procedure. 

I Ill i 1 c var I ab l e de c l i!I rat i on s I n P ~1 s ca l a r c s i mi 1 a r to 

those of f)l/ l 1 ~H! s hould take a closer look at ty1Jes and type 

def i11i t1( ,n$, 

siu1µlc, structure d ~ ~riJ pointer types. 

The Jeflnitlon of~ simple typ€ indicate an ordered set 

of vu\ues. 5ir.1 ple types are d ivide<J into ,5c,;:i1,:ir .3ncJ 51,lbrarnr,~ 



i11J:c:gcr,. dlar,., <1nd J:.Ci!..l . Otlwr possible cx.:imptcs of scalar 

(r •,l rrnnal, raptil,e, btrd, fish, amphlbi;.111) 
( s ubcoinpac t, conmuc t, In termed i .:it -~, f u l 1 ) 
(i:i, P. ; i, o , u) 

Consider th<:! follmdng variable d~claratlon: 

~ JP.1 .1011: ( s ubco111Pact, cornpac t, In tc rmc d 1 n t~, f u 11 ) 

Tl l us u d c mo 11 u can L c ti s s i r; n e rt p rec i s ~ 1 y ~ n y of f o u r po s s i b 1 e 

~ubcompact , int~ r mcd I i.Hc ., f u l 1 . 

Suppose,. howt. VE~r, that v,e \•1tsh to construct severu l 11 car 11 

vartilblcs9 

definition; 

t r, ht then cor1struct the f o11<.Min r:. type 

car = ( suL,cof11pac t; co;i1pac t, 1 n tc r n ed i ate, f t.Jll ) 

y_.J r demon: car 

sc~ 1 ar type crc.:i tcs a tH:\·J type def i neci by ind i c.1 t i nr. Uic 

1 m,r c r .J n d up pc r b o u n c v a 1 u cs i n the s u b r ;;i n g c • Two c x a rn p 1 e s 

of this arc (1 •• 10) il nd Cc •• u). 

( .. ) 
Y-eyhto rds in IJa s c<l 1 \·d 11 be under 1 I ncd. 
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Structureu types in Pascal ch.:i.r.ictc rizc d 

~ssoclatin~ a type (or types) with components ~nd tndicatin8 

n structurint; mc t ho<.J, of which there arc four. The fi r st of 

these j s the i)rray type ~-:h ich is cornparab l c to PL/ I arra')•s 

except t ha t Pasca? orrays Qrn restricted from being 

ciynainical ly al locat~d. Examples of array types are: 

~rrav [1.. lr)O) of ~ 
arra~ [L.511..sf cl intcgr:r 

The second structuring met hod to consider is called the 

record type. Ea ch cornponcn t of d record type is ca 11 ed r:i 

fi9W and is desi~natP-d by .Jn identiffcr .:ind its type. r:or 

C! x a rnp l c , 1 e t t i n :; 
11 a 1 f a II d e n o t c ? c h a r a c t e r s t r i n ~ l y µ c , \'1 ~ 

m i g h t vlr 1 t e ; 

record n a111c : a l fa i 
aee:U •• 99; 

ssnurn: Ln t~.S..~.L 

So filr tl 1ls f()cility ls similar to PL/I structurf!s. Field 

access rs ac compl ished by the do t ( 11
•

11
) not.::itlon selection 

mechan T sr,1, a 1 so cc:i~nmon to PL/ I • 

<I 

One cJ ddt:!cl feature i., tthln th!! r>~scal record types is that 

r lcld dcn r)tcd l:,y the l-:ey 1.-1o r d ~ in.Jy !•C' inuic.:itcd .-:1s 1 

p.:::i rt 0 f i1 recur d • This µowe rf ul f ac i 11 ty ~1110~-Js one to 

spP.clfy several optional varl,3nts. Tl1c .:ictuol vari;;int to be: 

used w l l l be d c t e nn i n e rJ by the v a 1 u e o f t he tab f r c l d ~ J h i ch 



is assigned. 

For ,exa1Hp 1 c, suppose that ~-.ic have d,ef t neu u 1 Is t II to be a 

scalar type such that 1'1 ist = (stack, Qucu~; dcqucue) 1
'
1

• Tlien 

tho fo11m1ing rPcord tyµe could def ir14.: a 1 incar list. 

x~,g.r:tJ bou y :;i r ray [-100 •• 100) !.1.1... ~;, 
&il.S.J1 ~ : 1 i s t cl 

s tilck: <top: i nteiw r); 
4ueue: ( rear: j □ te;:f!L; 

front: j n te,~er); 
dP.quaue: ( 1 cftrnost:Jn~r; 

r f gh tmost ~jn~} 

Then ass uuc .:it s or:10 1 a te r po i n t t n the pro g mm i:l v a r i ab 1 e x 

is declared 

r.valuates to 

corresponding 

to h.::ive tl1e 

tl,e constant 

rec:o rd type 

above typa. Then if nx.sn., say., 

11queu,c 11
, associate d ~, i th that 

variable is a 11 iJody", "rcar 11
, and 

nf ron t 111
• (St rice x rep res en ts ~ queue~ exp n =; s s 1 ons such as 

u x. topu and 11 x .• 1 ef t 1L1CJ st" a rE:1 conceotua t 1 y I naccess i b \ e. The 

oreclse detaits concernin~ ~tora~e nlloc.:ition for the 

variaLlc and manipulation of 11 lnaccesstbleu record fields are 

1 cf t u µ to the i ,up 1 e men tu r • ) 

~ types third wcthod of structuring. 

c Ii a r ll c te r [ ..:. e J by t h1~ k e yv.ro r d s ~ Q.f, s ct types def i n e the 

rd n g e of v a t uc s as the po,..,e rs et of the s p ce i f i c d b o se type • 

( I n fa c t , i n the f i rs t v e rs l an o f Pa s ca l , t he kc yw or d w a s 

I f we ,.,,,r i t c 11 ..iUl.t, !1f. ( red~ ye 1 1 ow.. Ld ue ) u, th en the 



µossible vatw-. s a variuule of this typ~ 1:· • .:i'; : ...:V t: .:.i.r,, IL 
{red}, !yellowL 1tilue}, {red, YellovJt, 1red, blue\ , {yellow, 

b 1 u e ~ , a n d ~ re <L- y e 1 1 m, , b 1 u e t • I n a d d i t i o 11 , t h e o p e r a ti on s 

union, intersection, set difference, and membership are 

defined for ~11 se t types. 

TIH~ ~ type, which Is the fourth method of 

structuring, sµeclfies a sequence of components all of the 

same type • r or ex n mp 1 e, in order to construct the type 

chatacter string we could wrrte 11 £..U.J!_ .Q.f ~". 

Finally, n1e11 t I on J:a,.Q.inte r types of the Pa seal 

language. Pointer types define an unbounded set of values 

(com pa rab 1 f.: to r"emory udd res scs) point r ng t<J e \ e111en ts of t ho 

desi~natcd types. F'-' r ins ta nee, "-t 1 n tJ?X£ r:_
1
'
1 de notes that 

varia~les Jcs·gn~tc~ to be of this type may point to 

intege rs. Pointer types ~re co~nonly used In conjunction 

\•Ii th t he ::.tanJard µrocedure ~ \-.htch r~eneratas D Viltue of 

the. spec l fled type and returns ~ pointer to it. 

Th i. s comµ 1 e t e s o u r des c r i pt i on of t I, e d a ta f a cl l t t i •e s 

available in rascal. We now give some inst~nccs of type 

definitions just to make clear how one uses them. 
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Vowe 1 = ( a, ~ .; i ; o, u ) 
List a (st~ck, queue , degueue) 
U oa r d a a ( tax. [ 1. • 8 , l. . 8] 52£ Boo 1 ea D 
Text = f...L.k cl ~ 
LI near _l i st=reco·rd body:llr-ay [-100 •• 100] cl &.bli; 

~ s:List :Qf 
s t.~ck: (top: i n_tcP,S?t); 
qucuc:(rear, f~ont:intgger); 

deq,ueue: ( 1 ef tmos t, 
r l g h t mo s t : I □ t£:_g,c:_r ) 

Before we procee<l to understand the stack abstraction 

example gi ven in the next section, we should e xamine the 

rules of pa rame te r passing adopted by Pas c-~d . 

introduced in t h,e µroceJure heading 

Identifiers 

ca 11 ed 

form.al R,araMet~rs1 and the objects to be substituted for the 

formal par-c1meters are caned actuti,.L ppran1etc::rs .. The 1re axist 

four types of formal parameters In Pas ca 1 ~ l)valuc 

pa 'r a rnc- t e r s ( 11 c a t l b y v a 1 u e n ) , I 11 H h I c h ca s ~ t h e a c t u a t 

pa:r~n,eter must cvalu.:ite to some ex.prcssion anJ its value ls 

substituted into the fo~nal parameter (the default case for 

Pase.an, · 2)vari.Jl.Jle p.arame '._crs. ( 11 c .c:ill uy reference"), 1n 

which case t he actua t par.Jmctor must be a variable and ts 

substituted for the f ormal parameter, which must be !lreceedcd 

by tha symbol 'ilJ.L, 3)procedurc parameters, ,.,,here the ilctuDl 

parameter 1,1ust be il procedure identif[er, and ti)function 

parameters, where the actual pJrameter must be a function 

identifier. 

At this point in t he chapter \'<le are ready t -o read and 

understand the -Pascal solution to the stack abstrac tion. 



Stad~ Abstract i o□~ i o Pa s,cAl. 

We would now like to construct a solution to 

ab s t r act i on p rob 1 cin des c ri bed I n Ch a D t e r 3 • F i rt • 

the stack 

5-1 depicts 

a p r <J po s c d so 1 u t i on t ,o the p rob l cm iv r l t ten i n Pas ca 1 • F i rs t 

of all we note that stack is a record type consisting of two 

fl,c\ds: l)u nbot.1y 11 1t1hich is i:ln nr.r;:iy of 100 characters 1 and 

2 ) a " t op u o f t y D c i n t e r: e r • T o de c 1 a r a v a r i u u l ,~ s o f t y p r: 

stack \·.te \·,oul d si11ml y ,,.,r I te at tho hci;innln~ of' the prog.rar11: 

lit. s,t:stack 

Each of th-e four routines Is simp l e. Three of 

thcm--push#' pop" ant.J int t [all ze--are \ff rt ten as procedures 

Hhile top_tdement ts coded c1s a function . (Functions , .1s 

<Ji::;tinct from µroccdures arc <.::l1aracterized by labe\ Ing the 

typa of v.arialJle to b~ rcturned -- in this case~.) In all 

four r'-lu t Inc s L he .ciJ:.ar, rind stack .~a ramc te rs (where 

applicable) are p~sscd by value anci variable rospectively. 
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stack = LC co r.!J body : ,:Hr il ~ [ 1. . 10 0] .Qf .c.l.l..sli.; 
top d n tc1>;c r 

J1 r ru;: ~i..!JLJ.:. p LJ s n ( y : ~ ; .Y..ar. X : $ t a C k ) ; 
he~in 

x.top :ax.top+ l; 
il x,t<,.ip > lQO .t.b.e.u error; 
x,bodyLx.topJ := y 

~; 

P[QCt;: ciu re POD (:ill X ~ s ti3 ck); 
b.£,gJ n . 

lf x.top < l ~ error; 
x.top := x.top - l 

~; 

fun ct T <1n 
hcg_j n 

top_c 1 emen t C.Y.JU. x:::. t~c k} !.Ql.at; 

ll. 
ii 

x.top > 100 .t.l!!!.!l error; 
x. top < l .tl:Ll!.n. top_c l P.rncn t : = 1 c 1 ; 

e.J s~ top_e 1 emen t : = x. God y [x. to p) 

proct;Jurc initializa (y:il!ll; ~ x:~tack); 
trr;in 

x.00<1y[1J := y; 
x.top := 1 

.e.u,tl; 

fig, 5-1 



The st r u c cur€' s Q l cc t i on n,e ch an i sn1 says th a t i f x I s of 

typQ st;;ick then 11 .x.topn and 11 x.boiy 11 nre its constituents. 

Of course '''body II Is an array type and so T n r.;enc n:i l we \·tou l d 

w r i t e II x • b o d y [ T ] 11 f o r s o rn-c i n t e F. e r i s u c t, t h a t O < i < 1 0 1 • 

,It should l>c olivlous that these routines in . conjunction 

with the st.1ck type definition correctly solve the problem of 

pro~ri:lmmine thf' stnc~: ubstr.Dction. • .. ;c now proceed to .:1nal,yze 

thfs examp l e and ?asca l in ieneral, pay[n~ particular 

attention to its dDta mech anisms wtch resp ect to struc tured 

pr ,ogr amm i ng. 

Al}alysjs of P;;cic):iJ 

\ I e a re no \·;1 J t t I, c s tag e of an a l y s I s a n d a r c p 1 an n i n g to 

c xam inc bot h t lie [1 ,:i seal l '3ngu.~ge and t lie stack .i b st rac t ton 

exam.pl~. Th i s c x [11111 n n t ion. w i 1 \ be base J on the c r I t er i o 

estab1 ishcd by t hE.? s ru ctured pro1~rar.1Mlng techniques. 

IJescribinr, first the f.:ivc:.,ra le (Joints of Pnscal, we rnust 

be i mpre s.sed li y the ease w I th v,h t ch 011e can clesc r I be ab :st rac t 

data types usrnc the different r~sca l data factl itic~. This 

;;irca of da t,:i types ls such a cent r.:il i 5 sue of the I angunr.e 

t ha t one i s v P r y 1~m c h r. n co u r a G. ~ d to t h i n k i. l nu p r Q tt r mn i n 

terr.is of ilbstract data types. 

Just as tilP. c.kit.J type ustack 11 \·,as t!ilSi 1y cxpress<:!d 

\-,ri th i 11 P" s ca 1 , so a 1 so \Jt) re o po r il t ions on ~ s tack • [ac h of 



t h c f o u r r o u t t n c s i s s ho r t , co r r e c t , an <.l c <J s y to LltH I c rs tan d • 

Thus as tl1c operations ~•;er e conceptually simple to def ine, so 

~ I so ~,ere they easy to coda t-.rl th 1· n the P;isca 1 1 anr;aui;c. 

Another fc:1 vor c1ble point iltoni~ the 1 ines of the stack 

abstraction procr~m is that obviously no 

uifficutties incurred by atternptin~ to use more than one 

stack (rerne 11 hcr that r;iu 1ti plc stack usar.e jn PL/ t caused us 

prob 1 eris) . I\ rlec laration such operator, 

ope rand ! s tac k ; 11 
,, 1 ea n s th a t ,-1 c ha v e J e c 1 a r c J t \lo v u r i ab le s , 

"aper a tor 11 and 1\,pc r t'.lnc.J"; both tu be of type stack. 

Fur the r mo r c , s tac k f u n c t i on s ~ r o ~ a s i 1 y ex p res s i h t c , e • r .• 

PO I) ( 0 PC r .J tor) 
push(y, opcron::J) 

F iual ly we 1nust aga in emµhelsiz.c tlie outstandinE qual I ty 

that Pascal possesses: clarity and s!rnpllcfty. This feature 

comb I nc<l Hi th the i>C i l I ty to express abs tract ( .'.I ta types must 

comm i t us to he f.::i.vor ah l y i 1:1rHos scd \•d th f' a sea 1 • 

~IO\'JOVe r , Pus en\ cfoe 5 have som~ d r~HJbacks con ca rn Ing 

c1ppro~ch is sti 11 required fo r \ : r it tn g pror._r<1ins. Tliat i s
1 

we 

.)re not able to corlc in torins of stacks and 1 ts associated 

operations before t he st.ick type and operators arc deflned. 

This point is ,,iinor , ho~-J~Ver, since it could be c;o,rrected 

with the implnrnentatl·on of a 1 ihr.:1ry sys tern .thlch keeps track 
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of undefined o~jects. 

Pascal has a mo r e serious fault that is we ll-illustrated 

by the st<Jck abstr;:iction cx.:imple. Pascal provides no 

r a c i 1 t t y to syn t ci ct i ca 1 1 y 1 i n k c1 n abs t r a c; t c!Ll ta t y pc ,-ii th i t s 

~ssociilted operators. In the exarnpte, the four routines arc 

not defined ~s part of an cncompassinK stack type dcfinl tlo n 

but are merely srwll routines within some t arr,er pro.r-,rarn. It 

is furthe rmore un<:: l ear what happens If in a cal 1 to pus h; 

say , the second .::ictual p.arcl.metar is 11ot of typP. stuck--the 

type spcclfi~cl by the correspondin~ fo r ma l parameter. 

PrJ r haps some f o rr,, u f cl u t oma t i c con v c r 5 I on t n k es p l ace • 1vlhat 

\,'c rc,:illy vrnnt i!> ror this call to giv~ t hu pro~rarnr.1c r an 

error . In !/irth 1 s Look(21_), he says th.:it tf :c '1 type of the 

actual µan:in~ter is determined by the type of the f o r11\al 

par~meter , as specified rn the procedure hcaJlnr.." This 

statement seems to imply that the type of the actua.l 

parametr:r nee d not be ::.pee 1· f i ec.l at the t imc of proced ur~ 

invocation ~·,hi ch lii.1 rd 1 y rna kc s sen sa .:ind fur the r mo re does not 

~nswcr uur question. 

/1. further criticism os .i result of our rn.:ibill ty to 

s yntacticill ly link .:i ou t;:i type \1ilh its opct·..)tn r s is lhat t he 

rnprcscntati on of~ variable <lecl ~rcd to be of 

that data type 1s accessible fro m anywhere in the proR ra rn 

rather thnn only throUGh t he dat a t ype op~ratlons . For 
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instancP. in our st~ck <'XiH11plc, if 11 oper,1nd" \'JCrrJ (Jecl.Jrcd to 

be of tyµc stack then \IC could change t he Vulue o f 
11
operant.l.top

11 
frorn any place in the proerar,1. ,'Jo longer can 

\vc he sure t ha t II tor> 11 w i l l on 1 y be inc rern~n te I ilnd 

decremented by routines upush'' and upop 0 respectively. lfo 

cannot even say that 11 top 11 is only set \:dthin the routine 
11

Jnf tlaTiz~
11

• Si1~1i lnrly, the 11 bod y 0 nf any sttlck varluble 

can be n1Qnlpul .:1 ted rro1r1 Jny point ~·d th in the pror;r~m . 

fl. re1atcu problei:-1 Is that of n<11nc dup1 I cation. IJc 

cannot have different opera tors \Ii th the s a1,~ name as soc i a ted 

v, i th d l f f e· r c n t d a ta t yr, e s s i n c e the re r s no s y n ta c t i c 

assocratton of operiltions to typ~s. 

One final criticism of Pascal concerns the desicnar 1 s 

decision to disallow dynarnic <3rray a11ocatfon. The L:ick of 

this facility rwans th.:it u r;rc.:it dea l of flexibiHty is taken 

l' cr e x~mDlt•, rri ou r stac~ c.xilmplc 

v,e r, ny ~-.r ish to have different si.t..~ st.:ic+s, uhose sizes arc to 

be dct~rnd neJ .:it run tl ric . l;1.H ." (:Ver, tlif s pro dcm can 11ot be 

solved within the Pascal lannuar,e. 

For the s~ kc of ref c r e nee i \•It! l is t t l1os c 11a j or pro .:ind 

con crittcisr:ls vm have 11vdc 2bout Pascal. 
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!-!.r..Q. 

1) The D ror, rah1rnc r t',a s the nb i ? it y to re pre sent abstract data 
types .:in d code routines which operate on vartilbles of 
p~rticul a r types. 

2) tfo dlff[cultics a rc Incurred fror, a rm..t l tlp\a stack usage. 

3) Pascal is conctsc, simplc 1 clcor, .1nu untJerstandablc -- ond 
yet a powerful lan~augc. 

1) P;:iscnl provides no syntactic l lnk.Jr,e mcch.:inism to binu 
operators to their ~atn type. 

2) Lower level representation of abstrnct data typos ~r~ 
completely acccssl~le throughout a Pascal ~rocr~m. 

3) Pascal docs not provide dynamlc ~rray a110cation. 

llve rJl u Crl ti nuc oJ ~>;,isca l 

The •nos t st ,r i k i nv, observation one 11 ia kes when 1 earning 

1s the comµactness of th~ 1nnguage and yet the 

richness of the f;:icil itics for the constru~tlon of data 

Thus i t seems that a l ancuage need not uc so 

compt lcated in order to parr,lit the process of abstraction in 

writin~ progr~ms. This procoss is certainly the found~tian 

of s tr u ct u r c d p ror. r an1111 t n g,. <1n d for that r ~as on P zi s ca 1 , looked 

at In terms of <-1 st r uc tu red pro~ ramn1 Ing 1 anr,u.;:igP., ri ius t be 

regar ded ii:> -0 s top in the rlr,ht direction. 

The cotitro l structures of P,:iscal, ~Jh t ch "'e have fo ,r the 

mos t part i r,.no r c ti~ ~ r c pc r f ,c ct l y a<le (.:IU<J t c f o r rueetinr; 

structurod proc:r,;;11nrnin r,, rcqw i remer1ts. lio\'lever, it does seem 



odd that f0r a ll of \li rt h I s intentions c- f inlrodu cl n :~ 

pr0Grac1mln~ .:is ~n nrt , t he £.2.t.2. statcrnent ts a part of the 

1anguar,e. 

Suppos that ~·1c 1 oo k tJ, t hmv one \•tou 1 d coJe tho 1 t near 

J.lst al.Jstriiction t h.Jt \UJS rrescnted in ChJpt~r 3. 

presents an outl inP. of the progri;1m. ', ~c notice fl rs t that the 

~ construct is both y povJe r f u 1 ,H'ld uscfu1 feature of t:he 

Pascal 1 Dngungc. I t plays the r.wjor role in rli scriminatlng 

.:ir:nong tho. ) Q\·/(! r 1 '!Vf! l rcpr~s.entat ion anJ , 1n turn, the 

appropriate oµe r.1 ti ons. In te rn1s of clarity and rcacfab l 1 i ty, 

the 1 i, nea 1r l is t Pascal D ro.;. ram i s certainly cl success; 
ho1Nevcr, YJC rnust uc u~.'a re that the Sat ile structured 

progr.:imml ng critcrfa regarding dato type and operato r 

association ~nd access restrictions are vlol~ted. 



List~ (stack, Queue , <leq ucue) 
Lincwr_l 1st = rqcord boJy:array_[- 100 .• 100] Qf ~ ; 

~ s :Li st cl 
stack :( top:f □ tes~r ); 
q u c u e : ( r c a r , f r o n t : i n t P. J •, c_ r ) ; 

d e q u e u c. : ( 1 e f t r110 s t ~ r i r, h t mo s t : l n t e I rn r ) 

pro,cccJurc put_on (y:~; .:i.aL x:Linear_l ist); 
l,ie,~ in 
~ x.s Qf 

~ tild. : !11;_!; in 
x.top : ~ x.tqn+ l; 
x .lwdy[x .topJ : '- y 

.!.:l1.!.i ; 

q u c: u e : illJ..o. 

de q u e u e ; l;H:-£, Lo 

iill..!.!. put_on ; 

i inscr tf 

fun t j P.D ta ke_u f f (Xfil x ~ L i·n ear _l is t) :~; 
~_gin 
~ X • 5 £f. 

stack :hr: in { r,o p } 
x,to r. := x.t c-p -1; 
til kc_of f : c. x. body [ x . t(')p+ I] 

1!.llil; 

que ue: iH;,G i o { rc1 11o v r.} 

(? □ 1]; 
w_ takc_off i 

f i r, . 5-2 
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An rntercstln~ paper WP must consid~r 1s an artlclP 

written by Hab@rmann(22) which crftl~rz~s P~scol on s~veral 

Rrounds. HahermAnn points out th~t on~ of Pascal's pitfalls 

concerns rts f~f ture to lncorpor~te the ALnOL60 hlock 

st ructu r i nr,: t echn f QUP., remi ncf i n.e: us th at n a sounrl pror. rafOOi 1 nr.: 

princrpl~ rs to dflclare ~ v~rrahl~ at the placP wher~ lt Is 

used.u Ona 1ust '1f;rce wrth him on this point especlrdly when 

looked at from th~ structur~~ pr~,r~mmln~ vi ew~ Rlnck 

structurln£ s~ems to be a valuable t~chnr~ue whnn pro~ra~min~ 

by levels of ahstraction. 

l~ t th rPs pe ~ t to rt~ t i"I re r, res fl n t,:; t f on, th r. ria i n c r l t t c t s m 

of Pascal that Hahernann makes Is lts f~[lur~ to rilsttngulsh 

betwee:n types 

definitions: 

c1.nd st rue tu res. 

l)a il..12.e. defines 

~e m kP.s 

a rlon~ f n 

the following, 

for the o,bjf?'cts 

declared of that typ~ and determines th~ oper~ti0ns th~t c~n 

be pc r f ormP.c1 on thos•~ oh j ect s, ?in<' 2) a st rur. ture c-lr, f inc s ~ 

rule fnr conn~cting chjP.cts into 1;-rr;t'!r untts., hut o,:ier.it1ons 

are not on the structurp but are exnresse~ ln terms of 

lndivrdu~l clemrnts of the structu rP. 

It is my hel IP.f tha·t Haherrnann•s corin l;d nt is justTfl~rl. 

Suppose that Pas~al h~d ~ctu~lly prnvT~e~ a ~nans for 

constructing~ sta~k a~str~ction that satisfi~~ our c riter ia . 

Th~n fr-om outsirie the .a•hstraction, str1cl.-: would he considered 

a type deftn~d by CPrtatn oper~tions Ce.~. push, pop); 



howP.vcr, from within the deflnftfon of thP ~ta~k ijhstractron, 
/ 

stack wou 1 rl bo ;i st rue tu r,=, such th ~t i t Is coli'POS P.ci • of a body 

and top, and the operations ar~ coderl in terms of th~se 

fndivfrlual conpon~nts. Th~ f~ct Is that Pas~~ , fai?s to 

provrde thP. pror.r~rnrner \rrl th the at--i 1 1 ty to cnnstruct thP. 

stack ~bstractlon as a synt~ctlc unit, thrreby permfttln~ 

stack to he viewed ~s hnth A type anrl ~ structure. In 

abstraction from its implPrentatfon. !·Ii thout such a 

distinction, the confusion betweon types anrl structurps is 

fnevltah1e. 

Overall, P~scal '~11s short of heln~ ~ suf t~hl~ tool for 

st rue t ure d pror. rarnn, In r:. i·IP. must conr. ur though th~ t l f our 

earlier crltlcfs~s plus a t~p-~own prorra~rnln~ mechanism were 

lncorporateci {ntn the l~n~ua~~ thAn Pas~Al would h~ 1d~a11y 

suited for strut.":turl:"d pr,agr;,.rnmln.e: . Of r:: -oursr- r1ur;nu.,ntTn~ the 

laneuag~ in this f~shlon rs ~n ~mbltfnus step fnrw~rrl, and 

the Pascal d~sl~ncrs knPw just how far tn procePrl without 

proGramming languane. How~ver, w" must rPiterate the pnint 

that th i s la nr.unr,e ,~iiS deve lo r>P. rl ~j I th th~ cnncept of 

systematic prorraMmin~ ~s 1ts found~tlnn, anrl fro~ the 

results obtalnerl It should bP ohvious th~t this speclflc~tron 

Is a hcneflci~l cii"'Sif'n crf terion for nny suc.cP.ssful 1.:in.i:tu~r,'?" 

dP.Yelor,mr.-nt. 



EL 

The pros:;r.J:mmi 11g 1 an,:uaiJ;c Ell is the 1twrk of Llcn ~icgbre rt 

~nd w~s first Joscrlbc<l In his doctoral dlss c rtatlon £tudics 

1.u ExtQns.fliJq L,ime;ui:ii;1,~s(23) in June 1970. /\lthouf~h the 

ph 11 osoph y of t his 1 cJnguacc r cma ins unchans::.c d, J 1110 re rccen t 

description of Cll can be found in the .l;£k Prog.rwmrner's 

Man u a 1 ( 2 ~ ) w r t t ten I n ~ e r> t c mb e r 1 9 7 2 • 

One can <livide any extensible lanKUJgr into two parts: 

1) the core langua~c defined by some set of syntactic and 

semantic rules, an 2) exterisior1 facil itfes permitting the 

prog rilrnm<? r to fies i irn a mo re µovw rf u 1 1 a r,1;uai;e · from the smi> 1 l 

core lan~un&e. The core lan~uagc of [ll cioes not differ 

s[gnlficontJy from ALGOLGO or, indeed, .:iny other uh;orithr.1ic 

language. Fol luwi n~ alonr. the 1 ir,cs of' ilny extens fble 

l an~ua1;:e; EL 1 provides the p ro t~ ranrnc r \Ji th ~ number of 

fa c i 1 1 t I c s f o ,r· d c f i n i n g c x ten s l on s ~ o th a t t he p r o J; r a n~n c r c an 

re shape the 1 anr.;u.i ,:e to the prob 1 c 1,i at hand. T be se ex tens I on 

fnci1itics exist in the followln,:; four ar'eas: synt.1x, data 

t y p ~ s , op c r il t i o Ii s , n n d co h t , o l • 0 u r i n v c s t i t; a t i on o f l: l l 

\,i l' 1 focus spcciffcal ly in n,o of these a r c.:is: 1) Jato type 

ox tension~, \ ·iii j c h iJ 1 1 ow the p ro11 rilnime r Lo d E: f' Inc new d.1 ti:l 

types and ne~J information s L rue t urC? s n ceuQJ to mode l a 

particular problem, and 2) operator extensions, which permit 

the procram111cr to def.tne ne,.., operations on nevi <.lata types. 
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The fol low In~ question must be ~nswercd. Using Cll, how 

easy Ts it to construct c.lata .:ibstractions, each of \-.ihlch 

consists of .J r~p res<.!ntation .:inJ operations defined on that 

rcpr'eseotation, r1 nd yet ~Jherc to the cs tabl J shed er I terla of 

st rue tu red p ror.r i'.i m1,, in,,. ? Ge f on• u t tc1 11 p tin r. tG re so 1 ve thi s 

quc::;tion, v description of he rel~vant da ta structurinE 

facilities of Ell nust be p rcsentccl • 

.u_a t a s tn.J ~ t u r i n;; F .1 c U j t i e: s ,u f E L.l 

Ila nm-:1 gi ve il rather deta.i led yet inforin.J1 explan .atron 

of E L 1 1 s d i.l t a s t r 1.J c tu r r n g f .:i c i li t i e s • T 11 I s de s c r f p t i on .-d I 1 

t nc 1 uJc t r ,ea tr;1cn t of variable s , mo rl cs , 1node -p roduc i ng 

operiJtors , dut.-.1 nen •r;;itio n, IHOCedur~ and !';cnP.r lc forms, Jn<l 

us c r-1..l cf I n e d 1110 d c tun c t i on s • 

~.
1c bcein as ln 1-'l/l vdth tha rle scri p tion of variables. 

Associated wl t h cad, var i llbl c is its name ,. 111ode; scope, and 

v a 1 u c . Fo r ~ x amp 1 e i f ~.·c w r i t e II DEC L t., n e ; I , n 13 Y VAL 1; u { * ) 

then ~-~,c, can mo:1 ke th e r o l l rn·Jt n f~ d c du c t [on s : 1) the var I <1 bl c 

r,ame is '1c.me0 ,. 2) t he 1110Jc of one is IUT, that is its v~luc 

rn a y t il kc on il n y i n t c r: c t· n u nib c, r , 3 } i t s s co µ c , n l t I w u J; h r c a 1 l y 

re t at i v e to il prof~ r .: in,. i s th a t Li 1 oc k to uh i ch th c.: t! c: c 1 a r .:i t ton 

t s f n t c r n a 1 , IJL• t c x c 1 u t 1 I n .", a I I c o n t ,1 I n 1: LI b 1 o c k s t o vJ h ic h 

nnothcr cxp1icit ..Jeclor.:ition of t he sa,, ie identifier is 

{ *) 
Uµpcr case letters \Jill be used to sign ify keywords in ELl. 
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internal, und ti) its i11itial vc:itue isl by t he action 'OYV.l'l.L 

There are seven primitive modes in Ell denoted by the 

rnodc@"va 1 ued cons tnn ts I NT; REAL , LABEL, BOO L, CHAR, i~Oi'J E, tind 

l{EF . ~·Jhlile t he meanings of the first five a re fairly 

obvious, tile semantics of the last t\ ✓O shoulJ be described. 

t-Wl:I E means that no type ls as soc i c:i tud ~•n d Is the on 1 y means 

provided by Cll for t1cnotint; that no varrable is to be 

returned fro1 n A riroc~durc. REF is equivalent to PTH in Pl/I; 

that is a variable of 11ode REF is a polnt~r unrestricted as 

to the mode of c:n obj cc t to ~-.'hi ch it rna y pc., int. 

Just as <.1ne c,;111 tJefine variables of mode l !JT, thereby 

restrictinr. t ht:!r,, tc ha ving f NT valu~s, so also can variables 

be dee 1 o red to t1avc niode MODE , to .-.•Ii t ch un 1 y r ,ODE va 1 ues can 

be assigned. For instance, suppose we write: 

OECL trutlavalue:MOlJl; 
truthvatur> <- t300L 

Then °truthvaluc 11 is of mode MODE and l ts assocloted value is 

t300L. Thus the rcsutt of some condi tiona l part ntruthvalu~ "' 

t;OOL" vwulJ QValuate to Tf:UE. Furt hermore , ·.·1e are nm\1 able 

to use "trutt1v.:11tJe' 1 a s a data type in v.:iriiible declarations , 

for exa mple: 

llECL marita l_status~truthvaluc 



Thus 
11
rnwrltal_status 1

t is .. J variublc which can acce pt values 

TrtUE or FALSE, 

Hm·Jcvcr, the use of r 'OIJE v:ou 1 d be very un l n terl'.!st l ng ff 

a ll we could ~o is use different varl~b1e names tn place of 

our seven prlrni ti vc r;iodcs. \·,'e would I ika to ha ve the .:i.bll I ty 

to create nc\', duta types by operating in some fashion on 

those pri1r1itivrJ rnorl es ue already have. I n n r d c r to ine e t t h i s 

objcctrve, Cll p rovides tie t·d th 

mode- pro due i nr, o pc r a to rs.: SEQ, VECTOR, STPUCT, 

five 

PTR, J nd 

01,lE0F, These .:i.re discusse d bi:;l m·i. ~Jc ,.,;111 use m, ml; 

m 2 , • • • , ni n to r c p re s c n t nio des • 

1) SEQ(m): The ty r.e resu1t of th i s rJp pllcation to 11; is the 

construction of Jcnsth-unre~olyeJ 
cor.1pnnents, each of r1ode m. 

write: 

For ~xanip 1 e, 

0ECL strin~:MOUE; 
Strini; ( - SLQ{CHAn) 

row of 

th c n t Ii e nod c 11 ~ tr i n r: 11 i s Jc f I n e d ,J s a row of .:in y 

riumuer of characters. The length of .J varlflble 

<Jecliire<l to be o f 1;,ocJc string 11ust l) c rcso1ved .:.it 

tl1e time of c.ledaration. 

2) VECTOfHi,m)~ For some lnt~Gl!r i, t he new type defined is 

a ) en& t h- re: HU yed row of i cor.1r,onan ts ea ch of mode 



m. I f we u r i t e : 

DECL I nt_il rr·ayd·100 E; 
int_arruY <- VECTor. (100, 1tlT) 

U 1cn the II r n t_a r r ilY" is construe t cd to be type II ro1,,r 

of 100 i n teg,ers 11 • 

3) STRUCT(namcl: rnl , 
name 2 ~ rn2 ~ 

n a(;\ C? n : nin ) ! G i v c n t h .a t n a rn ~ 1 , . . . , n a r1 e n a r e s ymb o 1 i c 

names, the resul tarit moJu Is the ype structure 

conslsting of n fields 

respect i v e r,1od es m I mil y d i ff c r f r om cm e another • 

~s an ex~mple, sup~ose w~ wish to Jeftne ~ type 

narned person .::is l I av t ns a narne, a Ge .:ind sex. 

A~sumin~ the existence 0f our earlier definition of 

str1nR, the fo\1o w1n e statements would construct 

the dcsir~d 1.1ode: 

D CC L rm r son : t:O DE ; 
rerson <- STRUCT(narne:strin~ 

ilV.e: t ill 
sex: BOOU 

~. ) PT n. ( rn 1 , ••• ,. r,m } : The res u l t o f th i s a pp 1 i c il t ion i s the 

1110 de po i n t er rest r i ct e d to rJO i n t to v a r i ab 1 es of 

mod,e rn l or rn2 or, .. or nin . For lri stancc, if the 

type s trin , were ~vailable to us,~~ could wrlte: 
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fiE CL strini;_ptr:I IODE; 
string_ptr <- PTR(strlng) 

Then any variable of type strlng_ptr PlHJY only poirit 

to elcri1..:nts of type strfn~. i Jot~ the t.liffcrencc 

be tween PTrl J nd HE F: PTH ope ril tc s on a mode to 

p r o <.l u c e a n c vi cJ a t cl t y p e and r cs t r i c t s t I 1 l:! r <J n i:; e o f 

th~t type; nFF is itself a data ty pe th~t Jocs not 

1 na kc tr I c Q b o v c res t r I c l r on • 

5) OtlEOF(nil, ••• ;mn): The res u 1 t t s the mo rl ~ u n ion of 

alternative ~odes ral, • .. ,mn where a variable of 

this tY .DC takes on a specific alternative based on 

; ts i n i t i u l v a t u e • T Ji at i s i f i,,u_, "' r- i t c : 

OtCL tcken:llOllE; 
token <- Q;.;E OF C Cl IAR, I I JT) 

U1~n r1ny vnrt'1b1e of type tokP.n c.:in h ove types CHJ\r. 

ot li JT i15Soci.nted ~dth it. ·1c should note that 

p .r i r,1il r y us~ of O l J E OF i s to d cs c r- i b ~ accept ab 1 e 

types for formal parameters of r>roce cJ ures. 

Thus t l 1c use of thcs<2 five ope ri'l t f ons pernii ts the 

pro1r,raur11cr to construct n10 -ucs su t te<.J for his µurposes. In 

contrast with rL/1, this addeJ fJQxibi l lty provided by Ell 

wlll become a centr~l issu~ durln~ the ~na l ysis of this 



l)c now come to the aracJ of creatltir. objects of any 

rno<lc--a procu s s \·1h I ch co111e s uni.le r the heading of di! ta 

~cncratlon. Ell r:i•rovf<lcs the prog:rammcr \trith two forms for 

~eneratin~ data . 
The f l r s t ( s CO UST ~,., h I ch c r ca t cs c3 n cw 

inst~ncc of some data class; the second Is AllOC which docs 

the same thing us CotJST but then returns .a pointer to that 

nc\;i instance . For cxannle, suppose ,-:o \lrf te: 

OECL st:~trine; CYVAL COMST (strlni SIZE 25) 

· '. e re st is tleclared to have type strfnr. (u n resolvc J lenr.th 

lllo<Je). 
The obj cc t nar,u:~d Ly st h;,i s bee:n c r~a ted and r: i ven cl 

l~ngth ·(as a r,-,sult of nS IZ.E 25 11 ). \Jc coul d .1l so \'1ritc: 

DCCL spl:strin~_rtr; 
spl <- 1\LLOC (strinG OF 11 ttark") 

Jn thrs case the ri~ht hand side of the second &tatemcnt 

c r ca t e s a new obj e c t o f mode O s t r i n e" , i n i t 1 a T r z es th a t 

,_. bjec.t to the 1 i tcr.ar str in g 11 tlark 11 , and returns a pc..linter to 

t l".tt; o u j e c t ; t he i:I s s i f, n fllQ n t u D c- r il t r on cop i Q s t h i s po i n t e r r n to 

s P 1. I J a tu r a t t y t t1 e l c nr, th has b c ~ n .:;i u t orna t ic.J 1 l y r cs o l v c d to 

ti • 

Procedures in l ll · re idcnt[fiQd by the kQyworJ ~XPR 

(similar to PRO CED UR[ In PL/I). 
Thr. proceuure name is 

cons i dercd to have ti1o de no ur I t·IE. \,' e rernark he re that El l j s 

iln "expr sslon-oriented 11 languaec~ t • c • the f i 11 a 1 value 



calculated i.-Jit h in ~ block ls considered to be the value of 

that block. The f0ltowln~ procedure calculatQs the remainder 

when k is divided by j for inte~ers j ilnd k: 

R.cin<- EXP11.(k:l rt T UYVAL ,j;l liT iJ YVI\.L-; lrJT)(k-(k/j )•j); 

ReL11 has Purameters k Jnd j wh fch arE:: ~iven specifi c VD l ucs 

whenever ne i,1 Is c.1lled (!!.~ . r <- Rr.rn(S,4 ) ). ;rt tr nr, i.:YVAL 

in plles that tl u:? "call b y value 1' Implemcntatlon 1,.o1 i l l be used, 

The I tlT fol lowine the '';n "d tidn t he pa rameter li st 

desicnatcs tho typ~ of value to be returne d {namely the 

Proceeding \te r1iirht use the r\cn pro ce Ju r e in the 

fol lO\'linB ( inefficient) routintl \Jhtch dete r r.-il nes \'lhcthe r or 

not a number is pri~e: 

Val l .ip rin1e ( .. EXPR ( nur,1ber: lf!T GYVAL; COOL) 
CECiltl 

PECL b:BOOL UYVAL TRUE; 
LECL I : nJT; 
F OH i F I~ Ori 2 TO ( nu rn b c r / 2 + 1 ) 

b 
END; 

',Ill I LE L "' TIWt DO 
[ ) Uem{numbcr, i ) =JO - > 

b<-FALSE ( ; 

Uote that [) • . • c] is CQU 1ivalr.nt to t he P'L/[ DEGltl ••• [ trn 

cons t r u c t and p - > q i s c q u i v a 1 en t to tho r· l / I s t ~ t er. 1e n t I F p 

THE tJ q . The P.ffect of the routine Val idp r lme can be 

expressed as: 



ViJlidprlme(p) = 
) TRUE I f p i s pr t rne 

l FALSE othcnd sc 

where p is sornc t n te ~er . 

~-J c 111 i ~ht be concc rned abou t -~,h.:i t \•Jou 1 d happ-cn if il f![AL 

number were used as an .:i.rcument for Val idp ri me. lnsteild of 

try Ing to dQ term inc tr.e "s tanda. rd" Jr> f au 1 t rncch an t srns (\'th i ch 

m{ r,h ·t prove i nsu ff l c i en t for au r purposes anyway); suppose \ ·1c 

re,"4rite the routine, cal l ing it ViJl1tlpri111e2, tn ,..d,ich FALSE 

w i \ 1 be r eturned if nurnhe r Is i=tEAL or If I t is not pr I me. 

This woul<l be progr~mmetl <JS: 

Vo. \ i cl pr l me 2 < ~ EXP r. ( n ur 1b c r ! a.~ E (J F ( I i !T ,. rt U\ L ) B YVA L; U UO L ) 
G[ r~E!~ IC ( q urn be r) 

( rn:ALJ i.) FALSE; 
[I Ill] => 

Erm; 

O.EG Ill 
DECL b:80UL OYVAL TRUE; 
DEC L l:IMT; 

[jJD; 

F O !1 i F fWM 2 T 0 
(nwmb~r/2 + 1) 

\Hll l E b ,. T RU [ DO 
[Hl~m ( nun,lie r , T ) =] 0 

·> t.J<-FALS[( ; 

The GE t l EI! I C f o rr ;1 o f l L l µ r o v i d c s us D n c ff i c i (~ n t 1, 1 e an s f o r 

choosin~ a particulor execution PiJttcrn wl thin the GEHCRIC 

\.lo.J y de tc rnli n·eci by t hQ i':'lodc. ( s) of the .1 r gu1ncn t { s) '-.lf Li E~IE !l IC 

t In Vu l l dp r i me2 vm e.x.am l nec-l the 1,\0de of 11 m.rniber r•). f11 so the 

CLl forni 11 p ~> <{' is read i'..l.s 11 if p ts HWC then -ex It U1e 



block a 
Fur reasons of compilation 

efficiency; cacl, staternent ~-1it hln the GENUUC body r.1ust be of 

tho form 11 n -"') q 11 • 

Th~ last topic ~-It.~ vii 1 T examine is t he 
of 

user-defined functions; we may best approach its exulanDtfon 

t1EC.:l comp Tex :t10DF; 
complex <- 1/ECT0R{2, rnT) 

Furthermore sur>posc, .Jfter having defined some variable .x to 

bP. type complex, 1\lc ~-dsh to c:icccss t ! 1<.! first integer in x 

\

1

1hich \'d 1 t rcpres~nt the real part of the conplex v,3riable x. 

,In orJer to use 

t ht'! 1 a t t e r II o t .:i t i u n , 1·1 e 1.: a n Jc fi n e .:i s e 1 e c t i on fun c t i on f o r 
1

'co111p l cx'
1 

numli0.rs wh ich, in turn; \11ltl lie c.:ilted by the 

constructions x(i) ilnu x.~ ~-Jt1~rc 1 is :;omc inter.er und sis il 

s yrabo l • 
The 

1
'cor.1p l ex s c: 1 ec ti o n 11 

{ coros ) func tion \JOU Id then 

br writtrn as follows: 

corns <- [ X PIH a : c r.>m p l c x ; 111 : 0 ! J E OF ( I r l T; S Ytl BO L) ; I i H ) 
G C NE I{ I C ( m) 

[tiJT] =) 

[sn BOL] 

E tJD ; 

D (rri); 
,;,) [)rn"" 11 re 11 

m= " l.m11 

( J; 
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1-towcver, upon closer Inspection one should real I ze that i::oms 

wi 11 not ,.,,orl~ sati sfactorT 1 y. '.Je saf cl ear l iC:r that 1•1l1enever 

v,c use the notation 11 x(i) 11 corns w i 11 be cal led. 

Un f ortunately t hen , once corns is ca 11 e d, l t ..,,1 l l rec::u 1rsc 

forever since we arc returning one of valuos a(m ), a(l ), or 

a(2)- - c:i1 l of which will force cal ls back to the selection 

routine coms. 

\•!e now an a 1 y z c h mt the des I r; n c r c, f I::: L 1 hos so 1 v c d th is 

prob 1 em of i n f i n T t P recu rs i on I J y i n tro d u c T n& the ope, rat or 

lnstca <l of de finlnc 0 complex 11 as we ciid, we should 

h~ve de fineJ it as: 

comp lex<- Ql( 11 cornp1exu , comc ,corna , coms,comp) 
: : VECTO P.( 2 , trlT) 

,:·, is say s tl1at ~ode coM~lex has an underlying 

rcµrosen t .:iticm cvrn consTstin~ of (l VF(;TOP. (2., ,I MT) and 

conversion (co111c ), c3ss l r:,nmcnt (coma}, scl~ction ( COl)lS), 

printin~ Ccump), and i:-:cncration (cornr. L These oper~1tors are 

identified uy position \.dthln the O_l {quote r! 1 ist) -- that is , 

QL (l) r; [vas the name of the mo de , l1l(2) identifies the 

conversion routine, and so on. Thasn routines ~-Ii 11 be defined 

by the user { as \·1c attempted t o do for corns) and a r c to be 

i nvoked t n nlacc of an y default mechan i sm when that 



particular ypc of opcr.::ition needs t o be performed. For 

instance:, the ~ssicnmcnt routine \·mulr.J be invoked when a new 

V<.llue is ass l hned to un object of the particulur r:io-<..le for 

\·1h i ch the .:is s i ,-.:nrnen t rout inc \lc:J s ~•Jr i t ten. The ilS s i r.nr.,cri t 

routine can be cal lcJ t.!lthcr explicit ly by the 1,1 <- ,. 
o-per~tor or irnpllcitly by the OF or UYVAL con~tructions 

\:ithin 1\LLOC or CCtlST. Slr-li?ar rules <'.>:ist for the other 

four operat i ons. 

\le no~-, lntru,iucc LIFT .::ind LmJ[R ilS r,cner.:ir prfr1i fves 

which perrli t the user to .:i ttrl bu t,e r:llffe rc nt modes to the 

\·Uth tlds ability, user- defined niodc fu11 tlons 

arr, r1b t e to 11,1n l 1)u I J tc obj cc t ~ of a r. i Vt:!n 1•1ode ~Ji thou t 

recur~ i vc 1 y Cc:J 1 ling ther .,sc 1 ves. 

L.rmsluer Ll;c; fo l1 0\'dn•i; C!xar:1plc. l(:t x be(. particular 

assignment routine (co,"rln) ts µr~viously definecl , we can 

dcscrlbt! tlils by: 

ll(C..:L x.:cor,iplcx COtrnT (c<.rnplcx OF Y, 7) 

Then cnn talk ai)OUt LOHEP.(x} v.1hfch refers to the 

VECTOH( 2, I' rn) ; spec i f t ca 1 1 y, l ul·J [ !H x ) [ 1] = 'J ,1 n d L 0\-J E IH x ) ( 2 ] 

::,; 7. Thus us~ f)f tlie LOHl:R fuci I tty .~ Ives us the .:ihl 1 lty to 

presen t a corrected version of cons: 



corns <-

EIUJ; 
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LOIIC:rt(o)[1]; 
LOI/ER(.1)[2); 

\·le the re hy r.c t around the recursion D rob 1 l?fll and s ucco s sf u 1 1 y 

tlcfine the sctection rounti11e fo r co1nplex numbers. 1fotc that 

coins wfll l)c c.:il led \1henevcr vie write x(l), x(2), x.re, or 

x.in1, llc.>,·Jc Ver, it \·mw 1d .::ilso be culled if \-.re ~,rote x(3) ur 

x.sQ ond so ollviously 11 1::rca kpoints 0 sir,;nifylng 1=rrors in 

salectlon should be placed in appropr Tate sections of corns. 

As one would cxp~ct, the LIFT function has exactly the 

apposite cffnct ts the LOWER f~ctl ity. 

Althour,h this description of l Ll ha.s been r the r 

informal, it should r.rvl'!. the re~dt!r ,i fairly gooJ idea of 

iHidi ti on, one s.houlrJ h.Jv~ r.aincd ;i ,,,.orkin~ knowlcd1~e of the 

r~lev~nt parts of Ell in nr<.Jc r to undcrst.:ind the cx,unples to 

be presented {next section) and to accur~toly examine the 

1anr;uar.e
1

s usc>fulncss ~-.'tth res.p~ct to structurc<.J pro r.ramrnlnp;. 

Stwcl; Abstr0crion •o C: 1.1 

We now Dresent the stack abstraction writte n in Ell. 

Obviously any cxarnple- can be programmed in many d ifferent 

',JG) y s tin <l , i n f ii ct, il n EL 1 D ro L: r ilm co u 1 d l.J e -Jr t t t c n \ th j ch j s 



-90-

c o rH P 1 e t e l y an ll 1 o Dou s to t h e Pa s c a 1 s o 1 u t i o n t u t he s t il c k 

abstroction we cx.11Hine:c..l in the previous d1.:iptG-r. ilowovcr., in 

an~1yzinc this IQn~uage or Dny other, we Jrc attc~uting to 

a t.1 I ie re to ::i tr u ct u red w r o .c; r <1 inm i n r; re q u i r r.rnc n ts .J n d us c t 11 I'.! 

lanr,.uo;1s;e • s fullest cap.:,bi l i tics to Jo so. Fro :·.1 t:1y rcac! r.fs 

an rJ d i s cuss I on s \·~ i th pc OP t e i nvo 1 v e d ir, the cJ es i gn of EL l, i t 

i s. c l ca r t h a t the a Id l i t y to µ r o .r, ram b y .:i h s t r ..J c t i on ~-ra s o ri e 

of the goals that this 1 onguail'.e ucs i r;n ,,.~as in tC!nded to rnco t. 

T 11 us th ts ex a rn fl l f' ~-ii l l be '.-Jr i t ten i n a sty 1 c such as th c 

dc-vc l Ol')C' rs of tbc l ~n,;:;u.3gc \-,ou 1 d have p ror, r..immed it. 

\·le uc~iu by construct In,; 0 stock 11 .1s ci user-defined mode 

function! 

st.ack <- 1t L( 0 st.Jck 11
, stc ,. st(),, sts, .,str,) 

: :STHLiCT( toµ: I tlT ., body:SEQ(Ciit\i,)) 

T h u s n s t o c k 11 ~-:i l l h J v c a n u n d e r l y r n ~ r P. p r e s c n t a t i <.m o f c1 

the topnios t f i l l ed I oc:.:i ti on of tt1c stack; anJ 11 r.iod y 11 , wh I clt 

wl 11 ho 1 d t he ct C! 1;1c n ts of the s t.Jc k . IJotc t t1() t the s I zc of 

the body is un r eso lved ~nc.1 must., therefore, be resolved at 

t h e t i rac o f s t a c k f. t~ n e r a t 1 o n • A s s o c i a t c d ~-Ii t h il s t iJ c k a r c 

opcr.:itions of curiv ,C'n;ion {stc), .'.lssignn•ont (st;:i), sclectton 

( s ts ) ., .::in d r, on c rat i on ( st r,:) • ( I h c1 v e chosen to t r•.no r c th c 

construction of~ printin~ routine as it is not pe rtinent tu 

th i s e xan1:d c , ) Th cs c four o pc r ~ t ions vd 1 1 co r respond to DO P, 
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push, top_clement, and Initia li ze respectively. 

The f'i rst of these rout j ncs t hil t we wl 11 examine is stc: 

stc <-
CX PfHx:stack, frn:t-lOOE; CllAR) 
bE.GIM 

DEC L f:INT UYVAL LOWER(x).top; 
11 ( CL temp : CH/1R; 
h1 --= CHAR => TYPE_FAU LT( st~ck,fm) ; 
f"'O 0 > l~REAK ct'5ta ck empty" ); 
t t> filf') < - L OtH. R ( x ) • body ( f ) ; 
LOW[R (x).to p <- f-1; 
te ,:i p 

DJD; 

Th,e rout int:, stc, ,d t 1 be use<.J as a poppl11,; routine. 

Suppose J ancl s are varinbles uf ty pes CHAR and stac k 

respectively. Then ff h 'C wrltc the conditional st<l te rnent 11 s 

-> • II 
J ; the! convcrs ion rout inc, s tc ,. wi 11 be i rwok.e <.l s inc(: & 

Is not of ty pe G0OL. All conversion routtnas take two 

arr,uments: th e object t0 Li e conve r tcd .::int..l t ha des i r ,ed mode 

of t h,e converte d r esult . l!erc the llesirad 1; 1o<fo is the! form.:il 

ClO de of t he ~cconJ p.ir;ir,etor 111hen [ti s equal to CIIAn. (lie 

sh o u 1 ci not o here th a t the i n tern a 1 rep r r. s ,. n ta t ion of a 1 1 

fo r ms in [ L 1 is LISP( 25) .:incJ so s tc vou l d be c.:i I le d by ( - > s 

j) such t h,·n the •
1- >11 

is respons ible fo r callin,:; stc vdth 

par~metcrs s ~nd J . ) 

t emn or i.J r i cs r, .::is s i ,..,., c <l t t I e v a 1 uc "top of s 11 , irn d t ernp; . ,, n 

which the v2 I ut• of th e b lock \': I 1 1 be turcJ und returned. 

f n i ti.:il ly , tuo checks are 1,1ade t o n,ake sure that . 
J is type 

tHAR ands is no t t:!i11pt.y. tf either uf th e outco1:1es is F/\LSE 
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th~n the corr<ispond r nr, syster1 rout inc , c i thcr TY re r-A.ULT u r 

GHEAK , \-d T 1 be invoked . !f both outcomes Dre TRU E, we set 

tc1 ,1p , d,;c r cr·ien t the t op of s, an d rP. turn tc1:1p v,h i ch gP. ts 

Thus we have popped off t hC' top cl e n1e n t of 

t ho StiJck s and [)lace , it into the c haracter v.Jr[.::ib la j, 1:u 

should 1.aake a note here that in the prevfous pop routine fn 

PL/I, \'IC simply dec remented the tvp-of-the - stud· pointe r but 

di lllJ.t. return .J v.ilue. Th~ rr:uson for this dl ffercnce is 

un l y Q r;iutter cf Pt::?rsonc1 choice .:ind lndcpendcnt of wh i ch 

l anguur:c \JC use . 

lj'c now rrcsent ~nd d iscuss th~ .::issir.; nmcnt routine: 

CXPfl{x:stack, y:Ct-!M~; CHAf~) 
nu, 1 ,r 

L: E C L f : It IT e y VA l L m·/ [ R ( X ) • t () p; 
f < .. LO\l[IHx) . top <~ f+l; 
f > tEtWTH( LO\'!ER( x}. borly} 

::::) 6P.EAK( 11 stc=ic'<. ove rf lc:w, 0 ); 

LCWEn(x).body(f ) <~ y 
Elll.l ; 

Let s i'nd k be variilbll?~ r"Jf 1,10Jes st.Jck and CHAR 

hclv• the effect C'f pushinc the vnlwe of k onto the stacks . 

the routine ~t,1 \: .hich, int turn,. her.Ins i,y dcc1,1 r in~ thf' 

lntc~cr vari~b1e f anJ lnltializin~ Its value to the t op of 

th c s tac k s . T 11 I".! n iJ f t e r t n c r c r..~ n t i fl g top ~ n d f ,. n ch e c k i s 

r.1adc to see vtt,~tller or not the stack s i zn of s~ which can L:c 
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de term I ncd by use of the LE~HHH funct Ion, lrns been exceeded. 

If not, then the va 1 uc of k is pusheJ on to s. 

flc.x t ~-,e cxan,i ne the se 1 ec ti on routine: 

sts <-
EXPIH x: stack, f d: SYMBOL; CHAR) 
GENERIC () 

fd s: "top 11 =) BEGIII 
LOJER(x) .top ~~ 0 => 

LO\IEfH x) •. body 
( LUl·/ER { x) . t ·OP); 

RREt,K( 11 s tack e111pty 11 ) 

UC 
TRUE"") ~CLCCTIOIJ_FAUL T (stack, fd) 

EtJO; 

I f s an J y .:i r c v a r i ab l P. s of mo cl e s s t .,:i, ck ,:i n J CH An 

r c s Dec t i v e 1 y , th~ n the a s s i .{; n men t II y < - s • t o µ 11 , ha v [ n g th c 

i nterna I form ( <- y (. s top)), causes thr. i nvccrit ion of s ts 

in order to process (. ~ top}. In sts uo t(1ke .advantage (of 

compilation efflc.iency) of the CC~JERIC foni1 \•d t h no a. rguo1cncs 

\,;tllch in this cuse has the effect of the Pl/I 

I F-THEU~ELSE •.• I F-TllEII for ,:,ei t. Fi rs t, s ts milkes sure tllat ht~ 

If thts is TRUE, then 

!.J po n c CH1 f i r rd n r. t ha t t he ., tack i s no t e rn n t y s ts r •C t u r r1 s t c 

v~1 l ue in loca t ion top of stack name I y 
11

Lm·,E[~(x).body{l0 1:.'[ IHx).top)". If \·re try to nccess tlny other 

clement of the stack besides the 11 topr 1 clcJ en , the system 

routJ ne SCLECTJ(H~_Fr\ULT ,.,r 11 be invoked. Thus the ov ,era? r 

l'.!f fc ,ct of s ts is the same as the top_c l en1en t procedure ,in 

PL/ f • 



procedure: 

stg <-
t:.XPn. ( li :1300L1 s:SYMUOL,. l :FORJ\; 

0UEOF {stack, PTR( s t.:ick)}) 
CEG I tJ 

b ~> ALLOC(AHY OYVAL stg(FALSE, s, 1)); 
s = 0 S I z E 11 :ii> 

lJ E G Ii'! 
DECL n : I J!T GYV/\L EVAL( l , CAR); 
n l T O => !, 11 [A KC 1tc .i nnot CO UST 

stack of r1c~ativr:: s T;..~ 11 ); 
DECL r:stack. UR CutJS T(stnc k.UR 

Sl1ZE 11) ; 
r. bady(l) <- 11 ~ 11 ; 

r·.to p <- 1; 
LI FT ( r, s ti'!cl-.) 

t r·JD 
[HlEAi~ ( II Cu:·IS T F :\U LT- - stack co; JsT on 1 y 

uy SIZE 1
'1 ) 

Ult:; 

Tl\ts routine ls explicitly called b y the C0I-J ST and ALLOC 

forms. Supµo se u \·tri tt?: uOECL s:st~ck co :lST(stack S .lZE 

10 0) 11 
• Th c n th c Jo Li u f ~ t g i s to ,~ c n er at c a stack consist in p: 

Q f the II top n t i tJ i d an {J .J II body II f i e 1 d ei f 1 o O CI tA ~ I o cat Ions 

and perfo r m certatn initiall:atinns associated with any 

st~ck. 

ca11ccJ. 

In greater detail, upon n~adinr; C0l4ST~ stg ~ets 

The µar.:i m~tcr b~ 1t1hich the Sy St e l' l provtdcs, 

s µe c i f i es heap r,c n ~ r n t i on i f Tf'.U [ - - i n wh i ch ca s c s t t~ re tu r Ii s 

a po i n t c r to t h c s tack obj e c t - - ;u, J s tack f.". c n e r a t I o, n i f 

F/\LSE-~in ~·Jhi cli C<Jsc tile actuDl stnck object is re-turned. 

Then stt,, ,.,a k~s sure thllt we lla, ve used the SIZE ienera tur (as 

opposcJ to the OF ur 5VVAL 1.:io ss i bi 1 t ti cs ~•Jh i ch \'IC liclvc 



tl!?cideci not to pcr111f t). rlcxt; the temporary vyrJablc n j s 

c re..i ted Dn<J sc t to the va 1 uc 100 ( 0 1 • CAI<'') • (j i YC!n that n is 

not less than 0, \·1e cleclar.n r and construct t t ;is the UI< 

(underlying ronrcsentatlon) of .::i stnck havin g a body of 100 

cnAR locations .1nd u ton. At this ,,o lnt tl-,c r,encration 

pro cc <l u r c i n f t i ~ 1 i z e s t he b o t tom e 1 c rne n t 0 f r .:ind s e ts to p 

equal to 1. Firinl ly ''LI FT (r,stack)n r~turns the value of r 

by sharjnc. with st.:ick, tl1erf!by construr.tlnt'. s .1s 1·1c wanted. 

The stack ~x.1ml)le Js no1, co1 ,mlct1J 1dth the possiL1e 

ex cc p t I on o f ,1 pr i n t i n b r o u t i n e ~-, h i c: h \t I J s f e l' t I r re 1 c v ~ n t to 

this context. 
Thus \-;e arc ~t the pcfnt of analysis , t ,ilkiflg, 

Loth the stDcl abstraction e .xD1 ,1p le and the lan~uaie f:.Ll ,:ind 

cxc.'lminlng them i.lS tl11.'.!y relate to our structured pro~rar11in,fnt~ 

criterl£1. 

l\oaJysis of Ell 

This section, which is concerne2 w[th the ~n~lysis of 

IJ C! i~ i n h y d,e s c r i b r n ~ t I e f u v or ,1 b 1 e f c cJ tu r (~ s of the 

I Jnr.uuce 1-d th res pee t to structure rJ p ror, r .:.irnrri i nr . . 
( J n SOr:1<' 

s i t ua t i on s ,. 
it 1,fll lie ca~icst to rnfcr tJ<lCI: to •1n.i l nr.ous 

PL/I uiscussiuns to r!1,il-:.e explanations ;nore clc;:ir,) 

For inst.:rnce, Hllt>n construct in~ the stack .:ibstr.::icti ,on in 

Ell there \~us certainly no tH~cd to consider the problem in 

terms of one st~cl'. or "r:1ultlp lc number of s t acks cJs \~us the 



case in PL/ j. The ab i Ii ty to co f ram concept t o pror.; 1ram was 

made easier to code in Ell JS~ result of being able to 

consider stack as .'.l data type rather th.::in .::i v.:irLJble. So one 

of our basic critcrtn-~thot of bein;; able to talk <Jbout 

abstract data typcs--is satisfied within the [Ll language. 

(;ontinulnr;: il loni; the 

should be notcci that one of 

l ines of d,:,ta i1bstractior1,. Jt 

llegbreit 1 s ~~ools during the 

des i r;n of EL l ·.,;;:is to r.. i v e the p, ro p; r <'3.m1 c r t he a IJ i 1 i t y to 

construct ne\·J operi!tlons on new data ty pes . Furthermore \•tt th 

the usage of tie 11
::

11 form one can i!Ctu;;illy restrict access 

of new ope r;, t f on s t o s orne pa rt le u 1 .;:i r rl~ ta t y µ e • 1 n our 

ex ainp 1 e, for i n s tan c e ~ those four ope rat i on s ,:n c rest r I ct e ct 

to var i ab 1 cs of type s tack , The fact i s th a t h'e \<1e r c u b 1 e to 

syntactically represent our complete stack abstraction 

consistin~ of a stack representation--STRUCT(top:INT 1 

body: SEQ ( CH AIU ) - - an rl four ope r.:i tors - -st c, s ta., sts, 

st&--descrtbln& POD, push, top_clcmant , .:ind i ni tl.11 ize 

routtncs respectively~ Tlws this structured 

criterion regilrdin~ the rcpresentaticm c1f a d<;Jta abstrilction 

s c erns to be t~1r: t l.i y EL 1- - at 1 ea s t. t n th T s P. :x .~nip\ c> • 

mark i s that of ,:i cce s s res tr i ct i on s . For ins tan cc~ the 

selnctton routine (sts, in our casP.) can restrict ~-Jhat parts 

of a data type are accessible from outside the def inition of 
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the type .Jbstroction. !:cfcrrini; to our stack 

abstr<1ction .::J5 It n 0\1 stc:Jnds ., Gtvc n thats Is .J variable of 

t Y D c s t n.c k .:i t cl Id r; h c r l e v c l t h .::in t he s tack ab s t r a c t i on , w c 

can talk about u s .topu, llo\1ever~ if \tie try to access 

us~body( t )
11 

for so r11~ intci;er r; the sts routine v,t 11 r, ive us 

~ SEL[CTIOtJ_FJ\ULT er ror. Thus \·1e can control the access of 

variables. 

The last filvur.Jblc point \·;e s l l!Juld revic1;1 concerns t he 

introl!uctTon ,1n .J us.:ic~ of th ~ 11 ··" ope rator. \·.'Idle the 

rcaJP.r has al rea ,! y seen its Li<1s [ c u5.ri , it ~hould bc noted 

th~t the 
11
::

11 
can [;e used for multiple l(ivel Jc:scriptions. 

For i n s t n n cc,, v:c mi r, ht 11r i t e II I I s t : : s ,i:l ck : : ••. "' ,·;h c re t Ji c 

undci 1rlyln ~ rc p rcscnt.=Jtion of .:i list is a st uck and t he 

underlying rc~rQs~ntotion uf ~ ~t~ck is the structure we gave 

previously. Thus the "string of pearls"(4) description of 

s t: r u c tu r ,: d pro 1;:, r ;, , ri: 11 i n ~ co ITlfll ("In 1 y u s e J b y i.J i j ks t r a c c:i n u c 

i n r.. L 1 us in r t he 

\/c nO\'t ,Jrocr~cd to c xa 1:1 inc U,c drfficultic:s of u~tn~ "L l 

i n C(.)nj unction 1:i ti, st r uc ture u pror,r.i rd nt techn r qur:s. Th(i 

t- t rs t issue t , ,i t sc uss is that Q 1 t hQur:I, \ :e c.:in t;:i I k about 

abstract data type s , vrc r.,ust st r 11 p ro;:r,:i1~1 f n .:i bott o111 -up 

f.:lshlon. Th ..lt i -::. , ~-1 e f":'I us t cl e f i n e 1' s t a c k O a s a mod c - de f i n e d 

functton l>cfor(• \'tP CiJn ~Jrite: " D[ CL s :stock ... u. :-iowe v !!r ,. t he 

des ir.nrrs of !.: LI v i e>.,, t h is ~ ro s; raJnr.dns: res rl c tion <JS .:in 



iwplt.:r.1cntatlon df:~cision r.:lthcr th.:rn a result o f t he langu.aec 

descriptlon (2 G). 

h more important argument ~gainst the use of Ell comes 

up durin~ the c xa Mina tion of t he stack abstr~ction we 

pror; rarnmc cJ eat 1 t er . One prob 1 cm that al w.:1 ys car.m up Has the 

n cc e s s i t y o f I Io v t n r; to use t he L m-1 E I~ o P ·C r- ii t or to .w o t d t he 

p r o h 1 er.1 o f i n f l n i t c 1· e c u r ~ i o n • I n d P f e n s. c u f t ll i s 1 a n r. u ilJ; e 

construct, one• ,,, tr.h t s,:i.y that LO\·f[!1 <or so111~tliinr. l ike It) is 

necessary to ~o l VP the recursion prob 1 r.1.1; lim-Jcvcr, this 

prob 1 cm i s ,:, t· r- s u 1 t ci f t I, e 1 an gu a go Jo s t g n f n that the on l y 

way to ~pcrnte on a st ac k ls to use sonc variob\e of type 

st,:ick .is ...i rar~1:-1P-tc r of the! ,·uutlncs. Tl1c fzct is that v,•e 

need not op£r.:itc 011 t his parameter but ruthcr on the 

~h~t ~c wont 1s the 

abi li ty to coris tnL ct opcrnttans ~·Jhich ope rote on the 

n~ pr L' s C! n t c1 t ! on n f th r. .~ b s t r .Jc t ':I a ta t y p@ i n s t ca cl of 

constant 1 y hnv in~ tu use t l1e LO\·:t.:r. (ur LI FT) fac i 1 tty. 

A sccon c.! is sue to he ta k.t~n up a .g:a t n st [ l l 's n1c thod of 

defining a sti.ld. t1b str~ction is one that 1s very obvious. 

\Jha t happens if there ~ rn c1ore t l1~1n f I vc op~rot [ons to he 

uefincd on some .;:il;str.:lct t.!n.t v type? Cr just .is critical is 

the fact t h.n t th en'.! 1,ii th t be some ope rt1: ti on th.zi t cann,ot be 

cxprc ssc J in t e r r:1s of hi.iv i ng to be 1 nvokr~d IJy sc 1 ec t l. on" 

.J s s t r. n men t , con v c r s t on , re n c r a t i on, or Pr l 11 t i n g me ch an I s n Is • 



Then il I t one can <lo i !> pro,~r.m•~ U10s e 11 c xc s s 11 op e re.It ions or 

that particulnr OD(Hotion us stand.:ird routines not to bt? 

assoclat,cd .dth th~ Dilrticu1cJr J,3ta lYPC! for '1-t hich lt wn s 

concaptually tle fin ctJ , Th is p ro r,r~mmi nr, restriction, however, 

introduc s mony of t he same violations of structured 

progrilr.iming cri teriu that occurre d I n Pascal. 

The above JcfC'ct , i n its<!lf, violates the st ructur ed 

pro ;: r~1:1111ing cri t erion conccrninr. the .:ibi?lty to assocl~tc any 

crc rat ion to il data type. Bu t lot us ccnsidor t . c five 

rou tin es hil t 

tn part icul.:ir 

.i r e i-> i.l rt of t I, e use r-cJ e f i n e d n.,o dt~ f un ct i on , ,i rid 

supposl! ,·1c examine thP. stad: u bstr.:iction 

example. Th~ con v er s i on r o u t i r, c, s t c, 11 .:i s ~•Jr i t t <? n as .i 

popping oper ,.1 tor. Fir st of .:i ll, this routine sacrns to 

v Io 1 ate the r.ene r .JI me an i n1t o f conva rs ion v1 h I ch no rma 1l y 

means convertin~ a value represented as one type to the 

corrcspondit1r~ v"'l c rcp.r~s~nteJ ns a nother typa. /1. 1 thowch 

tl1e stc r o uti ne is ini t ii;1lly invoked b y the rP. quiren ~nt fur 

type convers ion , the fu nc t ion wf tie ro utine •~ r:.uch 1·1orc 

t h.:i n that. Tile f.Jc t is t lia t t h e func ti un of 5tc is not ev en 

rela tod t o tyre con v ers ion. Th is ty pe of prov,rar; t1i11~ c.::in 1,f: 

excee<Jln z. ly confusini; Dnd obscure . i!c.: xt, 1,c should note t h<J t 

<1 p r oi; ru 1 i-,n lch 1·1~ :S. es use of tl1e s tac k <Jbstra ctlon mir; ht use 

11 -> 11 
to moan pop und 0 <- 11 to mc un push o r tO P....:c len1cnt 

dc pcndin~ on t h e types of vari ab les on 1·1h lch t he arro\·1s ( <­

or ->) operate . 011 t l1 c! other hand, t he ilrrm·rs ma y refer- to 
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n s s t t, nine n t c1 n d con rJ i t i on.::i 1 c x pr n s j on s r c p nc t iv c l y • These 

mob t r, u i t i e s 

undcrs tand. 

make for code ~-,rh i ch c il n l) c ci T ff i cu 1 t to 

tlo \•f suppose \•.·c rne)l..ami ne the i ssuc of ~ccess i bi 1 i ty. [ t 

was explained co r l r~r t hat from outside the ~tack nhstractlon 

for some stack variul) l c s, ~.body(i) \,t;:is inaccesslbla . \-le 

not cl ho,.,.,c ve r tJw t s. top h'i! s ~cc~ s s i b 1 e f ro1,1 .inywho re 1 n the 

par t of the ~ t '3 d: c:: b st r a c: t i on- - I.I cf i rie s tile!' , 1e .:rn I n r, of s • top • 

Then if we nssuno that u,n ts .:in operator µ.:irtrcular to stack 

and invokt:!S thP. operation, n~ned sts, whon s.toµ is written, 

then the pro,·,'r,;1m is exp rcss~ d alorir. th~ 1 Ines eif structurad 

D ro r. r a 1nin I nr. rcqu i r ern~n ts. ,\ con fl i ct, hmtevc r I i s bound to 

.:i r i s e h c r e s l n er. r f \ 1e h~ d not ;Jc f l n e d s ts, then Li y sys t en1 

default s.top wou l d urnduc~ t he vnlun of the highe st location 

f i i l (! ci i n the s t =1 c i~; on th c o the•· h n n d; w i t !l th~ def i n t t ion 

of s ts, s . top f) r o du cc s the v .;i 1 ue T n t I, e stack 0 f that t oprno s t 

location . Thus on whet he r ~, r· not H' II is 

spec 1 f I ca 11 y usnr~dcf t nc-d for zi P, i vcn mode .t h~ off act of the 

opcr.:itar can produce c:ompletc1 y different results. Llut ~·Jc 

ts a lci;al operation on any structure inodc 

therefore! the proi~ramner mu st be co111p 1 ate l y cn.ia ro of wh I ch 

ri10 des ha Ye us a r-d,e f I n c d s el e ct 1 on r O'U t i nc s an <.I \J h i ch res pon tJ 

to th~ de! fa u 1 t r·ou t i ne- - bo th r 11 v o kc d by the op ~ ra tor u • n • 

Th~ po i n t to be mad c h c r ~ I s th .:-it i f .J n y of ll I a f t II a s pe ci al 



functions is not user defined, then the system provides a 

niean i nr; for these undcf i ned funct Ions; the progranT11er must be 

knowledgenbJe of which alternat iv e Is tnkcn in each of the 

ft ve ccJs~s ror e~ch ri1ode usad in the Pror;raru. 

To ild<l further complexity to the above srtuatton , a 

1Jrograrn1;1er micht rc<l11y decide that he wants to ta1k about 

"s • bod y ( i ) 
0 

f r OP1 o u t s i de t I, e s t a ck .::i b s t r a c tr on • Con s i ~ r the 

follovdng style in , .·hich this proi;r<11n could be ~·1rittcn: 

OECL sl:stack.U:": CC:~ST(stack.UR SIZt: lUO); 

sl.body( i) <- t•s(.)nc, chardcter Vcl1ue 11 ; 

s 1. to 1) < ~ 11 so ine i n t e c e r v a 1 u e 11 ; 

The mo de o f s 1 I s r I s tac k • v r ~" w h i ch i s c- q u i v a I en t to 
11 

S TrHJ CT ( top : I I: T , b u d y : S E (1 ( CI li\ R ) ) n , 
underlyin g 

rcprescntntion ( Un. ) of th~ user-defined r.1 o(fo 11 stack 11 • 

Thus al t hou r, h sl is not really a s t <)cl~; one might be 

11
UR.", the pror:rrn11 reads as if ~l is type stack but b-ehaves 

ciifferent1y. 
r- o I' i n stance, on c can no~, 1·.' r i t 0 11 s 1. ti o d y ( i ) 11 

and access the v ~ lue or <Jssf r, n a value to t he i.tl.t location in 

t he 1.,ody of sl. ;10\·:cvo-r , if sl had instead Lieen ,jcclarcd to 

have ri1odc 
1

•stack
11 

then the codtn!! of 11 sl.l;ody(iJ" \•1ould have 

resulted in t h e invocc1tion of the selection routine, sts; ancl 

mean a SELECT Jo J_Fr~uL T error. So the p r'or, r'i.HlltllC r can 
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s e G n, j n r. l y c i r c ,u mv c n t t Ii e il cc e s s n.1 1 c s • 

llo~•Jcver, tl10 use of UR Is not the only ~Jl)Y that access 

restrictions can be a voided. SuppnsP. that the variable s 

\•Jc r4; dee l i'lred to l1avo ;1ode ~ tad.:; and 1 et J~ exar.\i ne another 

us c of tho Lo t·J E n f r1 c 1 1 i t y • ELI at lm:s us to r.,ron rarn 

c x D r c s s r or, s such as II UH! ER C s ). top II a n d 11 Lo\.' t.: 1-: ( s ) • bod y ( i ) 11 f o r 

sor.1c i n t cge r var fa b 1 e c • '":' ..i ch of the s c c x pr cs s lo n s invoke 

the systeni-definc<..l ro utine f or selection, si ,nif .l e<l oy the 

Jot C-
1

•
11
), instead of cal 1 inn the usor#defincd routine, sts. 

Thus use of the LO'tJ Er.. f ac i 1 I ty al so perri1i ts the wse r to get 

around access rP.strfctions. 

As a fit1al crfticisr.i, 1 e t r 1 e r c ma r k th a t t t I e I" o u t i n e 

de f i n i t i o 11 s i,,d t h j n au L L 1 cl a ti> a b s t r ~ c t i •:rn can be con f us i n ;; . 

Fur instance~ suµposc ~ c look at s tc in the stack 

ilbstr~ction. This routine w~s written as a poppln~ procedure 

for some stacl: s ;,nJ somu ch.:iracter v~rii:ibte j, The f~ct [s 

thut if one \•rere t u vffi te an instruction wh [ch poµs the top 

clement offs nnu place~ it into j, it ,,ou l d seen, r.HJCh 1~1orc 

likely to use an assir,nrnent statement 11 j <- s 11 rather thnn .:i 

condlttonal st<1temcnt 11 s -> j 11
• The t.1ttcr of t hese wns USC'd 

t hour, h to ;;i ccnr1p t is h POPP i n,g ueca use convc r ~ i 011 \':,:is rcqu i red. 

It is not so sirnplc as \·1rlting sof'lethfnr; lt k!:~ 11 pop(s,j} 11 if 

\Ne \'1,rnt to keep our tack .:ibstractlon int;::ict; thus we must 

be ~Q111plctc]y il\·li.lrc of uu r data routines in thcit it may 
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actually be a drfferent (and possihly Rwkwarrl) type of 

statement th~t p~rforms th~ inten~erl function. ff we are not 

extr(!mely car~ful in this mannE"r, trouhlE" c.::1n result th;it was 

not evtdent during our conc~ntual JzatJon of t h~ prohtP.m. 

Flnally,. we lfst t hf' major Dro and con crlttclsms marle 

of Ell Jn this section of ~nalysrs: 

Pro 

1) W~ can code ahstr~ct data types hy usln~ the Ell 
mode-producrng opPrators. 

2} It Is nossl h le tn associate on~ratlnns wfth a particul~r 
data tYD·e by usln~ th,e ":!u onerc1tor. 

3 ) Acee s s i h J 1 r t y r r. st r i ct i on s 
procrammi~t critieria can he 
user-definPrl mode functions. 

nlOnR thp 
estrihl I shed 

structured 
,..,1 th(n the 

4) The ustrln1; o penrls" pro~r:immr n,: stylf? dcscrH>P.d by 
0 I j ks tra can be rP.pres •ente<l by the ":: 11 op~rr:-tor. 

(on 

l) Use of th~ LO\i1!=''1 fricTlity within tr.p, rlrfinltlon of a type 
abstraction ohsc ures the f act that op~r~tl~ns ~r~ rlefined In 
terms of the und~rlyTn~ representation of th~ rlata type. 

2)(1) An ODf'rrition assocl~tcd 
wrftten In tP.rr.1s of Onf> of 
<'.l s s i ~ n n1 en t , s e T e c t i on, D ri n t f n f): ; 

with a d~ t~ type mus t h~ 
flvp rnutln~s--converslnn, 
.::inrf r;ener;itfon, 

( i i ) I t i s ; rip0 s s i h l t n ass or. l ;it r• rrn r'"' th;. r i ve 0 r ~ r ;1 tors 
with~ dat~ tyr~. 

(iii) The n ~a nin~ nf nny of th~ five USPr-~Pfi ne~ routines 
can he (and must ha ln cert~Tn cases) comnl~tely ohscured . 

(Iv) Corl~ whfch n~y invoke user-~pffnprl 
routines c?n be seemingly a hlpuous 
unde rs tan d. 

or syste~ -rl~ffne~ 
~nrl drffrcult to 



(v) Lxprcssions ',,ddch invoke uscr~deflncd routirias m~y 
rna ke code di ff i cu 1 t to r~ac.l and undc rs tanci. 

3) Est~bl isheci access r<!strictlons can be avoided hy use of 
both of the uri and LOUER f~ci lit i es of CLl. 

nveest\ J c r i t I au~ 0r ClJ. 

In j1,.1dr;ing Ell ,.,Ith respect to structured p,ro ~ramming, 

let us first s ive qu ic k reference t a its control structurin g 

mcchDnis1ns . Oiwiously \1ith its loop anti routine facilities, 

[Ll can adequately . lea~ to well-structured pro ~r~ms when 

considering only control. The LOTO state1nent should be 

clinlinatetJ so~r:: i at l y s i nee the 11
"')

11 forr,1 ta kes the pl ace of 

.:,ny st rue tu rr. <.l us cs of t ha COTO . ,\ 1 so the C [ I i E rt IC f orr.l can 

~e use d to si mul~te the case statement onci t hu s its us~ is 

approved by thfs wrlter. 

tlm, vrlth r esrcct to dcl tc1 structurin!i, the first ~nd most 

obvious poin t to tie pr a ise<.J is Ell's facility ~•1hich permits 

th e creation of moc.l~s ~nd definitions ~f oµer~tions on them. 

t h~ t is u basic reauiremcnt of structured 

r, r o r. r u ri1m i n r. • llowe vcr, for some re~son, \"H~ ~re l irnl tcd to 

five of these opcuatio ns \',han in ianera l tt1 e r,ror,r.:i.1r.rncr rnay 

nce <l more. Of co u r sc ~.1c could deft ne ~inot her proce dJ re to 

·Opernte on so r.ic r:jodc but that routine \J i 11 n,o more- Lie 

associated \·,•ith c:. t;articu lar ubst r act r,1ode than ·, say, 

~ddition is with integers, e.~. we can also od d real num~crs 

a nd matrices. 



/\Jon~ these 1 Ines; the point was brought ur> ear1 ier that 

lt ndg ht be cilfficult to ~-~rite an operation of som<.~ <Jbstract 

ca l 1 Ing mode in tcr~s of one of the flvc stanclard 

routines--sclectl on , assii~hment, convcrslon, prlntlnp;, c'.'lnd 

1~enc rat i on • I t i s a 1 so a fa c t th n t i t i s not r:l 1 w.a y s c 1 ea r 

when these routines are called, explicitly 0r lmpl icltly cJS 

is sometimes the case . One lrn s to be co.-:1pletely awDre of hm•J 

the l ancuar.c imp I ~men ts t he usae-e of the SE s rice icJ 1 routines 

and , in fact , the internal representc'.Jtion of c.iny langutlgc 

form and the knov, l cdi;e u f LISP a re re QtJ i r cd to be pa rt of 

this a.,.,areness, fl y point her~ is lliat it is often the case 

that the pro g ra111niinr, of enc of tl icst datn type routines is 

seemingly P1ore Jifficult to ucco1-1p 1 isl 1 than it our.ht to he. 

Fu r th c n r.o r c , one o f t he Li as i c c r i t (! r I t1 o f s t r u c tu r c d 

programn,ing s~ys tnat uhrle the ability to use a data 

structure at sor·e nro r;r;i1:i;1lnc \evcl hi ~ ticr than its 

d~ finition is ~: uar.:inteed, one shoulc not be aware of the 

I o ,·c r l eve l de t ;i i l s u f he s tr u c tu r c • fin ob v i ow s co r o 1 l a r y 

to t fl i s r c q u I r c f'lt! n t i s t ha t f n no 1·.' il y a t t he h i g h c r 1 ~ v c l 

should t he prc.1r.r~1nncr be:'.! .:ilJ1c to occcss r1ny 0 1 these (~12t.:.iils 

<' f des c r t pt r cm • Li I lf o rt u n a t e 1 y th c U rt ( 1u n de r 1 y i n i~ 

represcntatic.,11) .:inc.I L0\-11::1~ facilities, while USC fu] ln 

,preventing 

contradict 

discovt!r 

the recursion proulem rac nt i oned e~rl icr'" 

the ,1bove cri erTon . For instance , one can 

t ht~ r c ) r cs an ta t ion of s tack by \ff I i n 1; 11 s t Jc k, . LP, 11 , 
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Ur ifs Here a variable of type stack, then CJ fll? could v;rite 

ulmiCR(s).top" ;:ind LO\·.fE R(s}.body" to avolci the se?cction 

routine, s ts ✓ <Jn<.I m;J kc .3 s s i gnrncn ts to the coci1ponen ts of ~. 

Another issue that sho,uld be discussed is the vlet11 tab:i·n 

that one ,is ub le to represent a ''string of pe.:irls 11 uslnr. the 

U • , II .. oµerator T n Et 1. Ai thou~h th rs type of proer ar.,in f nr, is 

possible, the difficulty of sirnulatinc levels ~f ~bstraction 

is yet another ~roblom. ~uppose Wt take the example of 

llncar_l ist (given earlier in Chapter 3) which could be 

refined as eltt,er stacks, queues, or C:cqueu.es· .. a~ch of which 

\'JOU 1 d have a sc t 1J f as sod a ted ope rll tors. The prob l cm ts hm" 

to rcprf.!Sent t he type 1 inear_l fst. Ob v I o us 1 y \Je ~·JOU 1 c..i 

~pprcciate the ~i scri minated union filcil Icy (see Koare(~)); 

then the llnear_l ist abstraction might be written as 

u 1 I n e a r 1 r s t : : ( s t a c k ; q u t. u e ; de Q u e u e ) 1 1 \\' h i c h i m pl i e s t h a t .:i 

llnear_l ist is either a stack, queue, or ~cqueue. From ~ 

s t r u c tu r c d p r op; r a mm T n i; v i EM, t h t s t y n e o f fa c I 1 i t y J s one 

that Ell shoul cJ i ncornorate t n to its 1 aneuti r, c . 

Our o v c r il 1 ? f e e 1 i n ~ a bo u t EL l f s t ll a t i t cJ pp roach e s 

acceptDb i 1 l t y v, j th r es pee t tu the t ec hn i quc s cncouroged by 

structured pro~ram~in~ but ~oes not go far enough In 

satlsfyinY, the necessary structuring requir~ments. The 

t :ssul'.!s that have led us to this crtticlsm o f [LI have alrc.ady 

been mention-ad. t-lowevcr, before the <if scussion of E:Ll Is 



ended, 011c niort:! question r.n.1st be Dosed. i;ow easy or 

difficult is [t to~ the extension facllitles pro vi ded by 

Ell? Because, If it becomes too awkward tn use the extension 

mechanisms, the programmer siniply \rill not ~ttempt to use 

them. Instead he ~,·i 11 Jo al 1 his pror;r.anming in the core 

lanr,ua&e an<l most likely be successful in producinr. ,;1 

finished product, :1owc:ver, t h ~ final µroduct \"fill not be one 

rcsul ting from t! Lc ;;ipp l ic~tion of structured prorrramminr; 

tcchn 1 ques; thus th (.! is sue of \•JIV~ the r or not to use iln 

ex tens I b 1 c l uu&uar.e i t1 conjunction ~-Ji th st rue tu red 

pror; r .arnni i ne is Je f ea tell he fore it can even be cons id~ red, r 1y 

~xperlencc v.ras that t he extension f~ci l ities of Ell \•1ere 

soi new h c:t t d i ff l cu 1 t to l ea, r n, and I be 1 i c v c t h D t th c n b o v e 

prob 1 em ~-.ou ·1 d exist for p ro :; r Jr.1me rs us i nr, ~L l. l·kMeva r, the 

language is fairly yo unr. and [n a state of change, and so it 

is still n y hope t hat this proble~ will be remedied. 

Fi1h11 ly~ rt r~ r,i y impression that t he r;oal upon \·:hich 

the lilni:u~ce 1~zis <i (~veloped .. -tlrnt of l>c lnr: ub\,: t o construct~ 

<.J .J t a n b s t r ._, c t t "n co ns i s t i n r. o f ~ r, .:i t.J s t r a c t Ju ta t y µc a n d 

operatlons \·i" ~dch o pe rute on vad.:iblcs of tli~ t typc--ls 

we I t -founded. Th e mis t~kcs t hi;,1 t t he de s i r-;rir- rs 111.1de vie re to 

1 i m l t t h c p r o ,~ r .J r:1 me r i n th c ~-rn y t Ii es e ope r ~ t i on s co u l d l, e 

constructed i:H"ld p;,rr,11 t too much f lexi b i I tty Jr, p r-ogra11ir11lnr; 

around a data ilb straction and its i mp osed rcstricti-ons. 

Thus., .:iTthaugh mo'.>t Qf the structured pro -: r Jrnrnin;~ cr{ter ,t.::i 
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can be SDtis fiecl b y the langua Ke~ the ~~ovc clcsicn errors 

mean that, in ~enQral1 structured ~ro~ra mrn ln g techniques need 

not be used to construct Ell programs. 



S HiU LA6 7 

Uavc1opoJ in 1967, Sl/, !U LAG7Cl7} \\lilS <fosl~ncd as il 

general purµos ,e simulation 1Jr1guage by Olc~Johan Ll.Jhl, fljo r.n 

tl yhr<Jrrp,, anci Kris ten r:ygaard il t tho [;orwer. I un Comput inr, 

C ~ n t e r • H h [ 1 (' s I : ; u LA 6 7 j n C 1 u d (! 5 fllO s t f ea t u res O f A U i O L lj O il s 

u subset, its .Jur,r.ie n tat ions a r-c ri i ·r acted tm-J.:i rd the a rca of 

s i 01u 1 il ti on. The hope of the des i ine rs \-:~ s th~ t S 11,lU L.AG 7 

\.,rou 1 d be f 1 ex i b 1 e un ti µmm r f u l en our,h to a 1 10\·1 the prog rilmlll~ r 

to orient tho lnntu~~e towurds speciol ized fields. To reac h 

this eoal, the c oncept of ~egregates useful as building 

blocks for pro~r.:in rning L·1as introduced. 

In (1ec:ili n t~ ~tith 1.:irc;e probl ms with r,1any da tails, 

decomposition i~ of prime ir.portancc. Tlic fundamental 

,,iech~n ism for dt! co111r>os it ion in ALGOL60 is tl 1c block concept. 

A block contains local varial>les ~n<.l proccdl1res; YS fclr .:is 

thesa local quunti · ies are con cerned,? block is completely 

f ndcpen<Jent fror,1 the re-st of the progr, r,1 . Sll,tULAG7 \ ·1~s able! 

to exten d t his notion Ly r.;c.insiderin~ t ha t the execution of .:i 

block \·:ou}J result in~ uyn~i1;1ic rnstQncr> of Lhc block Lcinr; 

i,enerJtcci. 1[, lock ,i ns t.Jnccs provide t he c.:ipabi 1 ity for-

gene r il ti rli; 5t)VC r .-, l ins tanccs o f .-:i r; i vcn J; 1 oc k lo~:e t l,c r ,,, i th 

its l oca 1 vnr i ~11.i l c-s .;in.-J proccduros. If \H~ cons Ider that cJ 

block cou1:u ue usP.d for ' cfinin.r; a r.Jata ubstraction, where 

its local vari~bl e~ ancl nroccdures ~re to represent the lower 

level description i.lr ld o~,era tors respectively; then Jlready ~,c 
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proera111mtng lnnGu.:ir.c. 

\le \·.ri 1 l o xar:ii ne hm-.1 the a bovc co nee pt s of S lt iU LA6 7 apply 

not ncccsscJri ly to !;I, ulations ~1s \J,JS orr;ln1 l ly lntentJcd, but 

to structurcJ p r or.rar.11 dni; .:ind the abi 1 i ty t() represent d.:it~ 

abs tract i ens. ! Io~: c v e r , ~•J e f i r s t de s c r i l) ,. ~om e of th c 

lmport.:int l cnr,u.:igc constructs. 

not o E s,l c i 1 1 t i c: ~ v r ;; 1 r 1u LA£7. 

Tl te new con cc iJt CJf S H :U LJ\ (j 7 in ~Jh i er. \·1~ .:ire in te rested 

is the instJncc uf ii b locl~ ~\•hich is ca?lcci an onject . E.;ich 

object has its m·m l uca 1 data anJ Jct i Qns c1cf 1 ned by .1 class 

d.ccJoratJ_ori. Our cxa111ln~tlon cf class rJ<~c l .1rDtiuns 1-lill also 

! n c 1 ud c ii des c r i Pt i on u f u b j E; ct fJ::n.t r.a t i on . 

The 

follo\·;s(•): 

gener.:il fon1.1t of ~ class drc loration is □ s 

c 1 a s s < m.:i i n fJ a r t > C • • ) 

.-J h c re the < n.i i n pa r t > ca n be de f i n a J a s : 

( * ) 
Keywords in S11·1ULAli7 ~-Ji l 1 be Lmdcrl ined. 

( " . ) 
11 < .. and">" a r nr.F rn.: ta symbols. 
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(id) {( µil r~metcrs vl, •.• ,v~>); 
<declarations for vl , . . , . . vn>; 
bcdn 

<ciQclarations for variables xl, ••• ,xn>; 
<dcc l arattons for actfons c'll, •••. ,an>; 
(c\ass body>; w. (itl) ; 

Then <id) in the a ove dcfTnltlon is the name of the class, 

The generation of any object belongin~ to class <id) will 

hilve P.Jrumcters vl,, • . ,vn c1ssociated \1ith that r,cncrat ion, 

The object ts l oc~ l dt tributes wi 11 consist of parame t ers 

vl, ••. ,vn, v;ir1c1blcs x.l,., . • ,xn, llnd actions al , ..• ,a n . \·Jhen 

the object is :,enc r'ated, the <class body) wi 11 be performed. 

To help c lar if y t he prnce edfn~ ~cfi nit to ns an d 

expl.anotions, consider the fo1101:Jit)~ ex.ar,ipl e of a class 

decl a rat ~on: 
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cJ.Jlil s Q u~ r- e_ma tr t x ( n ) ; L _ · - p n ; 
be r; i n inJ: e ge r a r rn y T l : n , 1 : n J ; 

oroce •s;l !-1 ~ trans pose 
her;io integer i,Lt ,emp; 

' : = 2; 
j : = l; 
b:u. i .t,g_ n QQ. 

f or j .t,Q, l -1 !J.Q. 
bep;in 

t er.1p : = T ( i ; j ) ; 
T(ld) : = T (j,i); 
T ( j ., i ) : "' temp 

w; 
flLl1 tra nspose ; 

l,1cr, in i nter-c:.r i , j; 
i := l; j := l; 
i2L i ~ 1 until n £!.Q 

.c.ru.]_; 

bee i o f..ru: j ~ 1 !.ml i 1 n ~ 
T(i,j), :r: 0 

,W; 

.c.ru! s ouare_1•1a tr Ix; 

The dec larat i on defines the cl~ss of 

SQU a rc_r.ia tr i x . The .:i. s ~ I) c i a t ·e d data o f eac h ob j e c t of th t s 

class arc t he rrn rm;lcter ri , \hich represents the slze of Ll 

ma t r i .x u b j e ct, i:.. n d th c l oca 1 vu r r ab 1 e T, ~J h i ch ho 1 ds t ht".! 

c 1 c111e n ts of the ua t r i ;-; • A 1 so des c r t b r. d i s t ha l oc a l act io n 

tr~ns po se v,h i ch orcrutes on T. t he action 

tr l1 n s pose , WQ have L, r r t t <?n a s cc t i on of c o.d c w h I ch s ct s t he 

array e l emen ts of T to 0 . Tt~is sect io n, which ls tha (c l.ass 

body>, Is executed upon each object Gone r a t1o n . 

Suppos.c thnt we vaint to r,cnerate t\lO sciuare_matr t x 

ob jccc s --one of size 10 and t he o ther of s 1z n is. 

f i r s t de c 1 a re t·. j o r:,o i n t e rs to re f e re n c e ob j e c ts d c s c r I b c d h y 

the c l ass squair· ~_ , 1,Hrix : 
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ntc reni;irk hero t hat the · ~e neral sta.t ,em-ent ''Ltl (<class i d>) 

(pointer variables> ''' really me~ ns that the < DO i r1 tci r 

var I ables> .urc bo und to an object dcno,ted by the <cl~s s Id> 

or ony of its s ubclass<:s (subclas ·ses will be explained 

shortly}.) Cener~tion uf the desired objects is completed as 
follows: 

n :- ~ squiue_natrix(lU); 
b : - L!.!!l! sq ua r e_r,1a tr i x < 2 5 ), ; 

The bui !t-in function W!.11 creates ;:in objec t of the spc-cified 

the ossi ~nment uf a refcr~nce to a reference type variable. 

Data bclonRin~ to the ob ject r~y Ge referencecl through use of 

the udot notation
11 

;is the fo1 lo 1,·ti ng expressions dcn,onstr.:ita! 

a.n 
I: .. T ( 1, 2 ) 
().trnnsi,os e 

Tbc:- notion o f su li classcs f s th -e 11c.xt construct of 

!; I t1Ul/\G 7 \·Je vii 11 explore . 

dcfinitio-n of ci c l ass t o include an optional <pro fix Pilrt) . 

F i rs t r; f a 1 l \•IC C! X tend th c 

The syntax now becomes : 
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Scruantic;:illy ~-1c n1e~n that the class for vth lch ( p refix pa .rt> 

is the (id) conta i ns the <moln nart> ~s ~ subc1ass. Then the 

a t t r i bu t e 1 i s t o f .::in obj e c t co r r es pond i n e to t h c < ma i n pa r t > 

inclut.les thos ~ a ttrl "Jutes descrlbed In the <ma in part> .1s 

~-,ell as those descrtlicd in the definition o the <prefix 

part> • The t\10 µcJ rt s a re "con ca tena ted" t<1 for m one compound 

object. 

Tnke, f o r vxamp1e, t he fol?owln g class hrerarchy 

cons i st i n L; of s 1 x c t asses A, ~~, C , n, £ , ~ 1 d r-. 

Th I s mo <l c 1 i s Li e s c r i be c..l t n S l t-a.: u~ b 7 r. y t h c f o 1 1 ovd n g c l as s 

<leclar<JtionS! 

~l ~ ~ S: 
. . 
I • • • • ' 

1\ cl a~ r, • . . ' ' tl .U•Q ~ ~ c. . . . I 
I,; ~Ju s s l' • ' . . ' 
I\ ~] s:,i •_; ~ [ . . . ; 
E ~ I _iJ-5...S_ i= • . . . ' 

I f H c s u y th a t t h <? co rr es pond i n c l ovrn r ca s c l c t t c r r c Pr cs c n t s 

t I 1 e .J t t t" i b U t (·i ~ 0 f th C < ri ,a i n pa r t ) 0 f .J n Ob j CC t b C 1 0 n G I tl C t 0 

th~ t c 1 a s s , then t '7 e c o r1 p 1 c t e a t t r i bu t c l I s t f o r Q a ch c 1 a s s 

is depicted in the following table: 



class 
A 
H 
C 
0 
E 
F 
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att r il.,ute list 

u 
.:i , b 
a, b, C 

a, b, d 
a, l! 

,J, c , f 

It shou1 d ", e noted here that if ~•Je ~ ✓ r I te 0 .r::.f.(B)x" 

fol lowed by ux :- new(())" , the attribute 1 ist corresponding 

to x (assumini; that no i)ttrlbute has b<rnn declared as 

yf rtuo]•-a concept to be ~xplatned later) will Le A1 b ~nd 

not a, l, , J. This feet is a result uf havln~ bound x as D 

reference to obj~cts of class n. 

A more conc r et~ exa1 ;1ple of subclasses r.lfght prove 

useful . ~uppose a pro~ram is required to handle real and 

Gauss lan numbers. (Gaussian num~ers are that subset of 

comp l ex numG~rs whe r e thu real anJ l~a~inary parts ilrc 

r P. s t r i c t c cJ to be i n t e g e r s . ) L1 h [ 1 e ea ch t y pc u f n umber ui a y 

ha v e its own attributes , there ;ir1: certain characteristics 

common to both typc~5 uy v Ir tw~ of the f ilct thnt they ii ru 

numbers . In out I inc fo r r.i, \•.'a r.iight corle this proi;r~rn us 

f o 11 o~,s : 



c l w.5 s , , ur:lllc r; 
bcr, i □ j n tse..,c r who l e_p a r t; 

~ number; 

nu iber c ].slS~ rcal_no; 
lg~p;in iotr:_l"'__et dP.c_µi'lrt; 

~ re a 1 _no ; 

number cJass r,aussian_no; 
1.~ c I n I □ t<na: r i m_r ,1 rt; 

!!lll!. ~<1usslan_no; 

Then, for c><amr> 1 e, th (,. re a l_no li. 0 3 0 ~;o u 1 d l>e r ~P res en tecJ as 

hnv in 1; a ~.rho 1 e_pa rt cqu,11 to G ~nd the dec_r, .:, r' t equ~ l to O 3 O; 

the rcprr~scntJtion of the s_:aussl;rn_no 2•~i \'IOUld consist of 

the v,hole_p.:i.rt .:ind the i n_,rnrt equill to 2 and 4 resp,cc: t tvely. 

J\t this noirit it is usefu l to raise the que s tion 

concerning the possihilitY of confltc tl n& .:ittrlbute nnmes . 

This problenl \·Jou\J result fror, cefinini tv-m opcr.:itlons vdth 

the snme nomc - aone defined in a class ~nd one <.ieftned in i1 

su~class of t hat c l ass. Ten the attribute 1 i~t of a 

reference vari~blG bound to the subc\ass would contain two 

ui>e r a t tons wt t Ii th c s umc name. 

For ins t<Jncc, us 1 n t:. the prc v i ou s cxarnp l c, sup µ:>se that 

an action °.:i t ld 11 \':ere coded as part of the class number ..ind 



1 r ke\id s -~ clnothcr 1:1ct ion "add 11 v,rere pro~r..t1nmcd t·d thin the 

subc 1 ass 1-;aus s i ~n_no. Then t he ciues ti on of tvJO d J ff e rent 
1

uJdu actions cissociateu with a t~aussi an_no oLject 1;1ust be 

n~soJ·ved. The scn1.1ntic rul~s of SI :ULA67 sti1JU1atc that for 

.1 n y g I v en c 1 c1 s s r f t h i s con f l i c t a r i s c s , t he n on l y t he rno s t 

?ocai?y defined action is associated wrch th~t class. 

flcfcrring to 0ur ~xa tnple, the 11 add 11 action dcftned in 

1 ~au s s i an _no f s t he u n 1 y "a cl cl II op c r .:i t i on i n t he a t t r I bu t e 1 i s t 

of gauss i an_no. Obvious l >' this so ·i ut ion is \·1h -u t \•Je ,uou t d 

hope to be the r~sult. 

I t s ho u 1 <l b c r:ie n t i on ed., ho \II e v c r, t ha t t Ji c J i r ec t i on o f 

tl~i s binciir,.q; 111ay b~ reversed by use of lhc yi nu~ faci 11 ty 

in SJt-l'UlAL7. Ccrnsicicr the following s1tuat.ion h'here A is 

defined as a c las s ~nd n 

SUDDOse a 1 so that both ,, and L 

oper.:it ron n ,)n1Q J ti tv,' i dd l c 11 

rs defined as o ijUbciass of A. 

cont.:iin d~finitlons for an 

and t hat \-IC l1ave c.Jcc 1 a red ,:i 

variuble x as ".a·f(l\)x". Then rf , ·1e \•✓ rite 1'x ·- ncw(l.i)
11 

follov,ed by J r~ference to 11 x.t~·; iddle 11 , \·Tc •:1ou)(I hP. referrine 

to the definition of t ·ddd le [: iven int\ (because x \ 1.1 s bound 

to the class /1). !lc \·1ever, if 1-u~ dcftn~ t\•: fddlc in /l to be 

yirtuaL the c xpr~ssion 

~~finltion for twiddle ~iv~n by L. 
Tt1us, a 

programm,tng approcch can be part iil11 y used for 1•Jri ting a 

pror,ran.1 tn SlltULAG7. \-ie say 'lpartially'' because only 

procedure labels ~nd switches (see ALGOlbO) ~il y be bound as 
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virtu<ll quantities. 

Other f ,eaturcs of Sl t!ULA6 7 include th t! 1\ •, roup access'' 

fe.;iturc. Supr,osc thut r,1 references il squ.Jrc_c 1,;1tr! x obje.ct 

und ~c Jrc interested in cx~min i nG the <lttributcs of m. 

Us i n L the i o S.PC ct hi c i 1 i t y I w , can ~n I t c : 

j □ s prn;: t r.1 tQ. be~ i n 

L1anlr:>ul ,iHions of n .~n<l T; use 
of t ronsposn, .111 t he s f' part 
of the object refe renced by m. 

fillS! 

1-Jh ich el iMinatcs the nce<..l tu uS·E! the dot notation for every 

at tribute of u r, iven ol>ject. f,ov,ever, it should be _ cle.3t' 

t I 1 u t the j n spec t f t-! a tu re i s me r c \ y O s y n tac t i c s u ~ a r I n g u to 

the lan r,uage . 

M-.other factltty provl<led b y SlltULAG7 is Instantaneous 

qua l if i cat I on. r:o r t ns t ,:rncc ; suppose t 1a t \H! ha ve vtr t t ten: 

!.e.[( r~.1us s i on_ no) x 
ill (numb 12 r ) y 

a re let.a 1 ex 11r e s s io ns for access I nI~ the at t rl l>u t cs \·,ho 1 e_p,:i rt 

and t.J()c_pnrt f"r.spi:ct i vcly. Thus the s.!.til fi)cl 1 i ty provl ·dcs il n 

incrr.i:lscd flexibility for r cfc renc t 11 ,e; attrTbutes of 
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concaten~t ed class objects. 

The ahl ll ty to cx~mlne subclasses is also pro vi ded hy 

Slt:ULAG7 . TILis feature and use of the ~ construct ilrc 

di sµ 1 ayc d T n th~ ne xt ax~ rnp 1-c: 

jJ1s0cc_t ~ L:.ill.ill. (;Q1:1;:i l cx_r10 .JQ. b.c.n Ta • .•• £.11.il 
~ r ca 1 _no .10_ Qe.f. Lo.. . . illlil. 
othc [\ti sr; .•• 

\'le have now been exposc cJ to n,ost of the d.:i ta f acll lty 

fc~tures present in ~l~U LA&7. So ~e are ready to discuss a 

SHWLAG7 solution to the st;;ck c!bstraction problem anrl 

nnalyzc the • lanp;u~.~e 1·: lth respect 

proi;ranindng viev1 of Jata or:;anrz .ation. 

Stnck /\ustrru:tJon in SIOULA67 

to t he ~tructured 

J\ solution to the ~tack .:1bs tr;:ict iot1 proble1<1 ,. r,iven in 

ts co deJ ~ntl µresented in fie. 7-1. 

representation o f the class "s tac k1
' is 

This 

fairly 

s t r .:ii g h t f on, .:i r u . .•\ n obj cc t .t:. c n e r u t c d o f t h f s c 1 .:i s s con s i s t s 

of t he fol lo•.iint. attributes: 

n--which represent~ t he size of~ stack; 

body -• ~n arrily o 
stc1 ck; s i zc n \'th i ch holds the l! 1 f:nicn ts of the 

to p--whTch 'llol tls tr1r: in~ ex or the t opri1ost f i 11ed Jocat ion tn 
the bo<ly and l s in i t j <11 t y set cqu2 l to zero; 



p u s h, Do p , to p_ c 1 cm en t , and i n t t i a 1 i U! - - ope r a t i on s ~i h 1 ch 
per f o ni1 the <le s i re {.] functions on obj ,ec ts of c 1 ass stack . 
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c,lass stack(n); i,otyr;cs n.; 

beg In ~ sir cr1 ~ body (1: n J; 
r n ta:cu top; 

proce du,t.:i'.. push C va 1 ) ; ~ 
begin; 

lop+ l; 

va 1; 

toµ : = 
li top > n .tl.1m e r r o ~ 

~ bodyltop] :~ 
mg, r,ush; 

urocc(:uo.; pop; 
becln; 

l.f. top< 1 .tJJ..Q.u. error 

J:.llil pop; 
~ top := top - 1; 

~ p rocc l i u [__!,;,_ top_e I e1111?n t; 
ill'~; 

l.f. top> 100 ~ orror; 
l.i to P < 1 .t..b.m to P_e 1 cmc n t : c I e 1 

tla top_ c-lernr?nt := body[top]; 
Qllli top_c 1 c r.1cn t; 

pr oc~ du re i n i t i il 1 i z c ( y ) ; ~ y; 
bcr.dn: 

to p • = 1; 
i.l o <IYLl] := Y; 

ellil. ini tf .:il i.:.c; 

too := O; 

~ stnck; 

f i 1~ . 7 - 1 
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A pror~r<1 1L1 1nakinr: use of t hts class mt ~ht begin as 

fol \ ows: 

.r.c.f.(stack) uperator , opcr.:ind; 

opcrLltor :- ~ s t ack(lOO) ; 
operand :- ~ stack{ 75 ); 

Attributes of ecJch s t ack intr.ht then be rnantp ul ated in t he 

fol?owin.1; stylP.: 

opcr~tor . TnI tia. 1 lze{ 1 ! 1 )i 

. 
operund. nush ( 'x'); 

ll orerand .top > 100 •.. 

t nspec t opcrJ tor .tlQ ~cJ~j o 

top 

~ody[1u] 

~ 
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1/e \·ll 11 no1r, cxarni ne S lt•1ULAG 7 much more close 1 y .1nd focus 

our attention on some important issues that h ave been 

nenerated fro m the solution to the stack problem. 

flnalysls of Sll·iULAGZ. 

The most fovorable feature that ~ IMULAG7 offers us is 

the YLillty t o syntactic~lly construct a <.Ja ta abstraction ns 

a wel l·or~anizcd cluster of inform~tln n . This cluster 

consists of a low0 r level rcprcscntJtion of a da ta type and 

operations ~-;hlch perform functions on objects of this typo, 

plus an initii11 iz ;; tion ahi 1 i ty represented by the <class 

lrndy), The Hase wl tfo 1·1h; ch t h Is ort.an I zat Iona I feature can 

be co<.!cJ in !.ll' ~Ult,67 is demonstrcited t:,y the ~tack bstr~ction 

exar;1plc. In cu r ~lf ;ULA67 pros;ru1J so1ut1on to this problem; 

t<1e \·Jere al, lc tu describe .:i stack type in terms of the 
11

top
11 

und 
11

l,ody" repr1.:s cn tation .:111J four opcrutions \th/ch operated 

on this lower level r~prcsentution. 

The ab i 1 ft}' to use para1i1eters .:JS p.::irt of u class 

dcffnitlon, such as wns used in t ho stack typo def lnft1on, 

~Jso proves useful. For instance~ our use of the par~mcter n 

~-, T th I n t f I e s t cl c k c 1 a s s p r o v i <1 e d u s ',J i t h t he n b r 1 i t y to 

ul loc.:itc Sti:ick ul,ject!; cJynar.1lcal ly. The <cLJss bod~•> can 

olso n1t.Jke 

purposes. 
use of cl~ss naremctcrs for initi<ll izDtion 



Cont i nu i n g •Ju r 1H es en tat ion of the fa vc rci bl c f e il tu res o 1 

SI HULM.i 7, we not a that th ls 1 anE:uar;.e .:i Tso prov J <les the 

P r o gr a mn c r \-1 i t h the i1 b I 1 i t y to D a r t i a 1 l y pro r: ram i n a 

top-down f .n sh I on • r- i rs t, t Ii e cons tr u c t i on of s u be 1 n s s cs 

@n cou r a 1•~ es us to pro r.:. r .1 m I n, th i s s t y I e; s c~ con d; the ~j .r-t!J 11.l 

f ~cr 1 tty perrni ts t he p r ogr J.mmcr tr:i ref inc a procedure \·1h l ch,. 

in turn, c.:in be i nvolcd by ~ 1 i 11~ of code which in T t I ally 

lnvok('d the ulcc r1 11 nrir:.innlu praceJure. 

One f intd po int ln f.::i vor of S!t'UL.A67 

ment ioned. Obvio usly there is no need to ~c concerned nbout 

mu 1 t i p 1.e. s ta cl-: fl r oh l cm s f n cur r c J du r i 11 n our us c of P !. / L 

Ti li s µ r o i~ r .:i 1ru . l i n G f o r t u n e t s a r e s u 1 t o f b e t n r. a b 1 e t o 

reprc sent " 11 s tack II ns a d .:i ta type {SI t-iU LAG 7 cal ts t t a 

c 1 ass ) . I n deed, the s I rn fl 1 l c i t y \·.' i th ,,., h i ch the s t .::i ck 

.Jbstr~ction is cx.pr~ssed in s1r.:ULA67 leave s tha pror,rammc-r 

~ii th .:i f.n.vor.:ib1!2 i ruµrcssion or the l,rnr:ua~~e. 

~tc now present ~ornc µroL 1 crus: one finds VJ hen us i ni~ 

st r~ L/\Ci 7 .:1 s n st rue t ur cd pror,ru1nrn t n ['. 1 ani:uar.c. l\n c of the 

n~ st &l~ring faults oc curs in t he ~re~ o f class definitions. 

Ustnr~ our stack ubstrzict[on cxm,1p le, \U'] note tl \Jt a stack can 

be synt,1c t icn1 l y represented by a clnss d~f i ni tfori; h0\•1e:ver, 

sorac lllil th cm.:i t i c □ 1 proper t i cs of s ta ck s .:i re v Jo l at ed • For 

I n·s tnn_ce., C(lrlS I de r the re 1 at ion be t\1~en ° top 11 and ubodyu sucl 1 

that 11 topu oh-.rDys points to the fl. rst ilvai lable locatlon of 
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the "borly". t n our stack abstract l on, "bodyu anc:1 11 top11 can 

be accessed f r orr, o u t s I de t h e c 1 as s def l n t t I on • ~lo t on 1 y can 

these variables bP man ipul ated by invoking a nyone of the four 

defined oper~tlnns hut Also by simply writlnR such 

express tans as 11 0p@'rator. top 11 and uooeranrl. body [r J II where 

operator and operand are references to stack ohjects and f ts 

some integer. 11y a l l('l\•d ng thP lc1tte r of these t\-10 methods 

for attrihute ?.ccP.ss, we pe rmit the ~hove mathematical 

relation to be destroyPrl. 

Another issue which wn commenterl on e~rl ir.r (see Ch8pter 

~) is the danRPr that can result from t he extensiv~ us~ of 

pointers. Unfortunately, rloPs not ~ive the 

D r or: r a "101@ r the ch o i c e of wl-: e the r o r not to us ~ po i n t P r s • Al 1 

objects must b~ Dnint~rl to by rPfernncP 

lmplyin~ that all obj~ct attrrhutes nre 

the use of potnter v~ria~les. 

variables, th~rehy 

~anlou lated throuRh 

The usa~e of pointe rs s~~ms to he thP reason for the 

Implementation rleclsion that a lf>t,al rissiP.:nment between 

reference v-r1riablP.s bC? cc1rrterl out by "sh;:iiring 11 • For 

exa~p1e, conslrler v~rfables x and y declared as references to 

the same cl~ss ?nrl x re f~r .ring tn s~~P class obj~ct Ren~r~ted 

b Y the f u n c t i on lllU:i. Th<?., t he a s s i p: n rnP. n t 11 y ! - x II a s s i rt n s t o y 

a reference to the ohject which fs the value of x. Thus any 

change made to an attrThut of y rPsults In 8 "stdP. - P.ffect" 
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on that attribute of x. SI, ri ri n~ crin he uspf u 1 ; however_ as 

th~ def~ult rnpchanism for r~fprence assr~nme nts , the us~r 

must be on constr1nt guar rl a~~lnst sirlp~rf r~t s. 

~inally the polnter rssue is further c~~nlicflterl hy the 

fact that the stilt~mr,nt ttref(m)n" Sf!YS, in fret, thiH n rri;iy 

reference · r1r,y suhclriss of m. This unrE>strrctive fe~ture lr"I 

conjunct I on with thf! fil!1!. f .:rit r 1 I tY mP.nl'iS th ;:it any at tr i butP. of 

a class or Its suhclasses can hp accessedl anrl furthermore 

that accessihil fty must procfled thrnu~ h ~ r~feren~e varl~bl~. 

Th us po 1 n tP. rs t'l re just too r.iuc:h an f ntf"!.g:r;:i 1 p.;i rt of St ~~UL/1.61 

for us not to strnnRlY o~Jcct tn t his mr~h~nlsM of th~ 

1 ang u.nr; e ..,, t th r E" spec t to st r uc tu r P r1 ri ro ,r,; r ?!1'l"'l i n r. • 

We now list the tmport~nt pro ant cnn critl~lsms we have 

made of SI tnJL/1.67 • 

.E.!J2 

l) The programmer r~ssPss~s the akflity to syntact~cally 
org~nize a ~ata ~hstr~ction consisting of a lower level 
reprcsentatron and operatlnns onPr~tlnc on the 
representation. 

21 Class parameters ~chr~ve a fl~xibi llty In gnner~tln~ 
objects .. 

3) Subclasses p~rmit the organfzntrnn of prorrams into lev~? s 
of abstraction. 

~) Th~ yrrtual f~cil rty ln cnnju~tlon wtth thP suhclRss 
feature provlrl~s a partl~l too-down prorr~~Mln~ abil rty. 

S} The prog r.aITT11 in~ of the stack abstract I cm In S 1PULA67 
corresponded In eas~ to th~ conc@ptualltatl on of th~ so lutr on 
to the problem. 
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Coo 

1) We can access attrfhutes from outside their class 
d~flnitlons. 

2) Class objects c~n be r~fPrred to only hy pointers. 

3 ) Th@. m rl n rj .ill:!.A fa C i l r t I e s Comp 1 I C O t e th f! p O I n t er j s s u e . 

Qvera) 1 Critique of SiYlJLA67 

It Is lnter~sting to note th~t SIHUL~67 was developed 

before most of the conc~pts PrnpoundPrl hy niJkstra on 

structur~d pro~rammT ng wen~ ,..,e 11 known; YP.t
1 

th Is 1 ringliage 

captures on~ very l~port ~nt proRr~m drstRn technique--that of 

prov1dlng th~ programmPr with a means fnr dPvelopfng an 

abstraction which consists of A dAt~ rPpr~sent~ tfon and 

actions manlriul~tin.t; th rep .resent? t 1 on • rn partteui~r, 

wlthtn the syntax o~ th~ lnnguag~, one dcVPlons a class 

consfstlng of attrl~utes-- dat~ ~nrl OOPr~ticns~ 

Unfortunately; $I .I .ULA6 7 st i t t frllls short as a 

structured procra~ming l~nrua~e in the followin~ resoe~t. 

Oata attributes. w~lch ~ake up t~~ lower level rnprPs~nt~tion 

of an ahstr~ct dat~ type, Hre ~ccesslhle from outside the 

class defrnition. Thus the r,ro.l'!rarm1er r.,11n m;,nlr)Ul;,te thesP. 

attributes In fact h12 sho1ilrl h.::ive no kno\o~led~e 

concerning thP lnwc r level r~pr~sentatlon of ~ d~ta class. 

The potnt should be marlr; howev~r, th~t due to the clean 

syntActic reor~sent~tlon of~ cl~ss, rt see~s th?t thp ~bove 



fault could he corr~cterl 

compr1ation If one trres to 

h y s r r;n ~ 1 1 1 nr, 

access a dat~ 

outsrde its resnectlve class definition . 

~r, error durlnr,: 

at t d butP. from 

Th~ unfortunate design <lecistnn to access objects 

through potr11ters Is not so e;iisi 1 y corrr.r.tF!rl. l\s \·1a,s noted 

earl (er du ri n r, the d t s cuss I on of PL/ I ( r. h ;q, t e r ~ } , ~ po i n t er 

h dfl t ;i ' s answer to th P. c ('fn t ro 1 ' s got <:i , Espe c i n ll y s t nee i:tl 

do~s not explicitly s~y to wbat o~ject a v~rlah lP ~~Y point, 

ft hccomes difficult at timPs, for tnst~ncn durin~ the usAge 

of .91!11, to tP.11 ,-·'hPre \lie Ci'lr'IC from In or:cos s 1 rip; a ?: i ven 

ohject. 

The vi r tu9 1 fact 1 it y of SI tAULAli 7 2'!nd t hfl> us.ap;e of 

subclasses prove usC1fu1 in prop.:r~mr:iin& t<1r,-~own hy levels of 

abstraction. Concerning subclasses, fi~. 7-2 rlcmonstr~tes 

the case hy which we e~n code the 1in~~r 1 fst ahstraction tn 

S1MULA67. This orrgram rles~rlhP~ st?~ks, qu~ues, anrl 

dr.aueucs a 1 l ;is l i near l T st s \·.' i th ~orl l P.S hut \•1 i th r1 ff f ,e rent 

list mnrkers (e.r. top, frcnt) pnrl rllff~rent op~ratfons~ 

,ndr.ed~ it se~ns that re~lrcilng the rcpresentatron ~n~ 

organ i z?. t I on of da t~ ahs t r?ct ions, the rle s T r,:n~ rs of S H•UL.A6 7 

should be pr~1sPrl fnr the! r insiyht. Th~ languare provides 

us w I th a p;oo c1 found a t ton for th P d r v ~ 1 o nme n t of ,1 st rue tu r r. rl 

prog ramm i ni?; l ;inr,:uc1&e. 



cl ,:JS;, l i nPilr_l l st(n, ~.d .; inlg1c.r 
!~,: ~; • c1 £:Jliu:. sir ra.:t t<..Jc.l y[ n: ;_1 ; 
~ line3r_\i5t; 

l iric~r_l ist cls1~s stad:; 
l;cs:io intr;r,er top; 

J) r cc c J qr r,~ Push 

~ stack ; 

1 i n c zi r 1 1 5 t cJ..lli'"" ~ u E' tie ; 
l;..c~ int~-;r,s;,r front,rL2or; 

br9c1.:clure ~ntC!r 

\incar_\\5t cJ,,,,.,s:: -.•cqw!ue; 
t: ,: ;; LU i •J tJ1 r,,; r l cf t c:i0 s t, r i ~,ht1Host i 

, 1 r"UC'.!,.(Jd I' (: j n !.>~rt 
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L.Or :c LUS I or J 

The r,urpo~c of this thesis has ,ecn to study various 

pro r, r ilri11.1 i n::; anr;u.:ir;{! s for t1 .10 rcil sons: 1) to sec ~1 ha t can be 

\ c cir n e d f r O J-1 .111 a 1 '/ . i n ;: the us c C) f the s c 1 an g ua cc s i r, 

conjunc ti on ~-:i th ,J struc tur ed pro[.'.rcH 1nl n g methodology; 2 ) to 

u e t e rm t n ~ i f t t l s n cc e ;; s a r y to d c v e 1 o ~ a n en•,' 1 an g u ~ 6 e f o r 

st r uc tu r c rJ r r 0 c r m.11 ,i i ri r; . The success of these l anGuar;cs ho s 

~,cc n 1•0..:is u.rcJ i11 t!2n1s of t :af r ab i l lty to r 12 r1r cscnt a ~iJti3 

·.-,c \ 'i.i nte~ cl lan g ua~e to support a type 

Uthe t1tdlity to 

dc scrTbe .:rn L1 r1 1!0 r 1 y i n;; rc-rr .]'sc nt<-it i cr, 1.-: il ich ,·ou l J ':-e ,.mkno1-,m 

to~ user uf t l1.: t t)• pe; 2)d .·,etllod uy ~)t:ich r)p.cra t ions could 

~c d1::fined \jithln tl1e i:1b str"'ctlon. 1 
.. 'e il 1 so j w.Jt:;e<J the 

t t c.• r, 1· o L, l r.1, , i1 t h ,:rn rJ • 

~ /(~ I. ,:, r: l n t I , i ~ s 1_ ct ion : , y s u•; r: ;;• r i z i n .•-. ou r r i n ti i n .~ s ft ) r 

r '. .:i c. h \ ~ t1 f~ cl u C c • : 'L / I ',· .-1 s th c f T rs t 

to cons t r u c t tJ i;J ta a IJ s t r .:i c t i c.,n s ., 

i r: f tc.J the 

The stncl~ 

a iJ st r .:i ct i <; n h .:id Lo [; c• r,l r o ;: r ,:i ra; ~c {! as ~1 p r oc c il u r c cons i s t i n e of 

dr1c l ar~1 ti on s ,,n\l en try poi,1ts --cor r cspondin:" tr. t! lo\•:c r level 

so lution lo ti e 
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stack ahstrnctlon (I.~. one able to h~nrll~? mt1ltiple numhcr 

of stacks) b~came a complex pro~r~~ th~t w~s ~Ifffcult hoth 

to writ~ and to unrlerst~nci. 

For a 1 l of its Pl'.'wie r, then., PL/ I c.1nnot h(' used as r:i 

structured prograrnmTng lanftU?,cte--lts most b<1si~ f .i'l ult heing 

that of restrktin;c; t he r,rogrc1rrmr.r tri cP..rti=dn data typ.es. An 

attemrt to circumvP.nt thfs ltrr.it~tlon t'l"'Slllts in a pr,ogreiri 

that do~s not reflec t he conc~ptual slmplictty of a prohl~m 

sotutlon. 

The lan~u~~~ Pesral w~s re1~tively simol~ to unrlerstand 

and use; furtherriore, it provT~ec' us with thn ;,.blltty to 

construct dat~ types. How~vQr~ this construction w~s 

basicnlly syntactic Anri not se~antlc he~puse we cnuld only 

descrthe a data abstr~ction in terms of a representation. 

The oo~r~tlons wrr~ ~e tnerl s~par~t~ly from the type 

definttlon. 

ru~ to thts rr.striC".trcn, our st~ck .'hstr~cticm could 

on 1 y he p r or; r a rnii, r. rl a s fl d c f i n t t i ci n o f t h <' ci n t c1 t y r:u? s t i'I c k 

followed by procedu re definftlnns whi~h operntP on a stac~ . 

Unfortunately t e rnsult coul~ net br considered a 

well - dcflnerl stack abstr~ctlon sincP th~ rlPf i nltlon was not 

closed. The repr~s~ntction of the stack was totally 

accessible from anywherP in the pro~ram an~ thus, ooeratJons 

which mani~ul~te the un~erlyinv r~~r@sentatlnn of stacks 
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could lie ,H.lci ed L y d llY use r. 

Pascal is ,1 0 i mprovement over PL/I in that it a lloh·s t h e 

construction of 

however, th;:i t P.:Jscal 

p ro ~ r ~rnm i ng 1 ant, uai:;e. 

types. It is necessary to conclude, 

is in~ppropri~t c as u st ructure d 

Ell ~·rns il PO\'/Crful .. 111<.l complex lan,g,uar;~ th<J t introduced 

s c v C! r a 1 use f u 1 con cc pt s . I t c P. rt u i n 1 y r., e rn1 i tt e d us to 

cons truct Jnta typos anJ ilnalyzc thcs~ types with tho GENE~IC 

fucility. The "~:
11 

oper.:itor" \1 hcn used In conjunction vJith a 

d.:it;:i type dcfi t1ition, zl lm•1 ,cd for the construction uf n t.!ata 

,1 b s tract i on cons i s tf n L o ~ 

\·1h i ch nionipulc:tc the n .•prr:::sent~tion CJf t ha t <h: fi11ftlon. 

Us int; tl1csf~ fPaturcs,. ~:c \v~r, ubte to construct ;i 

p r ocr~r:1 solutiun tQ t he stack abstrac lori, 
The unfortunate 

µroblem ~-,as t !:,;1 t t :c uncr?ticns ~1hich r.,c:mJpulatcd stacks hud 

to lJ0 \tri tt cn in Len is of certain s 1·stcm routines (e . J.:. 

co11ver-sion , selection}. lac h oper.:1ti 1.H1 wou l rl then be: invoked 

i rl p I ii CC O f t he CO r· re S 1J O 11 U f O £; S y S t C fi l ~ cl C f r ll e J r OU ti II C • Th j S 

pro :r.:11:i,1 d nr, res tr 1 c j on ;11.:idc the r)ro ::~ r ~1r., difficul t l,ot h to 

co 11 ., t r u c t cJ n <I t (. 1 u n ( k r s t .:rn d • U ~ J 1 so no t cc! t h ;:i t b ~· us i n 1; t Ii c 

•1ystcrious Lrn.'Er '. fc.:.itu ro, the lCJ\·1 i::r levE": l r r.r.ircsen t.:ition of Ll 

stack vari,.b l r. 
•,10s ~cccssi b lc fro·11 outside th e stLlc k 

uLstrvction definitio n , 
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The ability to constr ct di!t.:i allstr.:icti[_lns in 1,; Ll ts an 

i s s u c th a t w u s con s t d c r c d by I e E. L l d c s ; ~·. n c r s • T h i s f ci c t i s 

cvTdenccd l,y th~1r introJuction of the •or,cra tor. 

usc!r ~,hen constructin-; .:.i data ab~t r Jct1on makes it J ifflcult, 

if nut irnpossililc (I.e. t·:hcn ••lore than five opcr.:itions 

cxi sts}, to dcsi ir.n a r.iven ubstr.:ic t ion .. (ll in 1 ts p resent 

riadc to investig.:ite l1ou ce rtain chanr-:Gs to CLl could :·:akc it 

appropr 1 ate fer structured nro .~rari~ri i nr . . 

Sl~lUL/\67 l)rovlJad us \·: ith class definitions \•Jhereby 

objects of n 1~iven cl~ss coulrl c crea t ed ~nd referenced. 

l\ssoc l atetl \'Ji th e.:icl1 obj cct were cert at n at tr; butes def I ned 

by the class to \Jhich the ot..jcct I.Jclon;-,1;d. Thcs~ .:ittr ibutC's 

could l1c vic,rcd in ten. is of fl lo1·H..: r lcv 1 rcpr~St!ntatlon of 

the objf!Ct 

ref.He ~unto ti on. 

A program so lvin n t he ~tack ~bstrDctlon p roblem w~s 

constructed in ~ strair,htforward way ancl reflected the 

c 0 n cc p tu il 1 so \ u t i on to t h c prob 1 e In • ~ l a c i~ obj cc ts co u 1 d t hen 

be generated ~nd rcfcr~nccd. Unfortunately , we found th~t 

the reµrescntatton of stack oujccts ~-,as accc ·sstiJlc from 

outside the c lass uefinitlon . 



The concert of cla~s dPflnrtlons cPrt~r"lY srems 

ana lo~ous to the rlPfr nlt ion nf rl~t~ ahstr~ctf~ns. It Js 

lnterestln~ t~ nnt~, t~nu~h, th~t t p d~slPners of Sl~ULA6 7 

must not h~vP th~urht of class rl~flnftfnn ln the sa~r ~~Y 

that we vrpw a rl~tA r1~str~rtfnn. Th~ h~sic rlfffprpnce Is 

that a class Is vfewPd as h~lnn dP.frnPrl hy rts ~ttrlhute 

l r s t. Th f s 1 I s t 1 n <: I u (f P s p ~ r a P'!'lP, t r:- r n r1 ('1p s , s f rr1 p 1 e v a r f .? tll P. 

nam~s, and procerlure TrlPntffr~rs. A ~atA ~~str~ctTnn, on thP 

other h~nrl~ Is t~ou~~t nf ?S ~rnsfstln~ of~ low~r levPl 

r~o re SQn t ;it T n 

representatJon. 

OtiPrat Jnns which m~n i pu, cl t P. t hP. 

Th,-. SO'UlflF7 vit"w of thP. c ?~ ss fi~flr-itfnn Is thP. ~c111sP. 

f(\r C'lUr- ol--jP.ctlon to SH~ULAG7 ~s ~ strt1("'t11rl"'f pro~r?mmlnr: 

s~ not 0nly Is 0nP D~rmf tt~<l to lnvoh• ;i clr1ss-rl.<>flnPd 

orPr~tlnn, hut on~ Ts alsn ~,1nwr rl tn ~~rPS~ ~ny rar t nf the 

101-.'pr TC!v P.l ril"lscrfr, . IC"ri of th..,. ohjp,r--t. Thr T,Htfl'r vlnl~tes 

n ~ nf our strurturerl pr0Prrl~mln~ ~rltPriA. 

Supnnsp t ~t WP cnnsT~er the followfn~ ~UPStton: ff 

on 1 y a P e r a t o r r1 t t r r h u t P. s VII~ r P rr, ;i rl P r1 v <1 r l ;1 ~ 1 r> ('ll1 t s i rl F> t he 

class i1ef In rt Ion, 1-muln SH•Ur..Afi7 J-.,.p sur t;ihl p ~s a structlJrprl 

pror.rr11t1mln.F. lnn,rw ,,r.P? f"ur h,..lfpf Ts th,3t this rl')str l ctTon 

wou?rl hp r.l slrrnTr ch.=ini,:P to t"'P ,rinvu;-p"r, r1nrl thr1t ff th,p 
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answer WP rP. yrs, th""' n SI ~•u t. f,, o 7 t..ro u l ,-1 nu;:, 1 I f y r1 s ~ st r uc turn d 

pro~r~mmln~ l~nFu~~P. 

f1orrls{2P:) nrovld~s us with S<'l'l"f' fris. }f')•t Tnto answP.dn~ 

this qu stinn. OnP of the most ~rrlous ~lfflcultl~s whlch 

arl ·ses Tnvolv.-.s hln;,.ry nr~r;itlons, for 

Conslrl~r the prokle~ o~ detPr~lnTn~ ~hPt~~r nr nnt two st~cks 

ii r r e owd • \Ir• ,··o u l cl l I k P t (I d,.. .i= i n P u P nu~ 1 11 .t'\ ~ .;i,n 0rH~ r in or 

within the class dPfinltinn for st?ck ~TvPn In fi~. 7-1. 

Wfthout ~aytn, ?ttPntlcn tn thP a~nv~ ~C~P~S rPStrfctlnn, t~e 

prop.:ram C'IUt 11 nr--i T n f 1 r-. 8~ 1 ,•r('ltil rl s ,ol VP. tbP. r>r""hl ~ITI. 
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class stark(n}; tntPePr n: 
bP,.gJn T □ t~ll!_ trir,; [ ] 

iliL arr.f!::i'. h('lrly 1 :,n ; 
proce<lurA Dush 

... 

. . . 

. . . 
Jloole,.ao. prncpn~ur~ C'CU<'ll (x); ,ctl(st~c-v) x; 

h~g T n 

... 

J.i. tnp -t-· x.tl"lr th~l! rc,u.211 := fe]sr> 
~ h~r;t 

P.o o l ~an I"! rr; T n.t ~ e P. r I ; 
f: q : ~ ~; 
~ : ~ 1; 

wh I 1 P I iton ;o, err rln 
heglo. 

"<1 := (n,,rly[;] = x.r-orly[iJ); 
I :== 1,..1 

~ 
eriual : .. e<l 

~ 
.e.ru:! P <1 u <1 l ; 

f..DQ sta<:k; 
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T ro oppr;1tnr 

UP.qua 1 11 , f n turn~ rP t urr, s the Roo 1 i:1m va h1P t rU•P ff the 

stacks are equ~l 

abov~ i!r.cess rf' st r I ct I c"'n • In r.ontri!St tn thP solut fon just 

pr~ s entf>r:! ~ 

rnvnlvl!"IP-

"IP- ? re not .:1 l l m·t,..fi tn use ;ln y •P.Xl1 ress l 0ri s 

ux.tori" an~ 11 K.h or! y[t] wTthfn thf' oroceciurP 

uequa l". Ins tt>e d ('~ \·'Ir ft l nr: 11
X. t('lri u, l'/P r:nu 1 rl cnn st ruet ;rn 

OPPratnr nar,,r.>rl 0 s ! z~ 0 ~uc~ that wren •.,e •·1r I te "x. s 1 ZP"', the 

vii ·1 UP- cf 11'x.. top 11 

11 x . h oc1 y [ 1 J u, wr 

In or rl€" r re.p 1 ace 

then the s ti! t.P mf'n t II y : = x. <":rr,y n wnLi l ri i nvnk-r, "c0oy" wh 1 <".h; 

f n t Urn, ,,.l()ll l d COPY ti· ·~ Uh r, rl Y II Ii 1 i n t () h ,.. ? r r ex V ~ 1r t ;i h l e, 

It s nul ~ !--r 

the 11 sl;z;f'u or,Pr.itnr . This mrthnrl ~f solut ion ~ h~wPvnr, 

lnvolv~s makln~ ~h~n~~s tn our orl~lrPl ~~flnltlon of th~ 

stack ;i ~st r act I on mr-- r~ 1 y to f pr. 1 i tat P t 1-,-. cons t r u ct i C'l n (' f 

"cQUrl l 11. 

hPc~USP lt Ts hot~ ~nr~ c0 nllc?t~rl Anrl l~ss nf~tciPnt t h~n 

the orirdnfll 11ror.:re1rn r:fvPn In fl1"' . .8-1. 

n~in r. our 



prev I ous ~xa,,,o le , w,., 11 e 1-rp \.'1ou, rl nnt /i~ rrn rt the usr of 
0

t. top'' outs I ~e thp st ilck c 1 :is s , l t \•.•nu 1 r1 '"',.. A-cc~ritAb 1 e to 

write "x.tnn" frn!" wTthfn . flf ~oursP., tfirs ff"!aturP. vmulrl 

Tnvolv@ ch~n~Tnr thP l~nl ~r'Pnt~tl on tn ~Rnrl1P t~rs p~rtfru l ?r 

cas~. Ev~ n so, ,t SP~ms th~t w~ coul~ lm?~ln~ prnhlcms whPrc 

the orl~fn~l ri~t~ ~bstrArtlnn woul~ h~VP to hp AU~~Pnterl to 

en PensAte for thP. D~rtr~ , ~~cPss tP.strlctf~n. 

The Point to ,p PmDh~slz~rl Is th~t with th~ ~CcPss 

restriction, oppr~tlnns wf th n class rl~flnltlons c~n only he 

~eflned ~s un~ry no raters. noPr~tfons whfch are hJna ry 

C s u c h A s u ~ q u ., 1 
11 

) t, r, r om P. d t f q c u 1 t , i ~ n r, t f n,p o s s i b 1 e ; t o 

oro~ r ~M or r~oulrr th~t ~rlrlftlon~l ru lPS hp ~~~Prl just to 
ht1 nrlrc them. 

AnothtH ornrlP 1 P.ncountP.rPd fn Slnl'lflf,7 ,s tfic 

fn T l ow I n?. : I\'~ m J ~ f, t ~· • J s r- ;-n r n r t ;i 1 l C'l r,. r ;i t t on s to p 

P-xtern?t1, t h.it Is ;i~c-PssP,1" +rori th,-, oiitsr~.r, of thp cL,ss 
rle f' r n ( t T on • 

l'Hthfn Tts clc1ss rl".!flnlt!nn ., 1·:r l"llr:1--t C:<"nsfrfor rlr-~rnfnr: ~,n 

"er ro r
11 

ri rr:icf'>rl r,rr, l·.1h I r.h cou t rl h,-. c;i 1 T '°~ f rn,.., n11s h .::1n rl por, If 

we try to r~fl"'r tn A stA~k horl y lnc~tron w~l~h Is out of 

hounds • Nh r 1 c t 1,"' r n I s r1 n f! r-- rl to rp f- r r o II p r r n r 
II 

fr nf'1' 

wfthrn thp class rl,-,flnftlnn o~ st~<"'.:~, t~P r P ,s c~ rt afn ly no 

re~son to PPrrT1rt 
11

f' r r.:-,rti frrw, hnln~ ar::r:r,ss~rl outs f rr,, th(' 

cla ss . We shoulrl hP ahle to soerffy suh r~utTn~s ~s h~fn~ 



Thus Sl~ULAG7, rven wit~ th~ 

l lmltln~ outsfrl~ ~r:~ess tn oper~tors, 

to be completP.lY sultcihl~ ;is .=1 

1 anr;uap;P. ~-Sh I 1 ~ SHAUL 1\.6 7 m~v he ii 

direction, rl 

~t~r~ rPStrlctlon oc 

is n0t fl~xtble ennu~h 

structurPd prop;:r~mmln~ 

st ~rt In thr rt~ht 

lrArned frn~ ~ttr~ntln~ to IISf> currPnt 

l rinp;:ua~es--P.SPP.C I ;illy SI ~•ULA67. nt-- v T (\ll s 1 y 1 th<' ~bl1fty to 

ripsr: r thp ~ <l~tP ~~~tr~~tton Must ~P J CPntr~l ~oncern of th~ 

lan~u~ge des1~n. ~urth~r~orc, OP"r~ T0~s rlrcl~rerl within ~ 

data ~bstrP.C':tton s!--()ul~ hn ciescrlkr,rl ~s r0utines \•1hlr..!-l 

manlpulate th~ un~PrlylnR rrpr~srntPtlon o' thP typP hPfnP 

dP.ftned. (In contrast tn SH'l'IA~7, 
11
eou;d" WC'luld hP 

constru~t~rl usln~ two rar~~ptrrs corrPsron~lnr to t~P 

un~~rlyln~ rrprr~PntPttons n~ st~~~s s ~nrl . } ~l sn within a 

typ~ ~hstr~ctlon, nnP ~ust hp ~hlr tn srrr!fy w~Pth~r nr not 

a given op~r~tfon c~n hr 

ahstraction. A l;1nr7u;ire 

necessary for us~ 

nutst~r 
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