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-Abstract 

Abstract data types·.are the basts of an~ methocklhgr Of anputer ,,.,_mmtng. The 

onty existing languages supponmg ~tJ'Plt d.tsldlJ,;,:CIJ;J ;Cfld.·aauta. -both require 
', : '"'.,, }.J;,..: t,: . 

compacting garbage· collettien, ·and thus: they are ~ •rlMllle •for 'fllltftf applicatJons. Thts 

thesis presents the design ·of ·a new. tutpage iMor,,_.. .....u~ -types;_ the langu•~ 

requires only a run-time.act., and not, . .ptbqe C0111ctton. ''T'ldt"IIIW~ called· ASBAL 

(for' "'A Stack ·.B-ated Abttractian: Lauguqei, is ... •<.cUJ,..S:.IMlr...,s;tumany features 

as possible directly. from It. Vtrtt1ally ffff)' ,tgmfimmt ",.._ of' .CLU, b arrted. ·over· Into 

ASBAL ·-in some i~. tanci' ,ex .... s·'•• ·tffciilit· ..... ~·~•'Y· 1
P~- aample. the 

maxi~m-siieo( ot,~:~, an .,.;ua'ts RWvicf~ ~ 1M slz~ 1para,,.rs to . 

types. ·Also, ·a '~Hmtt~--'f'a~ftty for ~ ..... :.,•t.r'1tdt.5'i\-~ in 'ASBAL to 

comperuate for the removal of a prbapt--•·,-,. ·-rw.:,__, .• , list and gr.,_ 

m.uctures to be built -Within- the fmnewark of .the•1'11111JWMle .. ,_.... .._._.. references 

as•a ~side~fect",·Of CGl11pile,...,_ type dl«ktQg. 

Name and. Tttte of Thesis &upervtsor: 'Barbara· H .. Liskov 

·"AII\Odate, Professor of 

·: '. . . SGIBAc:e .and Eng tng 



A.oknowl~ment■ 

This .is the appropriate place to thank some people who_ were generous to me while I ·worked on 

this thesis. Let me first thank Bob Schetfler for reading many terrible drafts; ~nd giving 

detailed and -helpful cOMment& on them. TM thesis'· darttJ has been''fflddi: 1ntproved by his 

work. I_ also appreciate the drawings and proatreading~-;l,J ,-y,,-if., .,....,_h Abbott. She 
•• ~· " • ,.., ·;: .·• ... • ' ' • < " .. • • 

produced . excellent figures in a rather short time-. To all. ~ of tht Programming 

M ethodo1ogy Group, thank you tor your friendship a~ -~~ your idea~ and dlcussions. 

Several of you listened patiently to many,,ftalf-4,ued tded'tncUMtped me separate the wheat 

from the ·chaff, and I appreciate your takiog)~ .time. to ~ -~- f---.-J --•nit the National 

Science Foundation, which has supported me u a Gra~te Fellow for the last two and a half 
•!, I 

years. 



. . .. :;r-,'c· ,1:, ·.·, •·•:-iY :-·'. Ff!· · · •! ................................ ~ ......................... . 
~,.,,., "t' 

Ta'.ble of Oeatab 

I.I. 
1.2. 
1.3. 
1.4. 
J.5. 
1.6. 

M·etivatiOII · ............................................................................. ~····~· ............................. ,. .. _,.,. 
The Coal ............................................................................... · ............................................ . 
CLU :,.ltd C8"f'b.aee ·~-............ -•'t: ................. _ ............... ,. ................................. ~··· 
Our Appt"Ndt . ; ................... ·~-................................................ · ............. °'! ........ ._ ...... ,. •••••• 

Relatecl Wwlc ................... ~ .................................................................................... ~ 
. ................................................................. ~ .. ·-····••····· ......................... . 

a 
4 

9 
10 
JI 
12 
12 
13 

2. Bado ·Conoept~ ............................................................ 14 

Pfdlesophy of Objects Hd Variables 2.J. 
2.2. 
2.2.1. 
2.2.2. 
2.2.,. 
2.2.-1. 
2.3. 

. .................................................................... . 
V a·riab·les in ASBAL ........ • ._,. ................................................................................... .. 

Dttla.ratien1 atld .Na11t11 ............................................................ ~ ........................................ .. 
Variable lnttialtla.tiaa ..................................................................................................... . 
Consta11ts 
Scepencl 

. ............................. ······ ............................... ~····· .. ·· .. · ........................... •·• ..... . 
ttle Fw111 of' AS.IIA·L 111111111• .................. ~ ......................... ,. .................... . 

Pf'tlCe!lllu.re 1.~ ........................................ ~ ....... ~ ...... '11 ....................................................... . 

2.,.1. The o.wf.ffellt eta..-. ot A,_,. .... u ...................................................................... . 
2.S.2. A Si·lli:pll! Sdtente .................................................................................................... . 
2.·33, Rt!t:11-rnlfl:C -"~ •a. P~ V..a.11111 ..................... tt••··· .. ············••·•• ...... . 
2.S.4. Multiple "Rft41r111 ............. ~ ................................................................................ . 
2.S.5. Al1a5ing ............ · ........................... _ .... -....... , ...................... ~ ............................................. . 
2.4. Assign•ent ...................................................................................................... . 
2 .. 4.1. .Muft.iple· A-..~111e11-ts ......................................................... : .. ·················•· .. •••• .. •••••••• 
i.4.2. ~laAtlolts wttll latttalilltioll ............................................................................ . 
2.5. AcceH :to Ce . .. ti of-Git~ ............................................. · ................ ._ ...................... .. 
2.5.1. Exa-,les -of~~ .............................................................................................. , .................... .. 
2.5.2. Summary ......................................................................................... , .............................................. . 

.. 
15 
18 
19 
19 
20 
22 
22 
24 
24 
26 
27 
28 
31 · 

n 
J2 
58 
19 



• 

¢>•.. f 

.i.s. 1·m·p1ement■f1~ ..............................•............••.•.•...•..•••••...•............... ◄e 
2.6.1. Variables ......•. ~ ..... ~ ................................................................... !.; ... 41 
2.s:.2 •. Sf'lectiOnl ... : ... : .......•.. ~ •• : .•• ~ ...•.•.••.•••••.•••••.• ~ •••.• : ••.•..••.. ·,,-.· ........... ~ •.•. .-•• 45 

• • f, - • ' • . . ' .... • ~ . • " ' 

2~6·.s. Nested Bloc:k1 ........................................ ,,,, ...... •~•···,. ... _ .................... '. ........ -t··· 45 
2:1:1. Clteclclng' tf Varfabla are· fiittlaltlal ..... :~." ............ , •. ~.,. ..... ~ ............. ,. .... 45 
2~&:5. A llaiiiftlT .. I ••••••••••••••••• : •••• ~~-:::;;: •• '''!·•-~¥••,···--·, ... ~,-·~•1••··~·-:··· .............. 48 
2.6~6 .. Summar, .· .................. ··························~··~~~ ... l•V~• ... •"!··············~·· 47 
2:1:, · P~raQiMln(""' Exa•ple. ·~•-•· .... ~ ..•.•..• ~········~~ ~ ~ ..•• : .•..••••. ,:e: ... ~,i~····•,~···••_.• .,~•. 49 
2.7:t. Boun._., ~ of liitecer• .~ ... : ................. mm,t1•,t•"""•t••~"'-. ........ , .. ~·•" 49 
2.7.2. · The: -w.,,.nta,:1 .... :~;~ .. ~ .......... : .... •····~······~·!~--~~•.~~.··~····~,-···~!·~:••·~··,~·· so 
2.7.S. The-Operad• ................... : .... :""~"'•~•~~,,,. . .,.,~,.•·~~"1'0:,• .... ~~--; ••• ,, ..... + .. 51 
2.8. Con~lu•lon• ·.~~·~ ................... : ..... ~·.-... ~ ...... ~••,:~~)O•.•:,R,••<l!'•o•• .......... , .. 51 

t \ !· 

3. Two Bxten•lona •~~ .. ~ ........... ~,-,,~~~••,----~•"•1t••••--•-- &4 
~ 

5.1. ltel'ators ···············!•··········~·····~·····~~········ .. ········••.•····••.•••.•·•~·~•.•,•:·•··•·~·· 54 
9.J.1. lmple111enttni lter8ten'for ASBAL' ..•••••.•••...•.•• , .•.•.••.•.•••................•. 57 
~-1.·.~· . S~m~~r1 : ~.~ ·~·..:·: ~-~ · · ·c· ~.~ ··~·· ~ -~ ~ •• • .. •• ·•--rtr!Jf~,rir••~•••,~';•t'~.,,•~~•,~-'••••a:~•~~. • ., ~~:• • SI. 
1.2. Excep-tlon H~lldHffg . .• • .• .• .• . . . .• ..• .••••••••••••••••••••••.••... .... •• ••••..••.... .• . • • • . . . 59 
i.2.1. Ex~tkm ·ua_a,c!li-, _in_CLU -·~~ .. ·•!'":~t.:-n•n•,••.-~,•"19,:;."'V.:-U-··•~,.,ol ...... _ •• 59 
3 .. 2.2~. ~xceptin -~~lt!'S in .. A~IAL ........... ~ ....... ~ .. , ............. !,.~_..,,.. •• , ............... 61 

S.2.S. Summary ... ~························•···~···················•······~······-···················· 65 
3.3:., An, Ex■,~,~. --~~~,~• of ~ ..... }A·~•-·•~.•1:~~·••~~ ...... ~,.,~,, .... ~ •.• ~•~ .. 65 
!.S.1. The lteprele'atatio11 ··················••.~············ ......................................... 66 
!.S.2 .. The (?_,S.•.•~~~~ ·············•······~···············•·-·•-:•·••···•,,i!•~•~~,-•~••.•·•·-.,•• .... ~··· 67 
J.4. Su~~•r1 ·.········--·;···································••,•············•·.•···~··~••.•~~•tt•~·······• .... · 70 

~, }~1 i·· 

4. Parameten ........... , ....... ,.t-.•.---... .-.,~ .. .-•••••!•••••••••~••,• 71 

4.1. ParAmde·,. in ·tLU •.•..•••••.• ~~ .• ~······························•·~· .. ••••••· ...... J ••••••••.•• 71 
4. I.I. Param.~i'!:s to Typ~ ·J?~fl~·IUon,1 ..... ~~ .......... :.: ...... .-..... ~~ ...... •••~t~•·• .......... 71 
4.1.2. Restrictions ·••;••··················,···••.•················~·········• .. ~:,,,•·~·••.•······~•le•=·· 79 
4.1.3. Parameters te Pr«edvra aad i~~ .... t••,,,..-:-~·.,.~~ .. , .. ~···, ... ,.,u ... ,." .... 7.f 
·4..1.4. Othe; ·IC:tiids o1 Parameters .· •••• ~ •.•.... · ••• ~ •..••..••.••••••• , ........ "·~··,,.-:••···-~··,.········· 75 
4~2. Parameteri. ,_ ASBAL ... :~ .. :~'· ... : .• : .•. ~-•.•.... · •. ~ ..•••••••• ~,v ••• _, ••..•••. ~.,,. ...• :9~:-••······ 75 

4~9. 1'he Size Pai-ll~dff ·Mec11anlam ~~··················~···~•1t,~~-~~~•·~~·•···········~•.•:•• 77 
4.J.1. -·s~ize'.Spec'tflffl : ......... : ......•.... · •..•...... : •..•. ·~··~····································· 78 
4.3 .. 2. ·The ~i~~· o~if«f'fPP;t,•'~~•r! ...... , ......... , ... ~~,. .... <!·••~tt~••,-~O'f-<1u• 79 
4.t.j. It Ow 1'Ji>e Speetf icatlonl- Ire Uicil ........................................ ~......... 80 
4.4. ~ ~ ~~•,9!!1j1:le _ C~ater • ~~~~-· ..•.•...•. _ ...••• , ..••.• _.•_ti ••••.• ~ ............ ~:~,.,. ...... -; •.•••• 

4.5. lm-pfementatlon ················································••.•··••.•···~•··••'tt;9"-"•····••·· 
4.S.I~ '1tqialar Pafa111eters .. : .............•....• .'~ .••..• · .. ~_.._.~•·······••,•···········--••!••··•··~•··· 
4.5.2. lmpiem!'ntini Size Parameter, ••.••••.•..•..•....•• p •••••••••••• , ......................... . 

4.6. Analjais of Costa of Siu Parametert .' ........................................... · .......... . 
4.7. Sum~•ry ···················································· .................................. . 

88 
91 
9S 
95 
95 
99 

5 



6 

6. Areas and Pointers ·••·••················· .. ···············~--······· 100 

5.1. 
5.2. 
5.3. 

A r-eas .. ~ ............................................................................. ,, ••••••••• •.. JOO 
Pointers ............................•...•...............•.......••.•.•••...••••• ~~: •••• , ...••.•. 102 

· Ustng· Pointers and Areas· •• -........ ~ ........ ~ .. .., ..... ~ ...................... ~·~········•···~··· 
r.: . C ,· •.. . ;-;". ··, 
·:,.3 .. 1. Ar-ea "ffat-ton ................... 

1

·················•·-•···~-·-························•··•······ 

5.3.2. 
5.;3;!. 
5,J.4. 
5.4. 

. . . ~ 

Pointers· ■net A-reas In R-epl ....•••..• ~ ••••...•.•••••••.••.•••••••.• ~ ••••••• : ......... ,~. 
Cloatnc" the' ~hai:11· .•• ~-•~~: •.•.••• ~.~-~~ •• ~~'..e ........... ~ ... ~·~•·• ............. ,.. ... :-·•~-t!····•··~· 

,, s • ......,.,.. •,,; ... ;,;.-:. :; : .. ; .... ~---~ .!~ ••• ~: .. ;.-•~; .. , ... ~ •••• ·····~··~~ ~••········F····-••tl'••· ..... ~ •.. ··~· ,,. 
r,+' ,'1'• , 

Potnters-alld :i\tta.atas ~ ;; •••• ;. ~ .... ;.ri •••• ~ ••.• i.: ~:~";.r..,.,.; •• ~ •• ~ ••••• ~• .¥.,,, .. ,.~ ••• , ., .•. ~ 
. . ~ . 

-The· CoP7' ~P.r-.le.m~:.,,,.;· ........................ 41 ............... ·~ ..................... ~ •. ~~~ .:.,.,. ....... •·•~ 

. .• "i ·~' . . 

Jm-plel'llalrt:t~ ... 1',--t4llld -p~ ............ , ... ~; ............. ~~; ..... ~···• .. ;-• .......... Jl".,II ... ,.~•~ ... 

Ex:ampta~-~1 f!lltc■a :.; ........ ~ ; ..................... ,. ......... ,. ........ ,. ....... f'••··· ..... · .. ~···· ... ·~ •• :. , ........ .. 

102 
-103 
184 
105 
107 
108 
109 
HO 
U2 

·5;5. 
5:6; 
5.7. 
5.8. £xa1111>ll Twa,,- 's.ta1 ..,...JA~.:] .. f/J',,ri: ......................... :.,v .............. ~•····· .. ••••••• 114 

E1'r1111tple~rel!f ·~, MW T.a- •••••••••.••••••••••••••••••••••• : •••••••• :' ••• : • • • • . • • • • 117 5.9. 
5.10. 
5.11. 

Comparison of Ara• alld Std..._. P"'lmtnc ............................ 123 
S11m11tary •.••• _ ................... -••...•• ;~··········•············~~~ ••••••••• ~ ••••••••••• ~.~··• 12S 

. . . . -. /-. ;,. "' ~ ,':. >, '. ; ~,; ~: :, ,, ' .' . 

S11,fgrstions -f • ·Fttrtlter, Research· ~..... .... .. .. .. .. .... .... .. .. .. ... ... .. .. ...... ... .. •• .. .. •• .. ... .. • • ... .. .. .. .. .. .. .. .. .. .. 125 
Coneltsaions ..................................... :e ............................ ~ ;· ............................................ ~ •• .. .. • • • ... .. 126 

A ppendi• I. S,,n-tax of A89A'L ' 
·······-··-··········-·-... ·-- 188 

I.I·. formal &,-.tax· .................... ~.~ ................................................................................ ~~ .... ~·,.· ............................... · 
I.I.I. M«JC:lule-s ........................................................................................................................................... : ..... ~ .............. : .. 
1~1.2. Parametera ••d R,estric.tiOlia ............................................................ , .............. ~ ................... .. 
I.I.!.. Arguments, Ret11r11s, ·Y~·,aflid.,,,,,.. ;~ ........... ; ......... ~ ...... ~ ...... : ............................ · .. 

St atem-ents ........................................................ ~ ............................................................................ . 
E·xpreuions .................•....•......•••.•.••••.•.•.•••.•..•.••••• ~-.:·:i··········· ....... ~ 
TJP.~ ............................. • · · ........ · ...... · ...... · ... • •· .. ; .. · · ! •· • • ~. • ~ • • • • .. ;~· ....... ~ .. •· • • • ~~:~ .. ; •• •• , ~ • • .... • .. • • .. 

Stal' Types .......... ~ ............... -............... ~ ......................... _ ........... : •• ;~: ........ ·~ •••. ~: .... _ ..... .. 
Qttestion Mark or·Star-Types ...................................... ·~~ .......... ~- .... -. ........ ,. ............. r. 

1.1.4. 
1.1.5. 
1.1.6. 
1.1.7. 
1.1;8. 
1.2. 
1.3. 
1.4. 

Syntactie Saag-ar1 .......................................................................... ~ ....... _ ........................................ ~~ 
R-eservecl W...-cis ............... · ................................................. ; • .'~~ ••• ~ •• ~ ...... ~~··· .. ~~ .................. . 

. . .. . . . 
Term in1l S•lllboll. .......................................... , ............ ~.~ ..................... · ..................... ~ ........ ~. 

,I , -• ~ 

129 
129 
129 
ISO 
130 
ISi 
1!5 
116 
IS& 
118 
138 
1J9 

Appe:ndlx II. :Basto Data T7 ... •~~, ...... ~ .......... , 140 

II.I. Ntttls ,.. . . 
............... 4 ................................................................ ~········ .............................. ~····~~·····j· 

·1·1.2 .. · 81>0leans ................... · ............................................ ~ .............................................. ~ ......... ~ ............. .. 
11.5. lnt~ers ................................................................................. ~ ................... ~ ...... ~.····· .. ·· ....... · .. ,.~--
ll.4 ... ·-Cl,aracters .................. · .............. ~ ........................ ~ .. : ....... ; ...• ~ ............ ~ .... ~: ... ~:.· •• ~ .... ~ .......... ~·• 
11.5. String• . ..................................................................................................................... , ........ . 

. ... ,; 

140 
141 
141 
142 
1.fS 



11.6. 
11.'7. 

Arrays ........................................................................................ 145 
Records ....................................................................................... 148 

11.8 .. Qneofs ....................................................................................... . 150 
151 11.9. Pointers .......................................................... ; .......................... . 

11.10. Areas ........................................................... ~ .............................. 151 
II.II. Procedures, Iterators, and Selectors .................................................. 152 

References ······················•••·••·•······•·······•·····••••····••·•····· 163 

7 



Figuf'e J. Scenar.ie ,o,:Snwplt*lliiatiin ~i;. ............... : ...... .,,--....... ·--··•· 

Fig1,re·: 2·: c·~_.tJl'."~ttie-,~~Wttt,...,.~~;.; .......................... , ............ · ..................... . 
Figure!. A POIStMtLaywt ,_,Suclt,fia•11ta,~ ............ m ................ 48 
Figure 4~ S1u>Cc,M,-r.tlen'~ ....................................................... -.............................................................. : •..•.. 95·· 
Figu·re S .. Tlll---~·,-ca.-:· ...................................................................... ~ ..................... ~ ....... ~ ..... ~ ..... lll ·1 

Figure·&. Tfte--- ·Swt1,1l(Bac'··~ ............. ,.--.-..................... ,~ ................................... t ••.••• , ••••••••••••••••••• 11·1·· 
Figltf'e 7. Al...,•••··ef<a-,\ly:llll:lol/T~ ..................................... , ...................... !·•·••··············· 119· 



9 

1. Introduction 

In recent years .the correttnesi" of coi1tpbter progr~mf'ttas' ~- a topic bf gr~ing 

interest. One approach taken ·to enhaildflCCcet~'-- _'ts ihi< "formuiaiton :c:ff' design' .and 

programming ~tes. 'IOs'hoped dl'at'titt~~·tie ldltev.S by ustttg appropriate 

structure ~nd dl~tn the prograintritWg probm.4!:1'1N~«;.i&stratt' ,l,ua· t7f,ts1 lS: dhe or 
the techniques being developed .. Abstract ;a.,,ijpes ~; ptblfi'Wlig. for 'simplifying. p,:oofs 

of program conectnm.· and'·seem to be lliilffaffor petfii\ef tie Jn progra.~tng and. In 

communicating among themselves about. programi ,,,,. 

I.I. Motivation 

T~ date only two progr.amrnlng langu.&Jes !'•v~.:~ •~~~' that.pr~t•c!, and 

enforce the a~trac~ da~ type' dtsclpl!~ --~~ly m ~.;." ;~a,,1ffl'e::,£LU_ [~~k,P('7Jh and 

extensions to Sim.._ia _CDah~l. !t~~i;;;~; :;,~~ ,~~,m~•re ~e:ting,. g~~age 
collection. The main difficulty wit~ garbage collectiCJn Is the· •embarrassing pause• which 

occ1.,1rs whene_ver t.h·e garbage. collector is •nvolr.ed. · Such a pause ls tntolens.We ffl 1reaf..time 

systems such as operating systems, process control progra,ms, etc. One way to eliminate the 

pause is to use 9arat1,VCS-'5i' o,: · 1ric:.-.diitaf', tia\im. 'tleutsch'16: ,.iartt.771 garbage 

collection tee1mtques. These methods havt1ti. 'i"tttt''bf'~ the 'pause ouf -~·ntfi.rmly 

ov6 the ribr!'"al protesstng time. .Unfortunately, ~ ,..,.Wt p:r~ge c~llectlon pr~ably 

requil'es special hardware, and·::fi thmfcri'.Wf}iUbbfe 'tbi-1i~~.,lbtior1s: e:s~iafly those 

ttlymg. ori ex11fittg ~N. ·1~c~itai ~; ccildlolf~rs· fu 1be.mc,re ·;,~omising, 

but both parallel and incremental techniques for abjects of different sizes <we say vartalil• stz• 

objects> copy from one object space to another. Each space ta·one half of the total free memory; 
. . . . 

thus the maximum amount of memory usable with the parallel or incremental •hntque, is half 

of the actual memory provided. This severely .......,.,,..ipp1ttattons· posilble ·on most 
, , .• ; .. - ·: , · d·-,. ... _/-::', ·':.~.1 1"')~ ·.~.:;/ _;:! ~:fl{1 ;:~./ .... ~ if~ · • 

machines, parrlcularfy rrilnl-.. 'al'!4 .,.~.._ ,h~ ~ •• ~ess .spaces to l)egln 

I. We assume the reader is famlllar with a~ data types.. For those lest.,.,.u -.aecl- in the 
recent literature the following papers may be ltelpfu1: [Ltslr.ov'1. Wulf76a. Liskov75, G~tag'JSJ. 
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with. Another d~ to garbage col1.ttilln"• that the· ■IMHJ -■ .... - •~- might be 
,-~-~ .· - ' .,,·; ,,,. 

a pl"inte candidate, far uaag absb'act ·•• lJIIIL Cl 111t, .... l[et Ip clllu lfllt -b part of the 

~1 manag~~ ,,._ Jf the. h111r• .,._..,•I• t1i; __ ,,.__,.._·data types 

req~ires gar~ge c6cttaG. then.·~ ._....,e111n11 -•;• ..-..~,-: ..-.,.:~or.1 

. ~e m;ght hope· Jttat "~~1-,ct,.caf~-·>,••1~----~•"'• Gellectton 

.~~ be u5ed to wr._ ttJe,,-.r•p....._, ..• ...,,.._ ..... ~ ,,1,. ,1__, ~"4l:' or 

~•~ula: they.~.~"1-~-~--dJ~ . 
' ' • '+ -, 

We feel ttt,at·.~.-,,,. ............. ~•tsn• ..-1,1; ••-~-p~rallel 

garbage coUection mm CGlllpUter hmlwa,e#,, Al .-,_~ff':r-•-.•• • ..,. •ctrop...Mt(l the 

colt of of software ~ it' ma-Jpaf·• 11111 Ible die 111111 u·,.-.,um tc> ha·ve parallel or 

in~r~tal garbap collection, and thtll . .._ ar1111r,11·1l_p11t acl-pa•~·pn,gramming

laAguages · that eate toftwar.e· dnelapm•. :I_,, . .._, •·IIL. .. •••• aid far·giplkattons whl!re 

.c.the'added hardwar:e•cost caftNt-he~ ...... ~,~--,, ; [.;.,.another 
. , . , .. , ·,.. . . . ; . ,, . :..·. :..d' 

soiutton i$ Jn order. 1n tft!s tfteNi .. w.e ··f'l'."l"C a MW .,e•~ ' .. / I ff(. ~• ~ting 
~ ·· \, ·; , . ;~JtJ ~-;',·, ;:•:.~·-; .tt·•.:{~· >, - ·.H:,~.:~ . ·· 

.abltract data typn tn.a R'lllftllll' .. ._.,,. .. ,.._-. • 811• 

We ~ve ca.....- •·tt"1' •~ .--•--.---~tit# .U t,Jn with ~ a 

.,~.un-ti~ stack. ThiJ.sta4_ti.1tmUar.to~.tlNd,J,y~,:.•-~.....,.,_._. ... AJgol, 

. ,, P~scal. and PL/1.2 RattMr . .t~~: ~~---~ ....... ~~1111ffPN-.d ~LU 

as a basis and hav.e, ~~ on .. ~"~ 'f•lfllbP1 ·• ........ ;Mu"11iblt· ·To 

undttstattd wh~ we·ha~dotlelJ~. ,.._. ...... :lf.,,-,., . .r,Ml;fl, :•-. •~~ in 
~LU. . 

.. 
1. Without special ,tncks, that Is .. We fftl,that trieu,-ef ;thts .-t .. ~ '-·pok;led. and an 
~nt soltltten faunllffiat • •rtn ... ;~- .• ·~-~---t ' .. .,; : 
2. For .some applk:aUont .static • ...._ mtpt • ,.,,....., w did :Mt tnwaugate that 

approach. Mown«, 1ee the ...-- fW' furtlllr. ,·iiiiiti.]n ~. iut_ :-,,-.r .r~r more 
CfOfflffleftts about It. : · ·· ·· · · '' · · . · ·' · · · · · · . 



11 

1.3. CLU and Garbage Collection • 

The cotn~idence of several parts of the semantics of CLU makes garbage collection a 

necessity. The baste unit of information in CLU Is an obj«t; Every object has a type. and may 

be manipulated only bf ·the operations of tts type: this Is the key to abstract data types. 

Conceptually. objects exist °"~ly,olJflC~•nfl,ClftC».,..teclare ne\fer destroyed. A 

variable is simply a. ref,,._ to ~- ollj!lct. tbal Is,;•,...._ for tt.; · -It ·js important to ·realize that 

var~bles do .not ~in o\,-:JNtl,· but,.....,t_CJIUed,:;:Mf.,._,iMplem.,..ed by pointers or 

capabilities.. Tw0; .. var .... ,nay mer- to' U.. ,.,...1Jbject ~>we "say ·they sAan that object. 
. . 

Objects may . .refer,,to other obj!ct$. JQ•GOjecf.l·aa be J..,_ by-obje(t'S u well as by variables. 

This is useful in:~uilding-b-.,chkal.,grapa..,:WMltitt,._iltflKttl._ :fvrthe,;more. cyclic data 

strucJurfl .. ~\I, be built. d,QJ, ~--~~ .. . · ·. . • I· i,jll; eot,-'ftce· to reclaim a 11 

,.mused storag~. •· acc.~ .v,;arat,a.,41~~:• •-t --, ..... , • ._. .~ ts ·needed 

to prevent_friag~ ~,-..,.., ,. ,. ,, ·: 

.lfl ~u. 1-fJitPflM!At. ~p..-,pllf...,,Md ~)~.,- results-are au acc:ompti&hed 

b,y tiao'fflitUog ~jectJtf~~ ..,,.,..,~ F•~ ill · 

X :• y; 

the variable xis made to refer to the same object as that referred to by,: The object referred 

to by 'J is not affected in any way .. In tbe ca,e of argumerat puling • almtlar thlbg happens. 

The called routine is gfv~. r_ef~rences to the arg~,,~~, to, it , :hts is .not the same 

as call by reference: the called routine does not have aa:eu IO the variables of its caller. 
• ' o , •• ·.! ~ ,; ·;~'~fl , , .. .: :· r· ., , ' . ',,. 

However, the objects passed are shared _between the caller ancl tl,le called procedure .. Therefore 
' ... ;. -: ,. ~ ~ . ~ .:' (: · '. ,· ! r~ 'f , _..,,_ "'"-J, ~ •· ~'_?'..,, 7" > . ,.,, • • • 

any modifications to the objects will be visible to the caller. 

·Any procedure c~n- create new ob~ at ;l~I. and t"'5e ,objects are stored in rhe heap.1 
• "' _,,,,. __ ··::- ,< ' 

References to objects can be stored in other objects and alto returned to the caller directly. We 

will call the object semantics of CLU the objld"f:t#nl«l ~I,. 
. -· . . ·,.,;. ;· \ .- . 

In sum, CLU objects must_ be a11oc:at«t -~ a .heap ~use (a) they can be of 

unpredictable size, Cb> their size ca_n grqw o•er · time without bcMmd, and (c) thelr ltf eume is 
• • ; ' . • l \. ~ 

I. A heap is a global, garbage collected storage area, like that of Algol 68 [Wijngaard.en771 
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indefinite. Garbace: a,IJatian: is tequiAld"bel&u•,cyclic. stnK.tu,a can: be-·bullt. Compacting 
c~:i ... /•;~~.,~• ;,;,',,/.0 i• < •; ,!~~' -• ,; ;, :• 

g~rbage· collection, must. be used to plffalt f£111E HSFIIM af·II 1■ U~, ...... variable sli.e, 

objects. ar~ used. , . (i . 

•:.•· Our Approach 

CUYs m.jat: ~-·is· t!M~"Gti-~Mlflt. -:notctle\ ~ttented 

vtew., .. It appea:rs·11tat:ta-•~,.W.◄•·tW~ •-~ ...... r:for1pFbage 

cotlfttton;· as· 011111•.111110N,,, :ftt1Mpa,•~1ifl1tt1i~-ff'ill .... ,"wlthlllit the 

~~rienb!d vtew. ,, As wtlliN◄EIILll•ut-- ----~~'th1Ne:rt.111dd~·•rrtve 

a~- is ,a, syncK-. ;of: ~-,:a,.-...~.,., •~t~-.,._;·: SliM'ing of 

objeffl Js··eltmtfta•. _.>ttte,,1ift1tM11''\IIJ!llt •'--~•dlllfite"W-- bf·· '.storing 

•JlcU' in; ~Q!f ... 41_,. ..... ii•••••_,_,.., JIit •• 11ir1'aflrl iii-.iWiefr!J&tt.lbles · 

', ~ ~y l)e.,,mawtpa--~;:o..,, • ., ... .., ·•™··-·l •.z•qra:tiiiiMllill ~~•att.#IJ as 

possible. Weall our,,.......,..._,"A:~J• .. •·••• .. •:--1litQ'inict'NHr·to,:1t·as: 

~ We·~ha-.Mt.W:t F'flls!l.1wtMlfl"tWlliJBiHl■'TP9:tlll,-IU~W1,.-_ ._,.bltt haH·· 

concnu:at«I-. on·t• ···• llmlV...,-Tk"11M.~fUllt1 111 n•l\ilnM1Jdlal?INtilt1W¾ilitf&ulct be 

i'!'proved·fer·a p1Dduc:1••1•ap.,bllt.., .... _.% ... Ol(IIJBflllPBt'.! 'C 

. . . 
• -~ ;\ ,, • • •,,,,:~~ii~,:_'.-•,·••' ,• ... ~i,,.H,."•~·~-~ .. ;•~.~• ... • •~• ~,, .. ,"- ~-.::lj,. ,•J,; r.~~-~ . .:.f:1• ~•,:,,/N_ .. ;;,•,,,,.:~•~ •/~•1

• ; 

The goals of the Alplllrd ~~tletp groupl~ap;ear. to be very stmHar 

to our~: Alphard has abatract da~ t~ .~.~-~~~7~!J ~ • .;:1 
· ~id is sun 

u;,dff. d.,,;,~'and iii.' iiM'dai'i..;; ~:.;~ ~™~"L' We .;;.,,... 
· . :., ~., ,1: "'" •,k i •. : i "'': ,at1-1 z /~l ,;o ;j.,;; t;;1;. nr;, .. ; ... , ~: ,. ; : , 

there will be siptftcant dttfenmc::a bee••· of out' •--do af ll'IOIW •ol?ject--oriented 
1 • .. •, .. ·.• r • .••;,,,,:, :,,_·,1,1 .Jk- _;;'• • '':\··.~; ,:,:q ':'.'."'.•:.:.• :' • .· .. :•it:r,u,·1 ,-,·. 

approach. Furthermo..-, Alphan:1 - to' <.alClllllate fflllM··•· pmabtltty <see {Wulf.16a, 
.- _, -:· _.,", ,,· ~ (_.r" i ·:·:•n::!~-~ -~· ~-i'/·\,_)..:.; '1'.;.Jri,,:~ ni t~':Y,\,-.l-:.i. ~~-~ ~ir·· t.lJ.-:.>; 1,: .... -.;J. ._;,_ · .. ,-;; 
Widf'6b, Wult76cl). . . . . 

. • ::\:.:,..,·(,.) , .. .,. ,,...,.i>;~-... :~---~ ...... -.\,:~1 :; .. \~;i ... : .. ;,"_j-,; tn.~·~1.it~i.c1i: .. ·1::"t~:). :~ 
The language Euclkl [Lampson77J Is·•• .,..hat. NlaMd to our:. work. We are 

. : . ,, ·,i, , .. :c,,,y ,,,·;;;•;." ,, .,,;:,Sc<;, ii.;, :<('., .J~~, .. t))·~•~v \;J:) , . ., .. _,,._ . · . · 
especia"y indebted to Euc:Nd for dw, c:anapll of ...... ,-,_t.tan. and cellectlons. Like 

Alphard~ E~clid is'~n,t~j!lct~._.~
rd~.-11..;_~i~·! ::.:t~:~di~a,' d~~;_ to 

,. ' 

provide abstract da~ types, although they can be mdlll1• a Edlllll •:•fNHftWtt-- -&lclid 
.., ' °'.-~.,, .. "'.fJ~l-- · ,; .~tr_, . /'. ~ 



places more emphasis on provability than we do. and on tystems fmpliNrientaUori features. 

Euc.lid is a more complete language than ASBAI.. b~t our· intenUon w.••· not to design a 
• , ' t . ., 

complete ready-to-use·language. 
. . 

The language Simula is also somewhat re~_ted to t\SB"-L· Simula could be described 

as CLU's ancestor, and CLU is A~BAL's an,~. so th•·•:~~ionsht,p, ts .~ of progressive 

development. No specific feature was consdously taken directly from Simula in the design of 
. ':._ . ;I:', ; < • 

AS BAL, but much was taken from CLU. 

The language most c~sely related to ASBAL ls of course CLU. since it was the 

~tarting point of our design. 

1.6. Outline 

This introductory chapter is followed bJ five chapters. Chapter 2 .introduces· the basic 
· · . · ;. . , "•: f~~•f ~ f_.~: $ .. · :~n;__;. ~ ·, · , . ,.," ·_ .. 

semantics of AS BAL; laying the philosophical and semantic foundations for the rest of the 
' ,;~ • ~:':'"~•i:• ,:-:,• ~-~:~::': •-~•-:·•!~i•.'"j_f,, • •{.,:'.; ,•., l>•;.~··,., .l; 

design. The third chapter extends the bask features with two mechanisms taken from CLU: 
• '-, < •i.'< _. I•, ~ ::• ,1{".--\~t:•• ••••, ', !~: 1 .,,-; '•".',,) f-_. ~~ • ~,•_;< 

iterators and exception handling. Chapter <f furt~ extend,• ASBAL by addln_g parameters to 
> • 

abstractions. The parameter mechanism of CLU is copi~. but a significant new feature is 
• "·•- ·:.~t"'! :-: ," ~ ' \ • '•• ; _' ;. ::•-;.r~~!, •. ~ ~·~}t;;' _1 (; 'c: •· '. ,•?° ,\ • ~ 

added - size parameters. The f~fth chapter investigates a topic foreign to CLU:. dynamic 
·- • ';". • ' ,_• I ., •• ;~ ,:: ij'',·t_·:r::, . :~•;;;,. "~'{'.:'f~.-_,·· ,·:I 

allocation of objects without requiring garbage colfection. In Chapter 6 we summarize our 
• ·.·-,;, :e',_~:i1·':, ' ' · ··:-i ,,·-~ -,~•.,- :~. '_.,.. 1 

research, draw conclusions, .and make suggestions on how our work can be extended. 

mentioning other approaches. to our prci>lem ~~vi;g-~v~iption . 
. • .. ·;_, . +: r i,< ,, , : , ·., · ~; · ·:•-... ""i'] :': ·· ·: -

There are two appendices, which more ~letely define our· AS BAL. The first 
• : ',. ; ' -~ '. i • :,,: • __ ... ,.,f: .~·- j_;-::•);,, ..... 1-• ~·- ~, : ; ' 

appendix gives a context-free grammar with explana~• of the various productions. The 
• <" "/ 1 ~ ... 1 e : '>, •• ; C • • • \ 

second appendix outlines the basic data types and their operations. 
' . . ', :,~ '.':'""' ,; . '\ ; ' 



. This . chapter presents many fundamental tc1eu .of AsBAL. W~ begin with • 
' . • . : ' ~• l : ' • ·; ~ ; ' ·~ • ~1\ :, 1 ~ ' 

discussion of the,.pbtao.aplly beh.,_. objlctl -.,.i varta.,_ •'.~ ~ages, point ;out 
· ;'.; - (- ·t'.~ ·:·~:.,.· .. • ,.- .. -. ~ ·, ,-:_,f:, .:: 01.2 .. ~ .. ,L.cr~ ·: ""':";f~~.:·}!'t_..;. IJ·, 1. 

particular ~ or·thll,ph~I\J t~~rdi~lfi~,"~~~~~,~:~ ~~ 0,: ASBAL, 
and arrive at the basic lllfflantia of .,....la for AS'.IAL. .P~ dHI ~ (levelQp, t-.e. semantics 

. ' ·". yI , .~.' ~-::fi2tJ0:,.'},__·'.". ~. ~,;-~:~·---1>_:-.,~:·;··'·/~""f"".•:.-··f)':,'; ~~'-c.r""""·,,:·,!. 

of procedure invOQttoil, asatgnment,:and __. of •~·of.ab.-.. A(tel' a ~Hscu11ion 
· · '? f~) ~"'~ft:'~ -~,"l£1 t~~,t~ rt-.~\r.- ~-,,.,,-~ . . . t fi. 

of implementation _t~hntques. ~ P~.-,-~te;-t~n~~~, !,rrate the material 
introduced. . . . . . . . 

2.1. Philosophy of Objects and Vart.ltla 

Vartatlles in traditional pregr1111w1111tg ._,.....,. 'NIW two •ma-jDr rfunctions: they 
• -✓" ' _ •• ', ' ·-- '"' ., ! .'. . .,.; · .. > f _;· ~ ~' . .·;' . 

provide a namtng·capat,llity,·and t11ey·,-tc1e cetlldMllt'M·lfif1!"~ <t£e., stora,e space> . 
. .' ., : ···"'~ · ... . \,.:\'.·.' .'.. . ' • -/~•;, '.·.-._-.;:;,.;~,."- ···:";; ,.·· '\~~; -r.t- .. <·~::..:"·' ,· : .. '. . 

CLU, with Its objed--ortented 'View, 1epiarat11 ,~ futld~ ~~jeds -"~ the information 
;•;_,·· :_ . - _,~.:.:· .. :1·> ·_·~;t.· ,,_ ',-~ , , .. -t ._;;\· ,,d, ... ~~: .. ~·_:_\ ,2~·:··~__.-f~-://,, ,-!?·:. -)f-. ·:,·; ,-·· ~·t -•~.:.; ' , ' 

.. _. c-:on~tners ~r, ~LU. ~;CL~ Ya~~ '~ ••~~ ::~· ~ 't~~ pne~ny sa,y the 
variable dtnotts or rtfns to the object.) Objectl_ haw an tndeftn~ lif«Jme, and may be 

';-_ :- ~n:'.1 -- .. r·· ~1-. .• ;:~ .... ~,=-;r,, .' ~·:. ·;~~;}·;.i:\£.."'l½(i 3r1 ;_ -~' ">.'~ : . , , 

referred ~by•many-va,_bles at~. ~ ~ ~ ....... »atlld·• ~·•Jlealted In a 
, ..i -,~~ :· .. >~ , _ .. , ,. · ,:--n, {~;.;. 1·:;t"l ·•:_~ -" .~:~~-.~C}tfi::;--- :··.· :~... ., , 

heap, with variabln'"beiftg pointers to_,t~ dt>jlct ·tlMiJ::~~~- -~.,_l refer to other 
, • ·. : ' ·' -"; -._ . ~ '·- .'_ : . . -! . . . . ' ~ . ' :.:. . . -

· objeets, and· general graph stl'UCl1ffi!l•oF ·abjaa'U'f! alfowld. . . · . 
. .. , . : )- . -,~ ... -~,-.;::.:f-, j, .. ·. ... . .. :~- ' "" "- ' .. 

·some;ob'j«ts have tirne-:¥11r,tng:'-~ftles, ••,_.. oltjNtt•JW autalil,. The stat, 
, ._' ,. -rf~~:~•:':_ •.-~•:L;,t_Q~,'1,c1••~~ .... r~.';;,_...._~~·:.-: l; •, ,·· 

of a mutable ob Jett ts the set· of ·yroperttea It flU .,.,... •.p,mt'"Jft •n*.~" ;for example, -the 
• _, • :· ?' ··•~" " ~-J , ,;: O ~·-; ·•)'/} ,t ,I: • ·.~J}'~> :,-.., -~t. ~1-: 

0

!:.f ",·""-!S .· 

'libstracttti')e steel ts1i'Nftable. "TIit state1-or·a:stait a. -~Mllll!d SlaqU••,of"·-,.m tn it. A 
· ;_, '' ·· ·· ~-•:, .· ~.j· ~- • _. "f:'~; 'f~i ? - /,~•1' :-;_;:•: ::. a-'-' , ' · -· 

ptJsh or a papt111uret11 t·tbltk, tL, gwes'tt·a•tMW ..-e. ,:Oft•._._..., 1mNl,,•·test'for,emptiness 
. A 

:t~}-, > , '; , ~ ·1 ' ' • 

will· not··cha,yge the·scate.Of-. stack. 

Immutable <llbjlat .we 'those whole properties do not vary over time. Most 

~thematical values are Jnimutlble, as are their mmputer language-~. <The valrus not 

the variable, in ,which they aie atoredt> For eumple, integ«.1, ~l numben, cb-.,~cters, strings, 

and ·boolean ,values are ·•II ·tmmutable. ·The htttpt'T ·ts w{, ..... bkfobjlrct. '~ ts '2' no 

matter how you slice it, and ~•. can never be chanpd co-, .odM,r .umger: . 

The separation of the naming . and smnp ~unctioni of varla~les achieved -by the 
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"\.\ :-., - ' . ,- . . 

ob ject-orlented view leads to a clean semanttcs. . But probably thi most Important reason CLU's 
·, ' , ,. ·. t '-•,·".N ():, • '~ • : ·~-, .< '!" 1 t1i1-'::..:r:q_;. ·,;·, -, 'ti'. L •.' /\ 

object-oriented semantics is attractive· ls that peopte· seem to think ·tn· terms of objects. The 
,, . . '· ... ~- ~·\ ·"' ' '·' . . ('::, ~.'":- .. -~~ >:· ', .. _ .'~. ~; --{. ~--;--... i - :· ' .1 . < ".,· • 

very structu.re_ of language~ ·with :,~ou~~_<_n:~~--•e>: ~~~~es,,<~-~~~~~
1
~f,,:the ~~rttes 

of objects>. and ·v~rbs (describing the 'use of ob ;acts or their beha•tor> seems based on this view 
-: ~--· . . ->·4k:· :'.' ,~.-.s-~--;,\~-· :,'•t -· ~~-:-"-c""'~ ir: • .- , b·· -~t \- e ~:u· ... -,. ... ~·:: 

of the world. If it is indeed' true"that '~1e· think kl terms 'or .objecU,. then. linguistic: forms 
- - · • ~ .i • ,_ . ~ -· < . ::-~ ., 7 )t: ;.;,i. u -' •,. , ., .. :z ( .<~ -~•-(; } ;'.: ~f: i .. "l: 5 < •1' '- , ; ¾ '

1
.. '. , ;;, 

that enable people· to program directly in ttrms of objeets coukl lead to better software design 
,·:,, ·. · · . :-,_:_;, '.. • -1:,,}. .:1-:r.-;P!~f:: J.~rf! :·~,.~~:.ii;-;r/•·_.·· ~,~,\ { ?' .. ::·~·: ·:._· " ·.· 0 ' 

and ·implementation by being more natural for people to use. 
",.. ) - -·:, • f , ::,. !.,.;~,;,:''.:· :> ~; :).: ;. ·;~~::·\~i;,~,t.. .!;rlt --.,\ ,_f_ ·~ '··: < • 

. · Of course, the kind of objects to be found in programming concepts are highly 

abstract. often _ma\t,einailcal iri ri•t~te .. ~. ~ltere ~ttii0much:i~~;t~ ~ built\~ moMI 
,-:--~•· ;· .. ~:,·~ ', ... /;)~_::~; ·.-.:-,~~.ii;«:!':.·~ .. • ?f.·t;:,t) :; __ ··!. >"·'~tf~ I~<·":~c.;_:. ')'(.' .·:·.·· '(~': 

real world objects _and systems. ihis. tact of ~re allows t~ 'f~~ necessary ln a 
. , _ . : . . ·.c,,_-, .. , · .,.-;"--; -;~-~- •P J--:,~- ;"·~· .:1 ~..::~ · ';--tif ti<' ~r:~l"'·,· L~·· ' 

general-purposi language. For domain spedfk systems Ce.g.,·medtcal diagnosis>, more structure 
. ~ . _:: ' :": ,- ... ; . ·:··,.,;-~ii·!',."_·: f;.ii:JJ:~'.:J"•jj i: !i ~\':.':;'";~~ ~:'.'<":"· __ ,:;i• . ··.,,_,, 

may be desirable because it -embod~ useful auumpttons aftd pm~ts -i-emventing t~e wheel" 
,· :; ·:;_ :,,, ::fr;;,'"' --~-:./-1-r~i:· . ·f"tf!:~_:Jt.~<f)l -:~ ':.t1 ~-'.-)f~"':-~t·:: tr;;:,:· ~> ;· J .~ -•;:; ~·~ 

for every ~•ti~ ~sl .. Ho~v~\~S.B~L,: u t;~,!\~·,, T~? ~~r•~ ,d,•~ type 
faciUties allow one to build specialized systems by accumulating a library of type definitions 

, . . ~- :-::· ' ,_1; ,~,{~ ·· 1:: ~5,fJsl'·::: ··;;_~ )rl~ -·~,;_' ."'i.~(:-; \<ti~,;-~ ·:-'. ··._,' .' ~-[.' !,'; ·. /: t' 

and procedures relevant to the application. Odr modeling of objects ·must extend to abstract 
.' • '> :-

data types to be useful. For this reason ASBAL is designed from a very, general point of vtew 

with respect to ty~. T'his may make our'~ oi'~mk: ~ts~ very vague . 
. . .~-:. 1 . - /t ~ ,;~ -:>f<t~ ./'."~•":~-~!£....,,,, ;~•:-f~ n~.rit~{} "'r";i~;'·.~· ·.n-;, ·.; .!, • 

It ts hoped that the rniny small examples we gtve wiD help offset the abstract descrlptloos. 
- ~·-·.'. · ·,,-.: __ /; :.- : :3r~tn ·-. ; •. · , ~ , ·. 

2.2. V•iables in ASBAt.. 
. ·.•," ·;·:l(; 

As w_.s.,d~~u~ II\ the first C ..... CJYr, .. ~_..,HI~~ .C,,A&,a.AL Is to. 
'. . ' . .... ",,· / 

~bviate, the need,_ for . Ql'bage-T~ ,,T~·i,ft,,.-.,,i"'4U., ,.-..r~,--1"" or 

. stack.-all~tion ~,~ We ~-t,~~illf~lf, ........ ;t,,-ck ._.lion. 
CLU-style objects. cannot be stack-allocated in .~~,.waJ. _.qq_ .l,hey ar♦· very 

genera I structures. We have d«ided that the best approach '°'"·,.A&Bld:;-is to-store objects . in 

variables •tmllar to ttadittonal va.ri.b~:,~;"~dJ, l~,,~~ ~i~#-~~-~~•~'. AH 

.. other,mechanisms we ~ldt,ed .were illtr...__umpl1nti ..,._ .Wjlettin'variables is not 

a:!.··nice as the futt~~i>t,~;.ori~~ appry¥1~~,f'Ci:g/~~'~(.:~r~~~.1b!· tti~'~st we 
,.., ! < • - '"' "' - ,, , ~ . • • . ~ 

can do. The assignment, procedure .call, andi,cn11p11•t •llallon MIChafttlms wel'e' clnfgned 

very carefully to help offset the limitations imposed by working In a stack. Here is a summary 
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of the object interpretation. 
:{: • T :•1 

A var-iable contains an object. An a,~ hu ·• c,,._ ~ ;~ ~ a vyiable; .a v_,riable 
"' , • ,; · __.,._,.-,._ . . :..trt; , ,1.··ri,, · ., , J 1·, '.,.1"l5 · 

may only contain an object whose lype k the same~ its ~- ,~ ~IJ -~ ~sed ont, to 
,· 

1 
·:'~~: ' ' . .. . , ' -'; ·. ~!"';-, ' - ., .. , '\':-~r--i~•._'jt, .. _. - : , . · ' · 

c~i~tnge w~ich ~~t-is •~ itn a vartal>~ ~~o~~t,eff~m .~.,,,, wh•.~~v,er e>bject 

previou5,1y_e~isted __ ~ a, vart~b~,afld cr~,•.
1
~ ~~,~:~~- :;t°~ tffl the slat~ of 

an ob~t. rhe, o,t>rc~ m~st •. -~ p~u,ed (u~, the ~re, ~!~,~-.,~~nism~ to an 

operati~ ~f its ~y~.rAn ~ti~:th~~ c~ ~- ,alJ~ -~-~ -~- ~ ~-~f! ~rt.2 
• ' · t~7 .f ; ' -' ;-·\ ; Ji • ' I. · ' ' " ' -~ • 

We emphasize that autgntng to a. ¥artable , • the ....,,u 1'11datiflc the object it 
' ; : } •, ··-"!; • • : '" ( ~ ' e ;. ,' (:, ,r . ,· • _,-; ·:~ :1_ • • . , " 

contains. This i1 becauR-~~le ob~ ~1 havt -~ .~~ti"J thetf-:~ratiort. which 

.. may __ ~e~er b~ c~a~Jecl. lat!:, __ :F~r, ~ample~~ '" ~~~ 1m ttaat -~. ~~~lies. 

At creation the ma~e. model. and serial .ftUfllber ,.,. tpedfted; --~ of a car may 
• • ; '. ' • , ;; ' • ' - ·; : ::: • ••• • • - ' ' '·: :'. • • ~. • ....... '. ' ' ;.· ' -:'.,!> _. ;_ •• ' • _. ·-.. • ' ' 

never be changed_ after it is created. On :t"-' ott-,r ~tad, tlte -~ :of .P,&~er.s in a car 
• , · -·:·t' · . .. :i"-* ~f:.:...:. r: ,· ".tu : -~--~.H . ..! 1 i'· ·: :rtt.t:_1{h,;:~:.- - ·. ;,,, 

and locaUo_n_ of a car _ca~)(ihange ~tte ·,r~'1dJ· ~::~-·~~ ~; ~r are pan. 
of its state, only some of these propertjes can '- e~~ "7 n,utation. ~~!er, if a car 

• • '--· . - , . ,,, . . .. ,r· :-1i _.., , __ .,:_ ,- -i. ·· ··~ ~n, · 1 • , .' 

varia~le,js asst~ a new~~• ~l·:the~~:~!tf•~-i~~;~-of lhe•prevtous 
. ' ~ . . , . . ·- ' . .· . . . - \ 

car. 

Objects may have. other objects u ~ta. Cclnlf.,_..or an ~Ject are stored 
. • .... , . ' , . ;..~:;. , : r . . . •,',. -~-.:; ·: • •. ' . --· ,·. -: :; • ~: '. !• :- . : -··- ~ · .. : '.· ; •·. 

within it, and hence within. the variable contain~ it. Thil ts ~ ·.dtff«ant from CLU, 
.,d -> •. .-:/~< ,t_~~~ ':'.~!r_;fll.l'- ::; ·.z.· ·.,'.i---~':~ ~:-- . 

where only references to·amponenuare stond In an111bject. 

Several e:onsequencesof this objtct~,ef .fffl•• ---~- In 

CLU. assignment Is sJstem...defined: it ta .an ·ifflplidt -,11••· "f.ldl -ti .-UM ;a CLU 

•••tl•-.nt •••• enly CMllpJ'lisg • alij11cf~,..._. •~ -t'·p1•• or ~pabtlity. 

Off t'he·«tter .,_ ._.,. •CGftltrllret • ...._"liliject ,.:._.. •••~- .\1ds;.,._ -objlct 

. '~es'tfre-.·~Mldfl,g in'tM ......... •llflllllf. ~ii:41bi1•d'·thiS
1
fact wttl 

1. RecaH th~~ th~ abstrac,tda, ~ff';:metllod~J ,~,Qllty te,ft'.~•~of a ~)'pe to access 
or. update the teprelffllation « ob jicta at ·that ·type. · 
·'.'2. The•trffl8'.•■11111 ....._ ..... ac,d1llllld:WdW,,.-•f111t .......... Atl1ffluttltion 
is accom.,p)is~ by -~ ,Qf -~- Qr· arrani ~,:JI~ ,~.-e ,;JaFQI. ,si"" the 
mutating · operattoM are· 'atOmfc. , that ts, the ·t~t · fflliltlltlllg -~ cannot be 
.aken'"Ciown,..ifttoOdllr,__..._.,p,.....,._ ,.;) · ~- ,·. -
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. Another consequence of the object lntetpretatkln 'b' that· sharing of components is 
. :_. . -.~ , .. : _;_p,: -.;~ . 1; ·.-:''.]-· l>, b- '. ,-,,·r,- ,'- ',. _":·~.: <~ ' .. 

disallowed, because components are directly coittained In their •parent• objects, rath·er than 

being referred to (pointid to) as in CLU.~'For exampie, ~~to ~ ~ts of the ;~ ·~r~ay 

may be the same exact object, and any modlfkation to ~'it.~,~~-ob~t vta one 

access path will be_vis~le via t"' ()t)ler~path. <>;~ 91' •. plll~ sb-,;e co,nponents in 

this way .. <The addiU!>n of poinJers ~ A$~AL ,_,.,th!'?~~llt~J .. to MJa~, so wear~ not 

giving sharing up completely.> 

A rather obvious result of oor semantics ls rhatthe ltfettme of an object isJ:,01.mded by 

the lifetime of the variable contajn~g it, flther JhN9,-~~~Jld.~ ~ tn CLU .. TJ,e major 
,.,. . --. . ,,, 

. implication of this is that ASBAL routines will not be able to MFM,rn ~ in t~ sense that 
,·,- ...... ,, . - " 

CLU proc~ures_ do. __ In ct,µ.,p~~ ~YJ'f' r(,r.~s. tP,,~ ta~p~~vt~sly existing 

objects may be r~umed by ju_st ~Yi'11 r,ef'~JQ: ~ ,.tf.n .. ~B#, .. ""- ar.e restricted to 
- - . ' -, . . ,, ~ - ' .~ : \ ~ ,_,, ' ' •.. ' " . . • ,._ ·£ - - . .. . 

constructing new objects to be returned. · 

The bindin,g of an 9hject's Ufeti• tq,J"-l '(,~~,~~- J,.-,:Aable. a~g witl\t:the 
~ ' . - ~ 

storing of components wit~ra ot,~ J•d'Jef)-,,,, ~f,,l'fllM~ ~ ;De"", '1)«i.nls!n for 

selecting components. In CLU, components, can be selected by just returning them since only a 

reference is returned.. On the other hand, our returns always __.1..,. ob jectl, 10' teturhtng a 

component_ cannot be done tn the same sense as tn CLU: we can only construct a con of the 
. --.,, . : 

. _. ,_ - ,:, .. :\",£,"-'~,, L ,,, ~•·~ -·~:,:.~·'.~ ,,.:\ ,••", - . 

component. Therefore, without a new ~ component objects may never be mutated, 
., 1_:"" • '"I." . -..• • :''.•~~-'',--:,,----:~;.ft· . , ,, 

atthough new component o1) Ject$ may be ;substituted by operations on the. containing object. 
. . :-' . , :-.: :.",.-.:.- . ..,.,,<~~\. ';.., 1 t "t)~ ... ?<':., :>:- :_:·.. . d.:: ,:_ · 

Since we should be-;able to do anything with ·component objects that we can do wtth entire 
·. r'_·~· .', ,.,,..._, •, ·'$: ':.·. ,._ { · _.._, _'f; f?~•,:.":_-:. ~ :. '-- ,- ,·;. · · · ·· .. : · 

objects, a new mechantsm Is required· to allow mutation of -cornponen~. A new kind of module, 

the se_lector, is introduced for this purpose; tt ~ii bi ~rt~ tn'a-:~~;section of this chapter. 

A last consequence of our semantic model is that objects cannot grow dynamically, at 
_.,-, .. - '.t~·i";::•. . ~~ :··:t;f)o\'t>: < :" - ~_,*-~ ' -:•,:; '} .. 

least not without bound, because they are "restricted to the'srorage altoca~ for the variable 

containing them. This leads to c:Uftlailt~-- w-. trying,,:~ ·•~t abstractions -~h~t are 
· . . . • • {;- ,.· ,; .1<-1", {:...;{},}p ·/\-.-• :_., .ir,ti"J ~-y _ _,_:;.~ >·•-'· . · · 

conceptuatly unbounded. The parameter and atea mechanisms to be. presented later are largely 
devoted to solving this problem. ·. · · · ·· .. ,,, · . .:'. · .·, . . .. ,• . ·•. 

To sum. up, variables in ASBAL are containers for objects. Objects have a type, 

which indicates how they may be manipulated, I.e., what operations are allowed on them. 
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Variables are also flveR a tjpe; indkatin( what,. of•~ chit.~- ..... n,. Variables 
_, ' ', • _t,' ., ·, " . .• ... . i 

~II be implffllmt4'd •~.-. ~,!".a·~;-~ ~•~!~¥,21~~•~;~~ ~ ~•1 .. ' -:.: \.' ,· . - . -. . . ··' . . ... ~ , " . . . . ' 

puts.-limttattons on· how that ~•may:ne,, .. .,._.:,.,~ .. ,a,,, • .,..,..:"'-.n our 
- - : ~ . : , .. -., .. · ' ; . ·-: . . .,' '-f' . .. ' ' ' . ', ) ., . .. ' . •;' 

objects and heap affDcated: aljectl .~ 
.j f : . . . • \ ".:: _..,. .,~ .., 

' ' (fJ our olfjettr•m .... ~wtdttn ~ SO ........ fi,difftNM: - tlte okf\ object, In· 

the·vartabll·~.\\t·ta delf1·t1J41 -'-• ,..'-cit>jd,arllatit'ii·diroli'~s place; 
~_,,.•·:?'«•··,,.. J. -.~:· .. -~t ~,r., .. . ;'.··. 

<2> because objects are stored _llf· V&rtab1et, an ••pn• "altilljl ilrNl\ires creating an 

object; 

~~· there·· can· be:110 dmlffl 'Cr a,.,. ...... , '¥111r~'..cif ~-- :,I objectt _among 

· · abjects; amt vartltifes; ; 

t-fl the HfettrMttf an·o&jldts~a..~·••.,......m11atniftf it; 
(~l and; tfte ~'of IIW:dbJM":rt: iroun.ll~ty·u.1

:•~.;;·:·~ .b .. &llg It. .. 
• ; 1 ,./ • ~·· •• t ;.~·? \"'..' ," 

T'ht! nekt few· section,, . .,, tai':dtapw ..... die' ......... r of)'ftae: MIINHCft lfl: more 

·c.t•tt,·al\d:p,-.tt .uat'1:~nMl;a~U.J~;r1iai~·-·• ,.:,:• ,. 

Programs: mu1t bet ~ kt refer toJ .. ~,in ~ tff19~~ ~. <some> 
"~· ' ' ' - . . . ' 

vada~_tes.'_tn .~~BAL ~ttl ":, ~,v'1 ~;~;~~,JI!,~""'' ~: . ..-.~~, ~pru 
. ta disttngllilh them from··n~,uaed' f~•}~•'l''J!J,~~llt~.""'''~""1P::p.~atres. 
It t..po,~alJy··ceff'l~fflnt ,I!~.~ •.~.~:~l;'~,~--••:~;~--.... ·,i:,e..-~ 
time. In As·&AL •ct«tilr-- --•:--;a · 

;; , ; <I' "- - t • 1 f 

varx~ f'oo;· 

•: is usectro do thts:"_l~_the.·~11~:•~~;.~~,~~-~til.~ themmw ~ 

;,.· newfy _createcf va;~~ ~S' ~ ~:-• ~~· ~~~: "'t~Jti ·~~-~ error to 
' ""' , - ' - • ' .- ' • - it . • ~ . . . . •. . ·•' - . . •• -

attempt t_o u~ it. (We: haft.mate· to -.r: a1.teat·t11t~.f!#;. ~....-7~JJ()M~n e-.lily-
·.: .. . -~. ~-· ;/~-:-:-~., · :-:it::--... -,;,~' ... '-:,.-f~m~1~~f. C:, };·-~~-_,,.•F·, h. - ·.· • · 

ex-tend .the form ·of the<dec...._ltaWft .... ..._ .._.. • .,., . .,.,. .. -~at.an~ 
. • · ' - .,.; , :.1 q .·· . ·; ? · · ;J,7 ~ : '° , ' 
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var x; int, y: boc,I; 
or. 

var x,y: int; 

2.2.2, Variable Initialization 

We ~ef i.'1e ou.r declarations to ~ q~,. ,.,w,-. ~• ts, or,aes, ne¥er hef ore known or 

used. This definition prevents confu,ton over whether a •~•,;~Al'.iab,k~Jn5, an~kl:Object. 

It does raise two problems, however. The fint ts that memory allocation Js required - this is 

discussed in the section· on Jmplementation later'W~1hi15dtapter;' The ,ecatd•j,robterir ts that the 

bits initially in the storage allocated for the variable may not represent a legal c,b ject of the 
, - "·. • .· -., \.;. , ': ! I'.'·,:··/ , ; ·: . .~} r . 

type of the variable. There are two solutions to this problem. One II to store a def au It object 

of the·declared type in the variable as pal't J the'a-tak~ fm- t~ declarat~. ,.,This can 

be done for user defined types as well 'u SJ~'llded ·OIi~ by requiring each type 
. . . :,·-;, ·.·.. '· 

definition to have a routine of a particular name Ua,t, say> which wlH stor~ an initial object in 
" . ,. ·. ! , •-') ·. .. '· .• ' :,: :: .f ,~··' ,;:· ,i;, ' ,' :1:, •• ,, ~ ; .: • 

a variable given to it by the system .. Th& solution. guarantees that variables a,lways cont•tn 

legal objects <assuming users do n~ write crazy lnU ~- Bu~· u~fortunately: it ca~not 
. . ;"' ': :·- '. ~-f~~~,.c,~·-~---' -·, , ... ·. ·'• '.'. < ., __ < ' 

guarantee that the objects ar~ s1nslbl1, Since senslbihty depends on how a variable is used. 
-. ~ -. ; . ~ _..,, . _:. - ' '-, , •} ~- ) j ., :" ' ', l , 

The better solution ls to consider attempts to use an uninitialized variable as illega I, 

and to detect such attempts with ·a ~~ or' ~ile~me a~ ~~-time ~~ks.· Exactly . . . ' . . . - . . 

what checks are required is discussed in the-~ on impiementatton later tn this chapter. 
. •, , ., . 

2.2.3. Constants 

It is s01'1),etirnes CQl!Venitnt to hav~;a-~er.tfl' .q1,ot;IJ,ct, t~t ~ be a1$i1Md to 

after inttiali~atiOIJ, and that dQIS ,r,pt •~~~J!Kt .. ,,tae~O.c:l .. ,,We ~II ,1114h holders 

constants to contra._tt them with> var~-~,.,_, sl .. h •. i_._ ,..,.jectl, ta CLU. 

However, we allow constants o{ mutable types. such u constant arrays. Since a constant 

physically contain·s the object stored in it, modifications can easily be prevented by disallowing 
,, • • ,.a • 

any write operations to, the storage allocated to, a con~nl We. will.tee •ter th,,•~ w~ ,~n"pass a 
: ,- ~' • ~ '• : ' . . . . • 1 ' ,. , . . /. ·'. , ' - . ' ., ' 

variat,le to a_ procedure but· have the procedure consider it to btt a canltltnt. · Th11,ll the'real 

motivation for constants - prevention of undesired modtflcatton to objects. 
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A constawt dtftnlttMt ts limtlar-to a vanabw~. a:cept:,tt,at the olJ_Ject to be 

stored in the •COftstant must be speclftet; Thus.. kl a ccm1111111 ·dlft1I.._ wr at• the desi-red 

name, type, and the. object to be stored m die mnataM: 

eon-at n: htt •··SS;· 
cen.t i: int • j * k; 
coe,1t a: ura,Hwtl - urayScrntetC»; 

In an impfei'nfflratkm rttere ts·lkt1e'dtfferetla 1Nrt1•r•'":'-'Mld: a~. a -corutant ts 

essenuanr & wr~e, \'a'l'taMe-; 

To gain an understanding of th! ampe at varlllltte- Md ·mn•nt names. we must 

consider the general form. of modules ht MHML. n. iwo,,a.a.. .-•llld!D el .• &Al. .are the 
- . ' -, ' •' -~ ' 

cluster-, which implements a daa abstraction, and. ,the~--~ .. '"'"l1:1m111 •· ,rocedurat 

abstraction. 

A cluster def tnea a Nta ablmrdtan~ tJr glffll a raps~ 2mct•· <~• thertened: to r,p> . . - - . . ; . 

for the abltracttoft beil1J' clefiMd, and lmpl,..,,..._. f'/1: • ~ The operation 
• ;-, ~-1 ' .,,,. ' ,' ,, ; •, • 

implementations take the form of procedu~ but~~,..,..~-• c:mri'.,-t ob~ of 

the abstract type to and from the rep type. lmemat operatl1'fil' .--, be ~-. • duster. lists 

which of the operations may be used out1ide_:the chlltar. 

A f!roc~dw-, has a treader and a bocly, the boc1J --.: •· -. of,--....... The header 
• N • , ,:,• ,.• • • •, ,,•,\: 

gives the types, and names. of the argllfllllMI, · the rypn· of •J ...,. •~ and other 

information to be•described' later; 

. Each abstractton is imptemeflted bl ·•nu·· el lower ·leftl: aldeac:ttenl. The overalf. 

structure ts a· trtetan:t.tot~~. wltritffe· ..... 1..,,...,_..;:a1 ffte·top, and the 

~, Jeivel abstracrtens ~.·• f1pll anf&l:•p,oteclnl·--"-. W ...... : · A ffl!llfufe l$ aft 

•~rten .of'• •n ~· Be11ullf'iln ._........, ..... ..,.....,. • free stllftdlng 

I. A module may tmptement a dfJSs of related abstractiaffl; Rthlr dlaft· a,stng.te:,attst-rac:tlan· <see 
th~· chapter· on parametffll~ 
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mathematical object, modules a.-e conc.ually ~rate and lnd~~t.2 ~o~ example, there 
,. . -.~:··, . ~-· . ~ "•i• •.· ·-\ ·',· ',. ~i,,..,1~•:'. 

are no free variables in ASBAL modules, because this would represent a. dependence on 
· . ··.· · ~_...: ;i'::t.:.;}' . ·-:::.,.· ·· .. ;:,·-•.: i,:.:,t>(! -~ ~:.·:11.:;,, · 

another module to supply those variables. 

This model ts somewhat contrary to the more ~ bloc~-structured view of 

programs in ·at least two ways, · ft lrst, t~· b~t.:-~~'. vt~w . ~s ,~. ~rge monolithic 
- , ·:, >•1 :c·, -">,·: ·:,-• f J, • • "' < t~ I ,.•.• ,·_1 } 

programs, and the whole goal of rnod"!larity ~ ~ .. prevent. ~h t,rge progra~s. Second, we 
:. . ... , . ,~l::;•:-,, ., ... ·.• ,,, -~d,. 

allow only local variables, _not g~I variab~_HJ:~ll ~~ ~ularttJ ,, making module 
' ' " .~-,-~ ··\·-1 .v,. ,.-:s,. - .,. 

relationships more explrcit: any data that a. module wtlhes to ,access must be. passed as 
- .1:.~·,. __ ,,. -~f).~~-..; Jj·/·".:1.::-,.1}_ d~~·-,,.:_ .. ;-· -4~ ·:n:· .>1.., 

arguments to that module. Since each procedure defines a distinct abstraction, and every 

abstraction Is imp'lemented ·by distinct· modules, nothing. Is P•• bf· ""....,_1,.pnxcdures 

within procedur-es. In the interest of simplicity procedure· definitions In procedures are 

forbidden. - However, ~I' nestmg-'·ot·· st1fect\~1f g ..... 1wftltift , •. , procedure Is quite 

desirable, so tt Is allowed ~nd ~~;. - u; "' 

What scoping of'• ,nifftd ls·''P;c,pet~:for thts'"tnudYaltr +tewpotrit? W'tthout' local 

procedures there is liJtle rea,on to allow variable names and mnstant names to be obscured 

<reused in nested blocks), es~ally since p~~r~;/.~ ~-, n~~, t~ t,/ very: large. 

However, it is often h~ful JP r..,tct,the-,-.,. f#, 1.._.y........,,(er,cPllstaf\t) names to an 

inner block, such as a loop, rather t~-•~.etttlre ~~ ._rtacUQtte th• pu,,.se of 

the varia.ble. 

· Our no-global-variables . pPlky ma-.!' i,n,gra,.. ,~ r ~...._. b\lt ma kB. some 

prog_rams a little mos:F awk)Vard. whep glob~ld•• ~: ,The mak\,;MIY~-global 

data is not having ~o explicil)y pa,ss lUo_«""') procecl,Jte.:~~~•J.pt~ 4t. An ex.ample of an 

object normally made glob~I _ls the. symbf;tL.~te of a. .complier. , ~ •~ fflUlt lmplelnent a 

compil.er in a language forbidding globAI; 4atf. _ l,.et ~,Mf t~ ~iler pat-aeJ by r~rslve 

descent. 0Afy a few r~ttpes dir~ ~ t,lal~-~~tte>w.,~r,,ta,e~~ •le1,n\,1St be 

. created at the high~ level_an4._passed ~ltlJ d,111Ufh maqJ ~that a,ev-'•,lffe k•t all. 

These intermediace r~tlnes. only put_~ •~•-lllerc_..._ 1'¥ell--.to-~. We 

2. This has nothing to do with separate compilation, however~ ~Qdu~ may e, may not be 
separately compiled: we do not wish to pin this aspect down. 
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feel the modularity gained by forbidc:Ung global data more than effJeta, the, incon\fenience of 
. , . ,, ·. .. ', 

requiring extra writing fc:>r some_ programs.' R ...... ~-- claea II til~ll~I to eliminating 

implicit ~ule mterd~ &lode. struchm! is IIGI w: lff, ltllllf; pa;. • ._ Is. However, 
1 ~ •' 

once a II data· is local, tbere' t• Nttle point to Wodt stnKtUnt f• meilu• tlettntttuns. 

E~en t~h alt data ~~Jd be ioca~ ~ aipe ~\namlk ~, lhould be global. 
T . > ~ • • , •• '..,: ' • :, o ~ ,: •-- • l i_ J ~, ":, ,' • C ". •• 

It is not useful to restrict the scope of madules, and' In fact_ tt cm be~ - it may 

force abstrad~s to.be ~~knplen-lkid nt....,;,,,-...,.... • ..;._.~. ~uie,names 
• , • '· ··.·,;' ,:-~ .•. ~ !"•f,~_ .. ;··,_,r/ .. :~il?' · .. 

are global We neither rett11tre nor prohM ether tnfau_.. ........ die Nlattonships of 
~ ,:; ' ~ : ht ;~ r~ · ' i, ·. ~-: -~ ' : ; ~ . : ~-.. ' ' 

modules - such module JftMQJilffldon mfotmaduit Is ..,_d: tlw-~•pu,f: dta thesis. 
' ,. '' -. -~' '· . ,_,,. ''. • : 1 ' ~-. . : >'•"-;_ 

The_ pre~iOI» ~• div111-, v~, .-4. CP1•"'1• ._ . ........., ~er ~Ing 

and holding· objects~ We now continue.With pra _ .• 1sfl,P1'1l,1t.,c...,.,.....,_...,crealion of 

n~w _o~;.;ects,a,pd.CM_mn.,,,..ti911:fl(·old;,.,..._ ... ~~,--.. d•--.......-nt. 

2.5.1. The Different CJauu ef Arg.....u 

· The' w.tk,lie pen.- ttf ~m liiO'gltlft ..,___,., ~..._, It • «· acttona that 

f!orm a logtal whele•·ts ~ toiether .....rvfit111Ct •'.•-...--lbltract·acttan. The- basic 

actions_ are mutation of objtcts and assignment to ftrtabla S..,. all data ii l.'lca1' tn ARAL, 

tM~ k~ to p~t'dillrafleft,wlf•,_,.;t1te••itjittttiial plldri ... ,,.~; that is, tM 

methanifmbJ'·Wh«h ~M'p,ttt __ lt_llll •···'Htj .--It ' 
We can, tMta&tne .&S'tHinyttfoar ilrNrentdiatr:.r .... lat M8AL. The firu 

· ctau ts C<11tstattt a;grtmmtS'. A-·~ ·iqparfitWfio a~tdidlie Wail' l'tplt' Wfikh cannot be 

dlr«tfy modified by •ftte- rctlllne: 'W• •. ,- w, tW •· · p; iadrAYe ~- dliunt on an 

· tonsta'ftt 'fJt1jett'i•ftot··cmmginr •ee; beaum ·11\ire ,._, ... _.~-..~•patK 'From· some other 

·argument ~ the ot,jec:t thaf,~·1:a, be'· •••l'··fladii~ It ._...,_. of pointers. a 

~st.ant •1'flJfllfflf'·CllfflMlt bi!·r~•\.,,-._arlllidi ,Wl ¥\itliW~ ..... -~. tf atl 

I. We reserve the· word t,tmzNtn for a ft,ltufe ..,- •; ~ully cHlltaplsh between 
M'IJUfflelfts and ,.~, . 
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arguments to a procedure are constant arguments or result arguments <see ~low), then the 

proc~ure is functional; that is, it does not mc,clifJ _.,, of it$ arguments. 

· The sec:ond class~ arguments is ~~l
0

4~11'~s~ -An.~je(t argument g,ive~ a,~cess to 
. ., . . ~ •· . . ' . . . ' . . ~ . 

a particular object, allowing, observ.ation and mutatlo1u~tlt. -~v~,Jhe variabl•t ~_tainlng 
' . ·, . .- ,., ~ '. - ' ~ . ' , 

the object may n~ be accessed, arid th~or• ~I not ~ ~~~- to . 
. . - . 1 • ', -· ·-., ; ~ c-~. ';, " . -·: ~ ~ "'·? . ' 

The third class of arguments is ~rltlb!ct· tp"pfflffll,s; A variable arg1_1ment ts a !,a,riable 
' . .. ; ,; ,., ; ~ ~- ·:. : : ' ~ . , . . . . ,, 

pass~ by reference. Therefore, assignn,ent ~,it~\!~~~-~ 1'fll as a~ss to <•nd,m,utation 

of> the object it contains. The difference~ v,r.la_l>~ -~~ ~nd ~~,~fl~~ts Is 
' C • •(,,'_,, • • > • - •• '• ••••. O a•• • - , ,, • •• • ' 

_exactly the difference between asstg~ment to~ !~ria~ ~nd ~~ or,: \t.,e object it cc:mtains .. 
. • .. -~ .. •. :.: r:-.,} ·,i;.. , :: . . ,, .. -. -. ! ' . , ·, . 

The last class of ar~uments ts r,sult •TP~: . A resu:,.,~rgu~t ~ ,a •~r~able_ which 

may onl-, be assigned to. The purpose !)f ~It ~~ i~ ,t~ ~~~~ ,of ne~ objects in 
' • .• • ; : - : • ·, --: :, "" .. ~; .: :.· ' • _... ,' ~ ! .. - • . ; • : ~ . " 

variables, that is, assignment. This lnch.tdes l~li,~~-:--~ ~ "''s ~:nment. 
• • : • i "•1)' , " ,. ' ,., .-,.; ,._ 

Object and variable arguments (the $ICOlld and t~i~ ~lasses d~ibed) ~re not very 
• ·- • < ,: • ;.,: :, + ·;1 .. ' ! ', '~•;. .,.. ·<> :,. • • • , • 

· much different from each other in implementation~ Both would be Implemented bt ,P,a.s~~g by 

reference. The only difference is that a variable argument may be ~,i~ect ty, and· an object 

argument may not be. This slight d~tlnct~ ",not worth tfl,e comp~Jity of t""p ,~arate 
, • ,' L O ', • • • , -' • • ' ! • • •' • : ,._ O < <, ~ i• 

argument passing modes. Therefore, we ~ tc, dispen, .~i.th one ar,d keep, th~ other: we 

retained object arguments, and eliminated variable arguments, for two reasons. Fint, thisJs the 

more conservative choice in that less access -Is given to argumentL Second, ob_ject arguments 

more like CLU's argument passing mechanism. Ill CLU,ob-ject•f'~are·,assed, by' value. 

The effect is as if im~table objects were passed by value, and mutable ones by reference; 
... t . '~~. ~ ,'. i,'"~: _,t .. · . ·,; ;.;· ,,: ·.' • 

except, the variables of die ·catttng procedt:1re cannot l>'ffa~ by the cilled procedure in any 

way. However, the object passed is sltared b«ween tile pro&dure1: a~ hence, mutations of it 

performed by the cafted proteclute¼wfff be visible' to tht'. taHtng pnkedure. The :decision of 

which class of arguments: to keep is not a1f·'t1tal (Wnpodint'tt, the long run, but has affected 
- .. ' .. <~*'l·~•·'',:. : !I' ·~-.- ... 'i··• .. •·: -:',,•~-" 

later dect,tons such as the selector M«hantsril' itld alluing detection. 

Now that we ha.,e· settled on fh~ clwa-'cif'a.~ts:.. constant, object, and result - we 

need to devise a syntax for expressing procedure def.lnWons .and invocations. .Let us first 

describe,.. simple acheme which we wtN l"'f"• llp!M. in· a ftlafflent~ 
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2.s.2 .. A Simple Sdteme 

The_ stmptest approach to_ dd'tnmg proc:redutes ts te haft a _header itl each definition, 

much like the procedUTe headers of Pascal · 1ft die II__, M 11&11 • local ~• tjpe, and 

cl;ass of each argument. For example: 

p • proc <cemt w.x: lwt, •• t- .,..,C•tl. ,.. z: .,_,, 

The above header says that procedure t, cakes tour~ two ca•• arguments,"' and 

x; one objeet argument. t, attcl one·resuk 11pw1111L1 The ....... , ts Ml alloftd to mutate 

or assign to tu and X Onteprs ue nGt mullible •JNfl anyway►. , ... , - , .. but not Hsign 

. to it; and ,, must assign to %, but may not Ka!SS It ........... Cd ., ;ererence is used to 

implem~t ai1 three kinds of argu....u; •·dfttlNlflG!. ~Hit .thenl· ts Ill What the caffed 

procedure may do with an argument - -nat ..., the--~-& ,auect. 

Procedure' invocations take the 1IIIMI f-omt: ~---fll · dll proc...,._ follow«! by a 

parenthesized list of arguments. For ex&fllPle, a adi of die·,-,._. , .... NO'fe might look 
J. • 

like this: 

p <1, i+S,·a, b); 

The. types or the arguments must match dlole d«llnd by ,. Panhelmote, access constraints 

may not be violated. Tlffls constffltS may Mt be , ... r .. ; ............ ~s as res 

arguments. 

The simple sCMme .. med aboft ts ptrftctlf wvrbl,le, ~ GIi -, be tmproved 

~pon. The main thing to nouce iS that lhere is ..-.· -,tide ••---- Ml ...,nmenu ate 

,accomplis~ by passtng a vartabte by M. <Prt1w1•tp)J ._._....,. e,pa MM operaU.ons to 

assign to a variable of tfletr t,pe. In a ,.. IMst ~ .,, ~- stnce al other 

assignments rely on thfmJ H"'"~• the .p~,e .......... ~•rJ for •ch assignment 

are tedt0t~s to write out tn the simple scheme. and~...,,_ .what. ts .,..,.. since result 

1. We admit the use of YM' f'er object-arptMRCI a, .. ,..,..._..., .. Nt wa ·lllld .to perallel 
Pascal. Anyway~ we do nut wtsh to Jet tnVOffl!d m ,.,., s,._.ac t11u11. 
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arguments do not stand out. 

It js po~sible to . separate result argu~ts by wrltklg them qn the lef't-ha.nd side of a 

':•' symbol, to signify 11sipment. For exa~..: ~ would ~~-
} \" 

var _b: foo, c: bar; 
b :• q {x, y>; 
C :• r (i); · 

a:• p (b, c>; 

where in the simple scheme we would.haYe ~~Jtten: 

var b: foq. c: ba,; 
q <x, y, b); 
r <z, d; 
p <b, c, a>; 

assuming these to t,e. the types of' /1, q, and r: 

p~·proetypt Crir foo, bar, m, -re 
q: proc;tJpe ~var T2. T!. reJ f oo) 
r: ·proctype (var T'f, res bar) . 

The u.ie of ':•' shows, !JlQ[e clearly what 1'11~ ~ .. 

We can make a further improvement, however. If we had to declare .a variable for 

every tempc;,rary resu.J,, .our programs WOIJlcl -~ ·'JIIJ#,dq~ ~~th exttan~s variables 

and declarations. W~ oa,1 get ar:ound this p_""'lelq.bJ ._.,:rq t~ ~• .. allQcate t~ary 
' " '-4, :., ' ,,, -·i '•' .. .,. ,,·: • . ' ''-', ,,, .. · 

variables: Adding t,..iJ f-1UA !ll~J~IP _to 0_~'!"J.1te the ~~• .-.~le and -~~l?,ate the 

tempor~J variab~b and ·c: 

a :•. p < q<x.fl, r~> ); 
· Furth~r. if .some ,pr~re. ret11a:ns a result,,, -~fr use, ~'-~.not ~P,IJn the :resuk to a 

variable; the compiler will allocate a temporary ••~-k. tqr ~.Jt,,. p~~fe t~ ~ri~. i~t~, and 

then the tempor~ry will be thrown away U.e., never accased aptn>. So, If the variable a were 

never used again in the example, we could ehmlnate it, giving: ' 

p < q<x,y>, r<r.> ); 

The end result of putting m argutneftt$ an the Wt, and having the compiler allocate 

temporaries, is syntax q~ite similar in appearance to · CLO. .. lri fact, we entourage the 

progr~m~r to think ot procedures ai retu~hlf objects tn-.d or being passed v~l'lables to 

write into. The O\lenlf picture of this fina,'scheme ls :that tfte' calHrig p~ure 'gets' the effect 
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of objects betng retumed, and the called procedure sees var.Jabla whkh must be assigned to. 
· - 1 t~ 5... . · 

This is a good compromise between abstract~ and eff~. ~--°"~ _const~tnt. is that the 
. : i. •, ·. 'i . ,- • . . 

size <or at. least an. upper bound on it) of all objects to be returned fflllSt be known before the 

call, ~o that the actual variable used ca~ be crea~. H~ w/~1 ;tth th~ constraint will 

become clear later. 

To encourage thinking in terms of returning objects, we put the ctestrtption of what a 
, -- . . ~>)•;r·; '--~ 

procedure returns in a separate part of the procedure ~. as In 

p • proc (~nst w,x: int, vary: artayliatffret~;_l·~·-:: · ·1
" 

The objects to be returned are given names because the procedure'·betng. defined views them as 

variables. Therefore, we now call the result arguments oft procedure ,.,,..,_-._,,a1,1,s .. Notice 

that effectively all we have done is segregat! the ra arguments.· 
, . . '. ·., ..... .' . ·. ,·'• ·., 

Now let us consider· how to express &\he mtA~ ~ 1ob~ in ~L ,m pr;nctple 

we could use a return statement like CLU's, which·..- a ilbtApf'-.~1 1Q ..,m. Thb would 

be implemented by implicitly doing ~mem:s d; tft't reami <·+~ However, the~e 
- . ~.,. · ·: ·-t{t_·f ,t,''~r'if::;;:(f'- ! -·}flt '• 

implicit assignments might involve the copytng of large ol>jedl into the return variables. 

Instead, we allow objects to be b~ilt ln0-~11tntailt In the~ nttabtes, and simply say 
' ' . ' ." 

return; 
, . : . - •. : , : ·'. . : , . ·( .· l -~ +: • . • 

to return from a procedure. We view the return variables u betfir'tridnttlaltzed on procedure 

... ·~n'try, ~nd any return statement in the prod!dute ts•~tcrbe a use of at1 the return 

variables. this,'ittows us to use Whattver .mechanhffl. •lrmfJ eitists for detecting the use of 

uninitialized variables to handle return variables as weft. ·tw sam · tMft, 1he uhdl!rlytng 
. . . . 

mechanism of returning ts the passing of Yariables (whtlW••ltt~ft'..-..... declared· or 

' compiler'. created)'. . ;H~~\fer, i'e tf,..".ithe'' 1ymlx'I•-~,.,... .. ~ 14ir· """11Ang 

2.3.4. Multiple Return~ 

, In !'"ost ,lll~Juag,es,Jf:c~oced~r,~ ~1, ~~~~,r~•,t ~~. i:~· t~.!r~~,:~::~~ remove this 

restriction .becau~ i.t is art,4ra_ry and sometimes ~~uc:tl¥e, In that,,~ procedures 

.most naturally mum .more.~ one.object. Of CWl'lt.-we provjde ~leptactic form1 for 
\-t. • .' • _ . ' • , • · • . C ·:· ;' l ( j. ' " '. " • ',, ', .. , ' ·• ~,,' ~ • .·-. 

usmg this feature. The ~torn si.tement itself need ..« be ex~ since~ are depending on 
0 < , • , •' ' ~ !1,' ; C 
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assignments to get the .return objects into the return Yartables, as previously e~plained .. 

However, some syntactic f«m is necessary to designate the variables to receive. the return 

objects. The multtf,1, asslpmmt statement, which will be dtlCUlled In. detatl ttl the section on 

assignment, ts used for this purpose. Its -general form is 

var 1, var 2, :··• var n :• Invocation; 

The header for a procedure ntuttllng l1Nri than 'Clfte abjlct'woafd have• retUtris clause of the 

form 

returns ( var f t7t,, 1, ... , var n: t7fH,,,> 
where the typ.es may be (actored. For example: 

returnt <x,y: int, 1: char> 

The order or the vartabla dn lit left tide Vt the 'fnUltlple aulgntnent statemfnt is the 

same as in the return• . clause of the procedure header.. Thu paralMr · thtr · standard 

cerrespondence of act...-1 and format arpMants tG ,._...ns:'YTM· ...,., clause may be 

omitted for a .procedure returning_ no db Jedi, or 

· returns<> 

may be used. 

2.3.5. Aliasing· 

We have not dealt with the problem that arises when the same object ts ,Ptssttfi to a 

pr~edure in two different var positions, or in both .a con1t and ·• Yar position. The problem 

_.,, is ·that not athprocedura are P~'to1deal wtdf ,OYMlfpflaf: vartibln. "Fhe problem is 

compounded• by the fact :that -there .are1;vull.bla that Wf.UftlJ), haw subva11tables. (e.g., 

records and,at"Ap>. and onrlapptng aubwartabtei p,111flf 1hl •me 4tf'fkU1ty. ;trurtherffl<>l'e, 

the fact that each argu1Mnt hu a,dtffffl!ftt'Mllll·1n theqled pMcldure,tends to,,.._, people 

forget that two names might refer to the same object <or overlapp(nf)ebjects). • We call the 
. . 

problem altas£ftf <~fter Budid lt.amp1a1t1'1Jk W•,...• llhal_,.,., ,IMUld· w 11tegal.- ! · One 

very good rnson fo1vprohibl1tng,,...._. ti, .tr.5•Gfl<..,. •"dgUfMM to ~«erlausly 

change into an entirely different object from that passed. Conslcle(thefollowing procedure: 
< ~t 



28 

p • proc(a: ana,00, x: ·t); 

aUOl :• ... ; 

end·p; 

It is reasonable tQ thmk Cllat W , m ••--·• •<--;ii.,.._.,...._. .... ·wt ,the body, 

and <b> that after the llaJfld U1tpmlftt. ad ...... Ille •••- pa••• In.· 1-loweNr. · one 

could call fl .in this w1y: 

p <b, bUOO>; 

Assuming that both &flum.nts are puHd by ref ... , ~--~•-••n•• It IV flf JOJ in 

the '1ody .of ; ~ .. _...,#..$ea~ C. "'"'-·l!Stlllll• •••,·,$1inC .should 

be ,prohibited.I . 

Most-~ of_ aliu•11~.- 1M ·••~••--•··•••••• .... ·,- ••~•• lifflple 

run-time. checta, e.g., that two ■ffllJ ......... ,.. ---
f (a( n, a{ jl>; 

and so on. We wt.fl explain what mutt be .,_ ID ,._. .,.._,. in :dte ICli1111 on 

ttnplementatton, amt wtfl -,.,.cl the ndllll • __. f •••• ... •P• • •lluillt as ~ 
encounJer · them.-

2.4. Aatg1t1Mt1t 

Hite w dela1b, .... •• Mdlk,elljllllv.fl; .... •• --- - ~- •HMion 

~ · caHect, •ut•..,. , • .... 1,111 · it ,,. ••. 1111 mm d •. ,, • .,.... p■,-. and 

,pt"OCedutl! ht...._, .NIIIJ'lt'.fft-• f•11t1• ... flfllll I !tJ ... U ... t'Mllt _,.;IM onty· 

NttJ•••11,,,......_ .. a.---, ............ ,1,,u 11111•;.,,111t.._ 

Ht :-l---~ ,. , 

that ts. vartaM,a . ..._ _..a...,.., ••• ID r ,M -•-•:P•l rl •.._~ 

procedure called. •~;• •••-••••6M #IP*TIJ- .,1111M21-.-.,~•• 

' 
I. There are .no implick arglltMtftl in MaAL.--. .... Ttdl .. Id ,.._ the number 

of checks required to p"'"'1t da1lng. · 



I 

even if they are not explicitly written out For example; 

X + y 

really means 

TSadd (x, y>. 

where T is the type of x.> What about assignments of the for".' 

... ~ i ,· 

There is no invocation there _to pass '""I to! This problem .~n be han~led in th_ree ways. 
•.~ ; :: · , · -· : " :.. · - : ~ :i · ~-! ti -·: i~ :::~ -"~ ~:~ ·-,, · .. ; · ,_ · , ·: ~ :·.. : ·1 . 1 > -'. r:. : ·· 

29, 

First, there could be a system-defined, automatic copy c;,peration performed. This is 
';',~ .. : ~·., TTl ?".: ,-• ··f.'·' ~:·'--) .,C; ,·,~" ·, 4 }, ~/]. :U~ 

what happens in most languages. Ignoring· differing stonp formats, etc.. the implicit copy 
,: ··~~ • ' . '.:: . •:r.:-.-•-<,;~. ~-\~~~;·,i--,:~:~ •~"!?:) r~ .. _,•~~ ?'.~ ., .1 

performed is e5$entlally a bit-for-bit copy of the~ of_the ~c,rage_al~ted t!) ~-~Z into 
· ·" ,,;_-:· ~ > · e- ; ~ , :.·~]!,U"-/'!t{t) ':··:::;,{;_- f;- cfl.~ • ··::;· .. · • ··~ ·.,· "· .. 

the storage of V4r1. We call this operation a IM-ct1/J1. A bii:-eopy_~rks flne in the absence or 
,c • •, -;. : . ,,.,~.,-\-., -~:f{:,:,d·".--;~~ :~~1 i.?. •~" ·.· ~ ·-~ ,_,. ;· ·.r· •.:t. -::. _1r~. :: .,__.. 

abstract data types, but wit~ their introdll(tion,l1-''~ ~!'.1~: .. ,,A~Y,•~~t, cr~_!,~s .~ new 
, · · . , ·.:._, ;~~i• ~-\~" .. ,;,: .. ~-~"'-f---c,;, .... . ,, .•·· "· k,. -.,~, 

object; a ~it-copy creates one with the same state •• the one In the rtght-h.~nd variable. The 
: " ·· ·, . ··~ ;;;~s: ·~</3·,fl 11)1:v .,s.Ju.~-~-.r·-i:.,, .~ · -,: ,·.·Hij \ :· ·;.~ ,:··:>'\: 

problem is that not all types should be ~~r~, !e:~~W,~!,~,if;°!".~~x~~~• ~},Y~ ~~f/equire 

all the existing ob~s of the type to have different states, so that eacfi object is detectably 
. , · . · ·{ -.-"". ,;-~ :< . ~, ,_,, _f tJqi ··i<·_: . ., ·; :) . ni..1~Jx.~ _.: y _{~ ! 'i'~) t ·,_ /1,~ / -,- : .r:-:: 

unique. In the presence or pointers, it is not clear wllet:M,r a pointer which Is a component or 
· tt'.; __ ._ . ,, , !'... . _1c, , "· ,;._t •f!··; lt · -~:,:·,;··~- '!? -~~r,,:~:-")'··· \.'\ ·,, i:~ -.~[">if ; 

an object to be copied should Itself be c:opled, or whether the object pointed to should be 

copied.1 Thus, an automatic copy primitive ts not feasible. . . ' 
. "'1,. ·'. ') ... --.· -.-~ ·, .. j '}'~~L· l~t- -·., 

The second solution is to have aH assignmenta 
j'°' {._~-.,·, ~ 

var:• txf,; 

mean 

var :• TScopy<,xf,); 

<where T is the type of both txf, and oar),;w~ ,rt, ts a variable or an invocation. This 
· ;"',~(~ ,r .·.ii:" ·. ,,~ ,~ ,¢ t_- .; ; ~: ', · -~ 

· has the .unf.ortunate effect or doing a red~t copJ whenever ,x,,. is not ~ variable . 
. .. .. ··: -~ .. '·-t . · -'."·:'ilr· ... "' t ·-/:·~·-·.·~?:;;~-r ::_"'., :-:·: ··~; ·. ~<Jf;: .. r ~~.~H-·· -..;. -··1 ~ ,;' t-.:: . . 

Furthermore, the redundant copy opei:ation ~ hard ~ ~lie alf&y •beca~se ia~rs write the 
~- , , ., ·· i : -'rf~/~ ,-_., ··:rf:·- ,;?-\_"~--~ .f).:;,L~';t '.-:;).~-'f' ~•" ( ·: · ,.: ~ "·. ; 

copy operations, and ~re not constrained to ~e them ·e,tilJ opdmtzed. 
, .. ~ . _. "':?/.: /t ~-"'. ;:-:•,~ti ":il.;, :· -::01 t"!i.··~<-,\~-$;;: .!.~· ~'. ti~ :·_, ·<· · ·. · · 

W~ feel the best-solution ls to insert no ~era copJ 1ft uupments qf th~ form 
. • .1~_;.-1:>-'.::> . .... ,-~-:~1~·-_;: -c·. ·-&-;;~ :t" \-·,~rt•· ~ ·:" . 

1. This is called the ,o,,, t,roblm and will be further dllcuased when· pointers are added to 
ASBAL. 



and to take 

to mean 

var I :• TScopy haar _i); 

The 'type of TICOfl'J ts assumed to be 

proctype (.~ T> retlll'tls (T); 
'; ;{~ ,·,i , ' ,t•, .~r,-- •~_: I •_; 

If an assignment of one vartahle te a&Mlltter ti wr• 111,. wl the "' F"lpl'ate ClllpJ operation does 
. ; . ~c· .. ::, ... _,.·· __ ,,, ;:.: , ,_ -.. - ,--.:~ ., ! .:t_·, ·: ~ .. ~•, ._....,., . • 

not 6ist, then the progrun·ts m error. 

Let us pomt GIit ~'few m, ..... 11 vi die. 1 I lh■ we haw a.dapted. Ftnt. every 

operation mu~ p~ a· copy . ..,.._. if 11bf9Cll,af a. we~~ t,e ••aped from one 
.. ·- ~ : . ,. : , ,~ ' ' --~ ; ::., ' .-'"~. -- ::r, :'' J ... '~- ,, ? - • . '.; 

variable to aDOt)ler. There ts no gadllg ••••• tWI; die •11 • IOlutilOII had a allo, and we 
.··, \~ .~ .-.. ? · , ~ • ,'li, . ·;·,,...,.{" }_ -~• · .• ·.•1•· 

demonstrated t~ fint ·soludan to be lilf•1Me~ Sec•d~ ~·•=-• ,....,. Ml a nan-uniform 
;_ . ' .. -.. ~ ; :< '\'~i "J':·'. 'f~. ~1-:· ,, ·---~~ ''•:i ''/;.,'_ .:·- .:~ ~---- : , . ; 

meaning. While we •ympathtze wtth dlale that lllllne •••• a1NIU1&I MW dearly defined. 
. ·,:- ,..._,, . ::·' . '.,·, ~- - ",, a,,.,) :, -~ ,'.·". ·. ),· ~- .. , ~ ... . • . 

. ·· ~1nique ~ntng;, wi feel we mu~·~ ·dial pdM:tp1e a -ddi me. What ls pined ts a 
·-::;_, 5 .. ! ._.,~ .. -)~---·: . ..;:; .: ';·1•:,·-1~1. . °...}. ,·. :·-1-·' . ~ . . • 

savings in effort at ~.or a11111pu1:er dnle,tap••••---· 
• ( i: ! { -.~) ' • •"~ 0 • ~ • •, ••~ ; ~' < S, •. l;•, • L ... 

There is .one ·fflllR pt 1ldem wtlh ••atc•nlllll: atn11•11 --•••-t . . - . . ... - t., ' 
X :•_p (X, y); , , . . ,, : >,'; ';. ' , . 1 , 

.,. : . -f '"~· .. 

Here f, receives x as aft atgument tn twCJ ,p1111:1i11-. _w a ....., and ette' ls wnte-ontJ. 
• ~: . :.' . ~ ;, f '"; : '. ·" : ~. . . 

T·hingi could get· really fflelled Qp when ~ lta1'tl • Wl1III-. Ill ...... ....._ One way to 
"· '\ ' 

solve this problem ts to translate tt to 

x :• TScopy <p -he, y»; 

similar to the solu~ of die prn-.. problem. ..... a -.r t.e. ta. a .faad .tea, though, 
t. --~ . . . . . ' . . . . ""~·" ; , :· " ; : '·. 

because it is nowhere near as obvtoui as Ww-e ..._ aa extra ~C!IPJ wil t,e ....,lll!d and when 
.'.-' .. -.. t ~n ~ , . . _i• ~ .;:·• ,·,;;.I;:J ~--: i'>~ ~:" .. ,.., , . · 

it wm not. The better ~ ta 18 allucate a lllmp11a,y ....... ad pus tt tD ,. Theft after 
· ~~ -- tn · ··· . ,~ '· ;- _-:-,:·:,~ --~,::: L.~., · · ,, . 

p returns, a. bit-copy ts perf'GfflN!d fna the lie!: p HVJ JftlD x. A •bit__,, W'b because the 
,- . . •. / .. "· _::i <:· 1.•~:Jd.,.:. \:.·:J_:;, ::.:,/• -;··'·.J ,•·:,~- -. . , 

state of the object in fl II exactly the aue tlutod .f• the lliW ~id ta s; -,~. the 
·•• :'.. ' ,• ,:; •.: •• •,• > • ., • ~:-; :;1~..:_..,, •: ,; K,,,~ • _;;._.;., ::.r-; • 

object tn the tempe, ary Js ftffel' aa,e1111d- aptn. 



2.4.1. Multiple Assignments 

In a previous section we Introduced th, idea of returrtlfl( more than one objeet from a 
,' • < • ' • ' ' • ( • ~ , • • '• ·, ·' • • ' 

procedure. We need to be able to assign those objectl to variables. The form of a;S5ign~t 
• ,< ' •• •• ~ ' , 'o ' 

statement for this Is 

var I• var 2• ... , Hr n :• tnvocotton; 

To .extend this to Its logical <and useful> conclusion; we atlo attbw stmultarteous mukiple 

assignments of the form 

var 1, ·var2, ... , varn ;• aJ,i- ~;2, ... , ,xt,ft;•. ·.· 

Each variable var1 is to be assigned the corresponding expreulqn. '"i't• and all these 

assignments are to take place simultaneously. To prevent confuskin · we requtre that each 

expression either be a variable or return only one object. .Jll:,~of:••....,I• the~samc-,trkk of 

using temporaries works fine.· For example, tn 

· x, y :• q <z, r<y>, x>: 

a temporary would be allocated for the result destined for x. On the other .hand, one is not 

needed for ,, because , Is not an argumenfto f· 

One particularly i1t<:e construct the n,ultipte assignment statement •flows ts 

X, y·:• y, X; 

It is hard to decide if this should just swap the bits of the objects stored in x and ,, using 
: . . -. -'- ~ ~ ~' 

. bit-copies, which is both efficient and semantically correct, or whether it should invoke tlcofJ1 

twice,1 which is more con1istent with our abo,e pile abotU ~'J. ~'!'ffl,1,Viariables. We 

.. believe it is better, to be consiste;nt U.e. to t,allllc;~. A:~ OP,!ll'°r,~ld be used.tQ s,wap 

the object~ in variabl~ but we wtll not ~xplore .l\lth-~ ;here. 

1. For "x, y :• y, x." two tempo(~ries might be rtAUfre.d, taowe~e,r, it is not c:Ufficult to have a 
compiler notice that one of them ts not needed. 
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One last useful assignment statement is a declaration with- laitialhatlan (ar amgnment 
. . : -·1-f , . _ _ . · -, ~-.:: '.j:~,: r-ct~ •i:, ,.~t1·:.~ ·.·._, ).: r, · 

with declaration>. This fot.m-of statement allowt ane·to dldare atld:, Ulipl taa vartable in one 
' .,,,, .. .- . . . •. . . '. . . ' ; ··. . . . ,. . . ' . 

step. Here·are two examples:· · · · ·· 

var x: roo :• p (z); 

var x: f.oo, y; 1'ar :-,qh)., .rh~ .. 

A declaration with initlaliwien is effectfftlr a- shortlialld'- far a{~ f~: by an· · 

assignm~t. Thus the second declarataan,....,tullfaft•t1r a, 

var x: roo; ·y: &r; 
x._y :• q(t>, rhu; 

wfttdt is"in•thts clRequtftfent'to 

var x: roo, y: bar; 
X :• q(t); 

y :• r(u); 
,, 

ConstantdeflntttonS; which were t~Je;a.,... t .. ; .... ,Wt tbe..,.. effect 

as decfaratJOlls wJta..tft1tt.al&r.._, Tfle,.,.ctiff ......... ,,._.....,.,..},.. be.·asstcned. 

to again. 

2.5. Access to Component• of Ob~t• 

TM· pre\ftotts' s«dans of thts chapter· ha••·dalt wkh:ffllthanbml'. tor manipulating 

ob jeets as a wttote; here-· we ·dbaus·' ttie·· addttlatult . ...-....~ ...... ,..., tot mampufattng 

components of objects. ~_.,tffNe,actteM that·cur~ p111fli•iuat ~-alJjectS may 

be created, they may be observed (read), and they may be mutated. W• clllltf& to be: able to do 

all three to components of objects u well n; to eattre ol,jlctl. Cration ts no problem. A 

component of an object is either created when· the abject II created. or ls created by a 

1. In Chapter i we wiH ·see that there can be an Important dtfferenc:& betwee11 a declara.tlon 
wtth tnttta Uzation and one wtthout. HoweYer, for "°"; --~-- tt. declaration with 
lffttlaltiiitkNt to be 1Mflllvallnttlta cMtt&MtW FolliwllfW,W· ........... 
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<mutating) operation on the object. Records are an example of objects whose components are 
,: . . . ~ 

created . with the objects 'them~lves.-' Arrays ·~~~lbU tile ~he~ ~ha~io~: the ~ddla and. addl 
. . . · :. . ,._; •··: .. · ··,f .• . ; . ' ·. .. . . . ·. ' 

operations allow new array elements to be created dynamically. <Records and arrays will be 
. _

1 
. • • .·,<: ' ..... ·. :rt , .. . . ~., 

described ln more detail in a moment.) Abstract data types may display either or both 
, ' - ... ",' ~ i~ .. ' • 

component creation behaviors; they may always possess some components, but create <and 

possibly destroy> other componen'ts dyriamkaity.' , ·" . __ , ,. 

R~ding components is al~eady taken care of as well. Since all objects ,having 

components ate builffrom records and arrays, and records and arrays have operati~s to read 
:, ' . '. 'C •.. •. • ' , :~;;. ' ~ '• 

their components, any twe can provide operations, to read any components It may have. Of 

cours~ a type may not make all components avaiia~ exter:_natti: afuf ma_y return inf ormatlon 

derived from the components rather than th/ components themselves. However, reading 

. componet'its. is alw.ays done by returning objects.,· T~is is u~t~unate, because returned objects 
. ' . 

are always copies :.. always new objects~ <Remember 'that return vart~bles must always be 

assigned to.> Thus, returning does not allow components of objects to be ~u,tated; on',; '~/!'-IS of 
: : . '.<,r r· <,; ;:.· .. ,., 

the components may be manipulated: · 

It. may seem that storing a mutat~ copy baclt into a data str11cture is equivalent to 

mutating a component of the data structure, and this is often true. · However, many data 
. . . - ~ 

. '.:· ,1 I r ·:, A~ : ~ 1 :· '; . 

structures do not allow components to be replaced at will in this fashion. As an example, 

consider queues; perhaps we can observe the r~mbe/at t~ front of th~ qu~e~ but we can only 

. insert new members at the end of thi queue: A~ evei.;" ~~ exa"!pJe JtJt~ that must be 

mutated atomically rather than by separate reading then writinp·~..,..ptt.ares and other 

synchronizing data types fall into thls: ca\•J·. ;'?Wt~ .. are, syffident for observing 

components, but a special mec_hanisT is n~~,to "'M ~-~·~ .. of c:qmpon,:11ts. 
In a prelious section of this chapter we indicated t1-,~t}he qperaUons of a,n abstract 

data type are procedures. We now design a new. kind of mod\l~. th-=. .s,l"tar.,,.which is also 
' '•'•; - ' 

allowed as an operation. of a type'. Here l5 ~-.,r,a ~~ .. d •. ;A ~~tor .if.gl~eo _,. ..,ject 
•( ,\' . ' "' ' . ,.. ' "'~ 

from_ which to select a oo.!'lponen!, Jnd.poptbty --~ •~,~pfflfflt~. to describe whlch 

component is desired. The selector then proceeds to calculate whatev• ~r,9,Jndexes, etc., are 

required, and eventually exec~tes a s,tw statement,. :Tbe se~. statement ,indicates the . . ~ . . ... - . ·. - . . . . 

component object to be made available for use. What is returned to the caller of a selector Is 



not a new object. but. radler il desu.., ·'ff __ "-,. _,,,,-•~; ~ _tTllat, ii,. an ~ject 

reference is r-etumect:> TIM MilaN OJIIII .... --, ~-~ ~ a ~ ...,.:nnet,t,,te a pror;e<ture, 
',•, •:, • ,T • '._ < • ~• • > i,; ..:.:•tt,:'::::'1'~f,,< ,) °"1~ • • > 

and can thffeby be mutatecL How,er, what I& • .._, ti • .,.,,, .,. .""9Ge:_ fflaJ' flOt t,e. 
J , • •. • ' , ~--· ,,:..;_.::,,,,~- ·: ._~ ,_:: ~11 r:)'t..1~··•·· ~: .1·, ·, • ' "' 

assigned· to; only variaWn may~ arstprwt to. 
. ' ~ ·.' - . . ' . . ~, 

Since a reference to-~ af> an alljlllct_~ ~•.,;~~ ~-...._· we .mt.lat guard 
• ;-.,. " . ,', 1:' ~··•-:f( ~ '~i ,• .' • l 1 t.. • / , . •. 

agatnst any dangllng rderenca. PGtatiaB.fr a 111~-,~-~:· fl(.__. variables 

rathttr than a ~- of ~ abject it la 1upp111d'. •~ r~~a,c ,tlie- 19 a dangling 

reference when the •. ~ ..... "'.~-·-~• ,-,~~~~~"-~-•~s.never 
~ .· .: " -~ . ~- . . , . ,.. ~ . ' . 

select any of their lacal variables (o, ~•-• ~· ........ ~ tt,-t.·~ nnurns 
O" • • ;' ._ ""~ -} • • r ' • : .• ' , ' ,. •·: • • • , ' _, •• ; • , ' • , ' • , , ' 

cannot create d~ling ref~_~:- du wt._ A p•~•~ .. ~-~a_,.•~ in its, 

. return variables; rrocec1u1:95 can. newr_ ~~i.. ~~ill_~-~-
There a.-e two Minar r-a tt.t- ~;-~"'9J••~~- ftnt.,.~nts. 

• . . ,! ' . .! .• - i.,.· , ,. --· ' 

select-eel from var's sbould},e ••• l:e .. ....,..., ~ ~t•,,f}~~ .r ~"I- should be cen•t. 

Therefore, a selector dc,es net. da..,... ~, iu ~~---~ fl!OIR ts.~ or ••r. that 

· property is aut~ticalfyin~f~lhe -..,;:~;;·~.,~-~-,~ may not 

mutate rhe object being. setectwd from;_ hence ,the al,.JK.t ta II 1 !Id • ! ~ Hllide the sel«:tor 
- . . •"';. '. :. f,;.. ··. ~· ' 1 ~; ~' ;; 1; " i . " ;'. : _; ~.. . 

for checking pvr~. The MCORd paint II dtar ~ •"4:•.•1111· nat' ~ any_auxifiary 
, -~ ·- . ~ , • , ' ,. . ': I- \ -", : . ~ .. , :{' "!-: . . • . . 3 • : . . 

argument. Therefore-, d: aaxfflary w;•"• ._ ~· • • ...._ 
. . ' ,~ • . ,,; ,.,. ."(~~ >· ,! ~ ·~ :., ' • 

The form of a Hhaor tkflnilln 1s:· 
~ ' . ; j -. •. '< '. ' • • ✓ ~.., ~ - ' 

na~ • .seleet!f' fnwz: ,,,,,,. ~;a: ,,,_1: ;":'# -~ ~) ~ . .,_. ,,... ,._.,(>" lJ/J•~ 
. stau,n.;,,iJ; · · · · • ' · · · · · 

• .,.'.~- ·''!'.,, 

T~ na,ut for i > tr are the akfttary a ..... .... •· the ,aljld: 19 ..._ fNm.. The "of 

,,flt' part mcfk:afes th. typtt· .r·• e&Ject •:tie.;.. •wJ' 'A~~'8t 
1
:i.~~~t 4wtwch a only. legal 

·sefeoet · wfwesstliti;. ,:., · · _ 

Ttte~pn,ss~ armet ~'a fliafftdable ar ... a.,, "'I~ el:._~-
It .fs lta"'1ier«f~'- .. __ i,., ... ·•;a dtlll~ ... ~ ..... that inYekes a 

Hlfector-.. We~• use · 
..... ,' 

s.t'ttror .. ::n~•J«t JD Ml«t /mt,. · · · •~ 
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to be· like procedure Invocation, but we feel 'tt ts better to vtrlte 

oh Jtct.stltctor ~na'IM<swi:U14r, a,pmntt.s> 
to be anafopls to records. 'The latter Jomi .... hli the ''advantage or male.Ing the object being 

select~ 'from stand out.· If 1'1e $elector 'takes_, autlliar,'i~ts. the parentheses may be 

omitted~ .k-a\'ing 

oh fact .s,ltctor_11a1M 

which is just Hite a record a>mponent S'e1ectlon. 

In many cases ·computing •. sele.cttdd' can e'1,e elpenstve. Therefore, we provide a 

mechaWtsm for savtng a se~;· tt ts ·tlif *Blb.t.nent: 
with class nam, •• 1-xf, do 

stat,m,nts 
end With; 

where class is const or var. If the class is.var, then the selection must be from a var. The 

namt · starid'S · for the selected ob.Jed wttMni'ttie btldJ cif·,r.· wld''aattinent. and is treated 

according to the dec;lared class. A .scope ts taWW• ~ ~nt"" mu•~: done for safety. 

To prev~ mutations ,or the contatntl'lg· objl!ct 'ffaffl;'~lng the selected object, all 

arguments to invocations in the body or thtt·.witlt.'sti~·are chtcked for overlap'with the 

selection. 

For example, say<bollrkted) qu.- are trnpfefnenrtd a·•mys. If lhe front member of 

a queue is held in a iaved aelectiGn, then the .qi,We rnafi.ot' bi itVoctlrl«l until th~ scope of the 

wi"th statement is exited. T~is is because an element of an array (the front member) overlaps 

witt, the array it~lf <the ·queue>. The checking to prewiilt'tlUs' aliasing ts done using the 

normal aliasing detection techniques. <The check.Ing may be difficult to 'accomplish· at 

compile-time, however.> The with statemenfts;s~kt tt'~~ttori In Euclid. 
,, 

Now that we have descttbecl the essentWfnature of ~,-and selection, let u's discuss 

where selectors are··apptoprtate ahd.wbere' they''art ;a«' -~ite to be u~' to mutate 

objects stored in a SUtrOUffdfng data stnlctiJij' ~ftoi.tf'·chitUrBlng w •• t structure. The types 

. having ~electors wtft tm1a1iy ~ &n4!5°that Jtore"aAb:~~,a~'reliat1i:itas'hlps betweert,them, but 

do not ma.nlpulate the data items directly. Oood exan,lples •re JIJD. $Cl"J. que\lei, trees •. graphs, 

·etc. Selectors shoulcl defm-,,nat IMrUlllt.m~acce111--,1L,:11111~uwnot· •-thaltld not be 
... 



mutated. Furthermo-r~ selectors sh~ net be-~ MIN!lty,. _. __ acasa .~ efftctent.1 for 

this can lead ~ (~f.f'«tiffly) expc,atng tt,e, ,., • ....,. -.: ._. . .._ the range of 

implementations of a data type. For ex.a._ ...._ taM:J•ctt~• rMZ. ..._.,. ancl Uf on 

complex numbers.. lmpternfflt"" HJ of these r~,-~.•.....,, f.-C- ,_. eomponent of' 

compl~x numbers to be repraent«I expUctdy in the -.reHRIIIUOn. ~ •. ~ threaten 

the uniform referen~ principle [Geschke'5, Rosa69l. Thus. dae.fPlldfw .ot a type must use 

ca·utton when deciding whether parttatfar -~ Jheul4 •~ff'• ~rs. 

We now d,escribe .reconts •net arap. Ji.ii . .....,._ to ....--,.•Jhlkisemantics, for 

they are the principal types ul«l)n clef_.. r~ .r -~ .. ~. A record 

· . type has named fields, each 'spldfyiftg a type. For ~ 

recordCa: int, 
b: bool, 
c: ralpt.1 

iach field narM, defir,es a selector with the ... if_.•• the tJp! of the~ is 
; .. . ' . .. " , . 

stlty.pe O of tJr Pf fl.tld fl'Offl, rtctrd t,;t 
' . ·. ' . ',,. . ' 

Record. c~ may be ~•nged. T,he opera~, 'put.JW,L...-', n,u.a to ~te the 

named.field of the record. ~he .tr~ of, 'put.JWd.•••' 14 
proctype (var rttord.-'t'JfH, constjNld_t7f,tt): 

. The. new object is COft~ructed using the ./ffl.~f'Afl. ~"°P. ~hich must. exist for 

fltld_t,f>t to be Qsable 1ft a rect>rd. F~ o,ny~ ,.u._J1rlif . ..,..tionl;,hf•e • 111gu; one 

may write 

exp1fi,,ld,_nanu :• 1xp2; 

instead of 

rtcord_r,ptSput.Jitld..na.mt (~xJ,1, tX/J2_); 

Notice that rec~r4 put oper.tttons are.-.gar •~ ......... .,..,-... R,.-,ds also have 

cof1'1 and tqual ~ations; r~~ are ~ f~tfy ~-• ~~~JI .. 

The. onty ,c;,ther opera~ on ~• ~" ~- Tt\lS ..,_ ·be. w~lltel• out. without 

giving an order to the fields. W~ f';'IJqs .-r---- CJf "'- fMldft., .,...,.~ and 
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t - . • • '. . .. 1-:,: · - <'- / 't . vt ~ :. , ·i • , ,,,. ~¾ · - , ~-~ . ~ · ' °"·: · ' ~ -·. , " 
so the user may not Invoke the record create operation directly. Instead there. i~ .~ •special. form 

· ·. .- .. ' . · ·.~ ... _";:~_-. _., :_ -·u-- -,~-:.:r, '. .. ·; ,::,~~:·:,,t:r·~~-i!1 ;,t~1 -j;.;si;Lfi·,_,:\·j.:;;. 7 ,.·' ~"'t :--'.:~{-'~-- :;-f~ r. __ ,,_~ :'-
called a record constr~or wldcfi allows c,_tlon of r«ord abjects in an order-lnd~ent way. 
A record CQnStt'Uctot ta~~ ttaisJorm: - ·- . ,~-i : :, · - • .. u,-, : ,,,,, ,·:, 

_ r1cord_r,f,d{ft1ld_narn, f IX/JI• 
fl1ld_narn,2: .xf,2, 

. . The fiel~.~•o,es .fllP# -.,, -~,pr~~~~-__,-. ... :i=,.e ~• •~~ In 

the order listed}.~~~~~:l'f\lY,~ ........... 5~)-~.,.._,.,, •'1UDI''. 

ftel<Lriam1_. A•''f~·•.,,,,.., ~ f'f/11.?~ • ,,;\ , , -. , , .. 

The rec:ord c:o,,at~ ~~OMS tt,e,,.,..,,_ w, ....--~ I.er· ·-'1 .4XfmtlUM: whidt ts a 

vari~b_le, and f~r '98a.\i~~ ~~~\II ,ur,Ultlp.-,,~. · · -.,. ,. ·, '" 

An array obj«t Is a sequence of objectl. of a tingle type, indexed sequmtiallyi. The 

sequence may be empty, and can grow and 1htlnlt In me dyilamkally. Arrays have a selector to 

.index them; it is catledf,tclt, but there 11 a~ for- ~Mf atrlyS:~~t•"tit _e1ett:ent- with 

index· t currently ex•sts In. the array·"• then aUJ aelecta· that~~ does the 1:111.sugared form 
•• '. • /. . , ./· , .• :~( ~-''"'"f )(f?~ -~- · J~i,-,~ '.' -~;: .:.:'~~!~ ,_. ;dJ,_"·:•, -· 

afttd W. . - ·-
. ·•.· ,. , J.S .~ .·:1-': '"'_;:·· .. _1>·~- ,·• ' •• ~ ,, 

. _. . _ An array vartabl, ~~.·.h~ ~only ~tn,,~rray ol,~ "•· itl";tf~· .ftf~ ~1,(~lly, 
each array vartable has ass.odated with It an interval of the Integers. and only ar':~Yf,.,~hose 

indexes are all in that interval ~y be storec;l_ ,rt,~~- •~l-!~r~blf, fWe. ~~-~size that the 
• • .,, .• i " ~. ~ ' ' , . • ., .. ~ • 

i~dexes of an _ar_ray ~~ an~ th~ •~p~ ~
1
~1.:~~ ~~-~~; sets qJ.~~:~tive 

inte~ers.> .The a~lo~ ~r~r-~ for a,n ~r~·'•·=~.!,~_,.r!ii~' ,?hft\t .. .ts ~~~r~~1~nd.J•ever 

change thereafter. Thus, an array variable of -~!'."-~J*•"J'J~1 ~-~_a. ~J~IJ.f,!~. any 

array objec~ whose elements are foo's. and wftose indexes .~~i-•~ ~~' ~J),~:!~ equal to,,,., 

and less than or f:CiUal to ltlfla. The type of the array object ts ~iir~l- ,<Thi' dl~(!f~,=e tn 

the- number of parameters and the';' notation .Y'J~i•"'-~A'1:H'•1-ShJ~~,,r;.•;farameters.> 

!here are_operatk?fl,s.~~.af"IY,~ t~~!:,;~.~~,~ ,~!f"' '~- fr,qp the 

h~gh or to,w end (I.e.'. growtn~.~r sh~ktng ._,!'!,!],~~at'- t~. •t.elt~ ,end> (addA 
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and addl>, trimming to ;a parttcuar ·raftf:e ef tndeKe <~.~ ~ J'd&e (slz,>, low index 
• - ' • '·.:; • - > ": ' -~ ,- \' : ' • • •• •. • ; • • 

<.tc,ru>, and high mda <M:fM, stnrt-. tlte elemetttl ~. ~ ~ ~ eternenu <stor,>. 
, • . ... ; . .~ '·'·,1 .... ,': :,;~ --~ 1~ '.~ii'.·'< ''~!~ ~-,. ' - .,. .· , 

ThJs last operation, stor,. hu a sugar similar to dat f~ ,._ ~ /JIii ......... We ma, 
, •, , , ,•, )S7;. -. ) ,• I 

write 

txp1Ctxp21 :• ,x;.;; 

in place of 

arra,_t,,,.Sstore <n/J1, 1x/J2, "'" 1>: 

hd1 fetms ffl8ft •repta¢e'the atrtpuMllt :• iftttex· 1'1i1ti1,er •'2 :in ~-arraj #,1 With a copy 

of- ;exf, J ". Stt t'- appendtx fer·a ...,..ttsrd arny .-S 'ftii:md 'tlpefiitions. -' 

Arrays were designed in this l.....,..,,t1111S11dff ._.,--..be m,,.-t for use as 

fieprflentat1ont·of ustract data tft,eS, • •-~~iv ....._.ltd ifement&. ·However, 

tl)ey are a bit mo,e,a~.tt15•f.a■1ti1n ftlJlia ptilfiat · *•~ ·trt space, aml 

in Ume. · 

2.5.1. Examples of Selector• 

Suppose· we had an abstract :type assodd""-'fffffltlf7• ·-whtdl auodates pairs of integers. 

We represent an assodati'Ye memory as an arra7 of .recor:dl; -each na:wd -has two components, 
. . .. .. . . . . . .. . ·,i, •. . '. ; ·' ... 

one for each integer. of the pair. Thus the N!pll!lffllattm type ef ,the astaciatiffJMITIOTJ 

cluster is . 
~ ~' '. t ' } . 

arrayCrecerdCfirst. second: int]; 1. lOOl 

assuming a maxlmum of 100 element, js allowed. ·The -a110dd•e memotJ ta to have an 

operation upilat4 wbkh. wffl change •ttae. ~. 1l1m111t at a-~.•~ • .the first" element. 

U ptlat~ will ha-ve in it a Jtatemetit like , 

atindex J.second :• new; 
~ltkh is a sugared form.of 

R TSput~Offlf(a.fekh<Hldex), new>; 

where. RT is ''reconl[f ust, s«elld: hitl'. Thus. we ha¥e shown -- .a ~ may be used 

Let us no,,; cormder an. ex.~ et' a type ~-• Nli'ctm ttself: a bank account 

record· f,iie. · It is convenient to desip ~ stry,ctuR .._ t,_ ~ ,._~i,v~,~ records 

of a bank independent of designing the records dw ,_., •••'-"' Of Clallne• -· Ille two· •deligns 
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interface in the area of the keys used to search· 'ror the ~s; but except f o~ the keys <and .the 
"1\ . ; " , '" ' ~ ~ , ' ' • . " . 

s.ize of the r«ords>, no properties qt the r«ords af1'ct-,the c:&stp· of the access structure. · 

Likewise. t_he .access structure hai no real effect_- UM, ~ of the r,cor4-._ Let us suppose 

the file of !l,h account records is a <rather large) objlclaf t,pe ~-, and that the type of 

the indivkluat ·'tetords ts acdlfflt...;r.ftlOri~ ·:s~ ~-;.1«tll'dS are anutable. we ·design 

accoant...JU,. Widt' • Nfeelor of. type ,, 

· sett,pe <u, ... ~ of auoum~ ,.._ ll£'COUfttJ'lle 

This allows us to realze the Mparatton of'_,. fronti'uie; 'Thts separat~ contributes to 

abstraction by reducing dtptn(tettcles ah'Mlg dtfffitr~ ·fn the· at,sence ·or Rlectors, we 

would· :be for~.• l1llptl,M9't d(-upchltt,~•··1Wf1-ttoiM ra:ords_ as operations on account 

files, and pmet:lt the appropriate ley 'f'fflf time.~ FitfhWl'imot~ the ta:ess·-..ld have to be 

Fecomputed every ttme. Thus not on1J ;aft~ ttpetllependeneles creaftd <by making all 

record updates go through nte· operatlolDl~ tlft ~-~,, 'rtduced ·•• well. '(Remember, 

though, that:ptrffflTliance arpt,N!ftu• atone c16'not-',JGIWfttdftl·•·•1ector~> 
On the other hand, if a selector ts used to acam·d11rNCOl'd~ then a restrtctton ts ~Ing . .' . 

pla• m,'e\fery•impknttiwtatton, _namely, that iccoiaM ~.~a,.tt''."- repretented explicitly in 

account. fifes, aml that' It tnUSt be ~fof"lfijaams'•'ti•~ attount ·rea,hts' directly once 

the ~onts have been selected.I· 

2.s.2. Summary. 

We have presented a new moclule; the s1{«tor, deslgned specificaUy for ASBAL's 
• ~ -._➔,. ~c :· • ,t ,:, re:::: 0i.:~: ~- .''-..;'" ;;.,._, ·, ~ ~ ~' ~":. 

object interpretation semantics .. Selectors ~How ~ts of objects to be selected dynamically 
- · · ·•-" :- . ,--,,.,,~in/!~ ,...,:e: ·:,, ·: ,. 

and passed to procedures to be mutat~. A type hu the ultimate eontrot over t~e components 
- .. , . ' ' ·"': . ·,~ ,'. : ;.r;~~~ :, . ·r.f":;· ·-,;·, '· .. -.: .rt i "•f ,.r··"'· ~ ·-~ . ' 

or· its objects, and need not allow them to be Mlected. FurthtlnlOl"e. only the object can _change 
,.:..,. ·--· ·, : :? ;< ·--~-i,.,.·":.; ... ·,. ~, :~P·t~ ,·:-l-~_·••:.:•,,.":· .. ·.-·1.~ i· ; -.~':·,~: .•"'..:::·",, ·•. 

the idtntit7 of its components, since selected campGIMlllS ~J not. be a,stgned to .. _(Selections 
' , ; ·.•: ··f"';.,~ '' -~ '¥t•.:·~) ··.·u~t_-"!~ _}._ .. · .. ·, 

produce objects, not variables.> Records and arrays were introduced as prime examp~ of types 

1. Notice th~t selectors dq._,not.l!CJlv•·anJ Gt the~ ~ted .. •Uh aaie,stng objKJs on 
external s.torage; ASBAL assumes all objects exist tn;~~ .... ~~~-,~le atldress 
space. 



providing selectors. We•...- that HllalER #e.lLUflfllt\•·.,_,,-._.__.. a,paringlJ so as 

to avoid._having types depend·---1-:.;.,·• ~':• ·1,·11111•. . 
· ·. • ··· · 'tr . .-. 1.-- ·,, ' .-

· 2.6. lmplewtentatien 

Now we come :to #It .-a. of .- • ••••• e114 .._ .. , ..... ~1 Fust, we are 

going to allow recursive (and· mutuly nctlflive) .prooal•.., • allllek 1111. ipa , ...... actintion 

records is required. These~. tN .,. ... _. *·••t 1t1•.~••II•·• ;ffrf much lik~ 

those u.sed. to ,...,.aement:1a,...__. .... _., ... P4ll..:,._..f,__ ........ the•storage .. 
fqr the <local) 'ltaA&41a ~nd ;~• Ill - ._ .......... Mfl•t• ..... lit COl'NSpOfldS. 

Since a finite (and ulllalJ.ama,N)~p._.,4¥--llll!lt...,.•-•-=•re.ttta ,-.•1e to 

give each :variable.., fiMd off•l.rom • ••••11 .. ,.,.._..,.. ..... aR.~-..y.efficient 

on many. mac~ries. As ler~~ts,,IJNI,... ~, • ._.._..,.,..,.\ ..... 9>, address. 

Ttle slots f~r tbe$e addrases,a,1 ~be ._,__. (po11-,,., • ff nthaff~,__ tbe.;•rt of 

the frame, since die _,.....,"..,...._.._ •·f!PJ:'•r•··•'r•"--. t,y lhe,calling 

procedure before the r~..-»Q~ 
Using fixed off-.S.Jn;.WS wa,fadsCltlJ'-1.•...,.,•••··•·.........,_ whose 

size is ,not kn(?wn ,at~~:· (~,d•~·~:l-,.., •·ithose1>arts 

of a variable that are altecattd at run-time. can ltlll lie ........ lwfit ...... ,.,... tlte aart of 

the frame.> Most types have a fixed stJe. and we wHt flClt d~ 0te: ....._isms for using 
·,j f ,·,:: ,_ . •; 

types of varying size.:Ufttit the. Ghapter on pamnetea. Ow.the elher .._., • -pn!Seffl the 

implementation now since tt af(ectl other parts .of die: ·clettp ~ MBAL. 
• • ·, '· ,.;, .. •·;; ·-. ·,-,,lljf"~):-.-•-·f1 , 

Most cases can be h•"""'1 by stmplJ af1omttnc the.• 11utNd ·....-at of stor8:ge on the 

top of the stack as soon as the ·uze·k known. ('llds ~ _,~ dtNJUP,• pomter at a 

fixed offset in the fnme.) Tllert! are onlj t,wo ~'.:..- ata ~ .. --~It ~fectty: 
, . ···:·; ,;· : ·:·r·~ ; r1 ;, r.-"1~-t{; w,~,~~.,•. _:nJJft~~.:-.·~:-~ ,c_~,·-.t. ,-:.r~;. ,·.. · f 

declarations with inittaltzattan. ad~ ~. the lllldAt fl~- As we will see 
. . __ / .: ,-:· --.-.\: .. , ... :4~-~-- ,- ·"';;' < ,_':· .. ' '.':_'"':>- . \) 

later, the size of these ••.....,_ may not le kMWR ad ;,tt ~ die pnadore which is to 
. ' . .. ~ ·, j"~.; ·, l: : '· - . ; ~ ~ : . :\ " , . . 

.1. We assume the readet u fairly famfflar with implimliRlatiori ......... ,tor stack. based 
programmtng • ......,. ... .,,._ .,..'flmt . ..., .._.,._ .• ,_.,.,._ aW do not present 
~iatf1t--.1'Sefil1.snllftltil!M. . . . .. 
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initialize them is invo\ec[ _tinf6rtunately_ tllls)s'af1'r i1t]~ arguments to the invocation have 
. ' - -, . , ,·{y;,,• i. · .. ·~¼ "'1 ~\\-Pl~~~·:~!'. ':'1 

been computed; if any of those arguments are themletves temporaries, then allocating the space 

for ·the ret~rn variab;t~t the top of the stack, wtllf result JIIT.,...... when the· _..porary ls 
''\ ., • ; . i. . . . • • . ~ . ;!ili7'-~, ~-·.,«,·. -,· ~ '-· "'"' . . 

f rttd. Let 1:1s present a_ simple ~•".'pie t!) d.~· the cratton of theae holes ln the stack: 
,, \: · •• :~ ! • • _. 1~-~: .-·~ L 1 -- / ·•-/ ' _.,,.,...;.s ,,,~~-"' -~ ,. •• 

var x: f oo :• p (q(y), r<z>l; · 

where the size of the Joo ls not known until Just before fJ is called. 

(I) The stack starts as in part (a) of Figure;l, w•,-wnd-Ybfthe current stack frame. 

f2) A temporary variable Lq is allocated,:a1il f b called <?W~ 
(3) Another temporary Lr is allocated and , is~~~ 

<-t> Space for x is atlocated and p is called Ud>. 

<5> The stack. is left as In part (e) of Figufe I, w.ldt.1 -~ ~een x and the rest of the 

variables. 

Thus we ·~ee that the simple scheme will leave holes.:m_~•~~- ··There are three solutions to 

this problem. The first is to ignore it; this ls not a IOO(I idea for more and more holes could 

accumulate <e.g., in recurst.ve caHs> and cause considerable waste of $b>rage. Still, It is not clear 

just how much •toraceJ~ wast~, ~d it may ftot P.~7 ·t.P-~!~t ;this partieular waste. The 

second solution is to bit-copy the new variable afJer It ts crated, mqvtng it to the begjnning of 
'·,. '" ~ ...,.,..,..., . ., ... ~ .. -........ .., ~, . 

the hole, a"d thus eliminate the hole. This ·need ~ ~~'!;!~f~ In terms of code becauJe 

many machines have a suitable block transfer inltniai:in;lloweveri the copying might use up 

consider.able processor time and memory cycles .. 

The third solution is to use two stacks rather than one. The basic idea is to allocate 

temporary variables on one or the other of the two,~~~~ ~c(!~t neither ends up with holes. 

Let us call the stack. 1tith the usual frames and !kal qa:_... die •rtabl• stad,, and the other 

one the auxiltary stacl.1 It is .. clear that in ordet.>to -.ups~ith..ao~h~les on the v;ariable stack 

the temporaries used for a call muit be on the auxiliary stack. A s,,..-wtetrtc_argument leads to 

I. The auxiliary stack will have to be set up into frama-.weU,)but its frame pointen and 
stack pointer can be saved In the variable stack. Thus ~II housekeeping information is kept ir, 
the variable stack with the auxiliary stack used only for ltWlng temporary variables. 
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tJ:te converse fact: that to avoid holes on the auxiliary stadt, tempor:aries. needed during the 

computation of intermediate temporary values· must "be put ~ .;he variable s~ck. What 

happens is that we alternate between the stacks, according to the nesting depth of a particular 

temporary in an expression. Let us examine another scenario to illustrate tl,js scheme. We will 

. go through the execution of 

var a: foo :• p < q<rO, s<tO», u<vO> ); 

The evaluatic;,ri is strictly ~ft to right. Figure 2 shows a sequence of relevant snapshots of the 

stacks: It. is not ,!lt all hard to figure out which temporaries s~ld be put on which stack if one 

works bacJc,.wards from the desired final conffiuratlan. Note alM lbat:d,e~ of the two stacks 

is purely for the ev_aluation of expressions within a procedure. Any p~ure that is called 

during the expression evaluation can put its local variables and· temporaries on top of either 

stack so long -as it :cuts both stacks balck. to their P"ViouS state ¥~)·.-,rmng .. ,Notice also . 
. . . 

that bath :th~ one-stack and two-stack sichemes-..._le multiple- returns ~sily, by allocating 

more than one variable at once. 

It is not too hard tp see how to imefemenUwo stacks on a computer: one starts at low 

addresses and grows. upward, and ·the other ---·-alihigh addresses amt gtow°s down. There is 
-- ,,., ", ·~ -~ . 

· some time and spaa! overhead involved in keeping two stack pointers and frame pointers 

instead of one each, but there are no severe technical problems. So, we have $C!el1 that two 

stacks are better than one.1 

2.6.l. Variables 

In either scheme <one stack or two stadsJ; a variable" Is a am,ttg~a b'°'~ of sto~age, 

at least canceptua.fly. · For v~riables whote size is blown, storage ts allocated at fixed off sets 

from the bqinning of the frame On the variable stack). For those whose size ls not known, 

1. Implementations of Algol 68 have many of the, same difficulties found in AS BAL. (See 
[Branquart70l for a description of the problems and their solution.> Fpr example, some space 
reserved by loc generators in Algol 68 is more easily put in the heap than on the stack. It is 
possible to put all space from loc g~ors in tha stack, but in ASBAL we mutt resort to a 
heap, second -stack, or copym.g the space. However, ASBAL does have an advantage over Algol 
in that it does not need a display, since it lias no·~ procedures. . 



Figure 2. ~rio pf die Two~ Mtllhod 
Execution of 'ya, a: foo :• p( q(rO, s(t0)}, u(y()) );' 

~ ·. . 

V A 

(a) Initial Stacks empty empty 

Cb} Just before call of r pP1 l empty 

(c) Just befOl"e coUof t ~ ! µ=l 1 
(d) Just before' can of s ~ ! PR! 
( e) Just before call of q ~r PA !· ,- - . , -· ,,_ 

(f) Just before call of v ~ ! PM l 
(g) Just before call of u ~1 t ~ I ! ·• : C . 

(h) Just before call of p ~ ! ··~ ! . . 
·• 

( i ) Final Stacks .~l empty 

h 
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· space is . reserved at a fixed offset for whatever fnfomatlon ls .:.«essary once the variable ls 
. . . . 

crea.ted. 1''11s can all the variable's fixed size parts.·•~:~ for the sl~ and addresses of Its 
• . . • . )"r -~. . - ·. ., - , . ' ~. •' ,,. , f ·!' -', ·. '·' . , -- ' . 

variable Size parts, which are rmed fn when the variable b -~-' The figure at the end of 
l 

this section shows a pt,sslble .Jayc,ut for stack frames. . 

2.6.2; S.elections 

A selection can be implemented u •• potncer to ·c. detct1ptor of) the object tt denotes. 

Slots for these poittters ar~ euily'ttlocated at<.......-.--•t·thet ·have- ,.fjxed siie and 
. ' . . ' . 

are of finite number. Even better, the number of selectiolll is apparent from the text of the 

program .. Thus, atlocatton f« se~• ls no,~,. 

Checking thai.illeaon do•·--• local lllin, C}•fl,mure<hallengtng. ·A compiler 
. . 

can perform the, c .... s by. •nalyan of the txpn!llk>a··fiY•1.ilt; -the Nlelt . statement of the 

selector. T:htt exprttSSiQfl f1ltlll be dte.:objece to selalt fmmf.or (moi'e UIUtllly) a· mectlon. from 

that object. The ether .ehtc.ks <e.g., that the, aUlltftHJ,.•1,_. .are not mutatedhate :handled 

by other: .. checkmg ~.._with.,no,...-:c;a1.,,:; Safflt·.tutio11S-,(!tft ~ith•tement> 

present no ~ probletM .dim repla,,ont1,,and arei..,......IICUhe same way. 

2.6.3. Nested Blocks 

Instead ctf using a full frame for nested t,~ .1d• probabfy'~siest to append their 

fixed s.tze space to that of the enclosing blcdi 'rriallnf~tirge fixed size bb:k. Of. course 

blocks at the sa,:ne nesting depth can use the storage in different ways sine~ °'Jy o,,e 9",'. them 

can be active at once. The pan of thelr storage that Is u~known tn slze can be managed In 

stack fashion;~al~t.ed b,yend the:lp!Q f«1the ea:l■ing bloct" ._,Git back when the nested 

block is exited. T~ ar, w«IUmQt\19 techUW■ 

'·- -:~ -

2.6.4. Cl,ecldng if V1ri1bla are l111ttalized 
' ~-. ' -,~ ~: ' . '' ' 

Now - describe tht( cMc:ks necessary for lnsurtng' ·.,aatiables are always initlaiized 

before use. fklt. let us see how much a compiler c:an chec:lt, It .ts clear that truly sophisticated 

checking '~, Involve complicated analyst, of ;~ ttlritrof;Flow of a· p~~m~ However. we 
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would like to k~- the ~~:-to~ ........... ~~- w_:. ~:q~ •str"~ured 

pr~rammin( ~°':'flow ~~ J~ ....... -~ ~ • .ti;-~ ~·- reauare of 
• ',' . '! ' • ·• ·, • ,. . • ·•·· .•. ·. • • , ·,, - . . • 

such stat~ts t~ t~at ~-,~ ttf' ~, •~ , ~ ~--,!•~, ~~ stze. 

The compiler can keep a record cf which ~ ~ ~,.,..!tl,M•~'1,.• from •ts It 
is fairly easy to tne the tar .... tta11, _..._...., .. .,_ ._. 

<I> those deftnttely lnttl&N~ at efffJ 11111; 

(2) t~def..., .. tltallldltc-a; 

<S> · and Utele flltlNIIJ ■-11•11• •--.___.. tlJlk.llilt tt1llllll1f Ill the rest. 

The first· class is all right; the IICDftd iaJl11 •- tu1st11!1Ct ·•·s•c--·••lut dns reqaires 

the fnRrti9't of NO et• ..._ ,,_ - , ..... ,_, : .. '5 I·• •t.* ~If .. (allacata one 

. btt of memory tft ~ .,..._ aack·f-• ------•!·· UrJif'· ......... f variable . . . 

- has bffltinteialttlll:I. TMleirita•al ~ t11 ---~ ----•-flflllll .plams on the 

~tiollab.le pdll.code .. ••• .. nal•• .... ••'9...,•••-tt. E•en tr a 

•-rta\,.le t1::UN11 • .......... _ n-,J)lt - 1, ........... Nlf~ llt-oit'ly a few. 

This, along· ,nth die faa --•tH;!llidll'.;ts._.,._. .• ._tftONlltt•& •·- madttnes>, 

means that there ts lttfle 1'1111-time ovtf'head. We hel tlaat die....._. II well worth It, 

particularly when debutltnc programa. Nattce that Chia w ldlall dlecti ,;,, lnlttaltzation 

of return vada~~; all.1ft flll!d_do. ~-~,,;,~-•""ff'.~ld,and view 
~ , , .. ' - ' . -, ... . ) ' ,.,. -. . , . . 

the return· 1taten,e1t 11 •·uae of an cf tht....,. ......._ 
• - ' , ; • • ' "' , ' ~ < • ' • 

The checb .......... ,,,... ---..... . . Thlf..,..S on • Jtmple 

inducttve principle: if there a no ....... , .._ 1•111•••• ,,., ... ..._., •fte., none· of tu 

arguments or return varlabla Oftrlap), lftd all laal Ylftablll « , a,e *JDlnt (ftOM of them 
. '. : .' . •· •' ., ' ·- . ; . 

overlap>, then we can. paranta.&hat ~ lntrodtNli ire ...... tw. Ille·-•-- It mKes. ihe 
I . . . . . . . 

<;OfTl~tler does this b7 ~ktnc·-.. that no~ ~--llt,_,..._. la the calls /> 
makes. 
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variat;,les overlap~ and which do; not. The Euclid report [La~sonm gives a very detailed 

definition of which variables ov~rlap in that language.· We will be content ·with a less formal, 

more intuitive description. First, it ls obvious that a variable overlaps with Itself. It is also 

clear that a record overlaps with any of Its components, and an array with. any of its elements. 
. . 

This carries down th~g~ all levels., to.•ttJ.rl'Q.9f .r~ overlaps with any component of 
1\ 

any of its element rec;ords. On the other hanct, · If two val',l~btes do not overlap, such as two 

local variables with different names, then none of thetr ~ts overlap either. When 

two variables overlap, one musl mntaln the ·other; .hence. i,hen two variables do not overlap, 

.they are completely disjoint\ : 

H__ow ~o we __ exf~t ~li,sin_g _detect~J~_g~L~ions? · first of ~11. any .selection 

comes from a partlc,u~r ~~ • ~ ea1;~~1~rJalJle. --~ ~eed on
2
!, c~eck select-ions_ fr!"" the 

. . ~q:•~·,~-•. :~· "~ _; . 

same object. An object ~~•"f ~ion from lt are considerct to overla~. Selections from the 

same object generany require a rUh~--diicl. Tfib -~k ascertains whether the two 
• ' • • e • ,J '- ' r' .. ~-- .; 

selections overlap physictlly' tn storage: The' startffig ad4ress for each selection is always 
• I . 

available at run~time, ~llt the lenf!~. of ~c~ .. ""'~ _be _ _pry,vided in· addition to the starting 

addresses. 

In a later chapter we will extend aliasing preventicJll to cover. the use of pointers. Our· 
. . j ' 

_al~aSiflg detection tnethods·ve based on tholt_Of~t~m. 

2.6.6. Summary 

ASBAL requires one stack to be maintained by Its run~lrne system (but may do better 

with two>. The stack frame for a procedure actl.vation contains the local variables references to 

the arguments and resuk variables, and housekeeping Information <return address, old frame 

pointer, etc.>. For most variables, fixed .offsets Into the current frame can be used. Some 

variables require a c;ertaln amount of descriptive Information. (descriptors or dope vectors>, 

mainly those whose size is not known at·comptle-time. figure S shows a possible layout for . 
sta·ck frames. 

Arg_ument passing ls by reference, t.e,. the addreua <or descriptors> of arguments are 

passed to a procedure when It is Invoked. Returned ,_Its are simply extra argument 

variables; the addresses of the variables are passed. MOit of the checking for aliasing and 
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µninltialized variables Is handled easily, -.1,p,n,,pt~~ a,.S tile ,run-time. _checks do not 

amount to much code. We conclude that our scheme ls about as effkient as pcm.Ible given the 
. • . . ··, "'... ~.;•1'.,:, ~-·/<·fl\:•:•. '"'-"'? 

level of safety we require·a~ tbe ('11ttueJr•,,"~~ 11! ~~ 

2. 7, Programming E?Cample 

In this section . we will pr~t a prqgr,a~ ; ,qrpp~ to help illustrate the 

fundamental ideas introduced: tn.ifflit ckpttr.- ,,-,,n.· .. _,.,11, a' type definition, but since 

clusters <the form of type definlU~ bav, .,,. .. ,.~~ ••· cWlnltiGIJI IP1ide them, all 
• . ,;. .·., , -,·· ·•..jr • 

three module types will be -IR111tl1mkl-. Latw'W WIit see'lfliaf 1Uilng' more advanced features 

allows us to write better definltk>n~, fpr t~ ,ee .Je: no11,: Af'l'O~. J;,ut at th.la ,point we are 

restricted to the most bask or features. : 

There are.t"o, essential p~rts ~ •,t~~ ~ln.l,tMJR;t":~SBAL: tt,e ri/1 <representation> 
t'jpt, and definitions for the operations. As In CLU,' we group these together in a single 

module called the duster. The syntactic form ls: · • , · · 

t7f,e_nam1 • cluster is nam,s_of..D,,,,atltnu...n/JtWt«l; 
' ... ,,,;__.,,,,., 

orrat~nawa, - proc ... ; . 
.. . ~· ! ·. 

end t7p,!;_,ia1111; 

The procedures and selef_tors may ~ .1!11,~ec!~ T.b~, •1:ffl~ ... ~J be. _internal prqcedures and 

selectors; an Internal operation i~ one that can be called.-..,,,fri,rn wtdltn tW type definition. 

'Internal operation~ aredlstingu.tstied by the fact that thef,~ ~ appear in the list of exported 
. ~' . , 

operations. 

2.7.1. Bounded Qµeue1 of Integers 

In ~his first example. the task is to define and implement a new data type, a bounded 

queue of integers. The operations of this type and their functionality are listed be~w. 
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create: ,proe'typt i) r:etunu (queue) 

.··<creater •··fltW,-..J'queuel · 

insert: proctype (var queue, .COlllt lat) 
Uftllltl~ tnleget at1•1Nld ef'·flie...,' 

remove: proctype (var queue> rttllffll (lat) 

(r«ncm!J the -front member of the~ 

is_empty: prectype brtst ..-•-- (bool) 
(re&Uffll, .,_ tf.aad¥Ont,MMe;f11111'U ••If' , 

isJUft: pn,c;type''~eotut queue) ......... 
. <retuma--.uw-,,ilfiithe ....... 

Si~: pNJCtfPe' (cettJt queuilt· l'lhfDI '(iaf) 

<rerums the ftllfflbertlf ---••• ,.,_. . 

. These queues wttl be~ tn--· afld ffie1,_.ttnum•• wtnlii 1GO. 

2.7.2. Tlte Reprneatatten 

It is easy to decide what r-epresentatton to use for this..._ An ,a..., of 100 integers 
' \. ~~ .... ) . ':"t":" . 

will hold the members of the queue, and wffl • . ......-• df'.mlar··.n..- fashton. One 

index wiU be maintained.: the position of the firat.mem•• flt ...... •Ttte'fflefflbers wlll be 

stored in order of tncrasmg ind~es kt the array, module lOO. n. Jt• wtD be kept explicitly. 

Thus our type d.efinttion will begin: 

queue • dater is clute, insert, retno¥e, &.-npty, tu'ull. Ifie; 
.,, • .....,.,tftrst:liat~-

stze: l11tt 
q: at'.J;' 

at • array Chtt; 0, 99]; 

end queu~ 



• 

51 

2.7.5. The OperaUoas. 

We will write the. create uspltbtia flrilt.' ;;•• M•Jlrit .. •••• .. r .r•ttte rep to be 

1~ro, the si~e to be 1ero, atld rm the ~ht)JJ. ~,:--'~; JT~~~~J~ for eff kiency; 
• - ~ <. ' ·- '• _ _. } • ,. - • ';" • 

it does not matter what it ls filled with ln this cueJ The' entiN'Ulaa<:t.,...,., Is presented 

below: 

create·. proc O ret11rn1 (q: c•t>; ' ... ;.·•·"---t•'' ··~· ,:-, ... 
-~•:1~--~- . '· . 'q:~ ... •rm co, o, 1oc»1, 

:~nd<t~. . ' '":' !' ,;;,,»::t > • _c·: ,. 

The notation cvt <from con.,,,> indbtes a vaf~l,le- of cinst'.Jnt whole type is ~lewed' as the 
· ,v,{,.;..:,~- ,>;- ,,,', V",;s•.•. s ,•; ,,..,.._<.'t f:»,,-.,,,. "11,( . • ·-•···• •, • · ""'• \ .. . 

abstract type <t.e., the type' i,esng'cleHnedf'outlk(e•'•ttte".fflGdu-, and the rep tjpe Inside. Of 

course it is only allowed In a -mociJ,' ~; •·~~;~-~ &h~t~type by context. 

The expression atSJUl<lµM,n• denotes an..,.., oltj1et.all•~•1111 *d•a are copies of, 

<made by using t$'°"7), for all Indexes ln the ranp.~ ~ ""f~~~y~ provided nu111 
. . . , 

is not negative. <Calting otSJUl with a neptlff thtnl .,......_ .. ..,.,,., • ..a_what h-,>pen1 

. ~~•.!.~ _ex,.,•rmt;'~~ ~~Ji.~,rer~~i~~ ~~~.~ IP,;~tae~ure 
above; for convenience. the end •tement of a procedure doll an Imp~ fflNrJI, 

. . . 
Let us move on ·to .dz,, ts..na,,,,, _ and "-ftlll•. 

size • proc <coa1t q:_ c•t> returns <s: lat); 
s :• q.size; 
.,nd size; . 

is_enipty • proc (eo111t q: cvt> ~ Ce: "81); 
e : .. <q.siie • 0); 

end ls.:.empty; · 

isJull • proc (const q: cvt) l'fflP'III m,,.,..,, 
f :• <q.sile • 100>; · · • · · 

. end isJull; . 

· Our integers and booleans are Hite those of any otlter lanpap; detalla are in the appendix on · 

data types. The use of '•' In 9.stu • 0 actually lndkatel a cal ol 1atSequal <q.stze, O>'. This 

use of_ syntactic sugar allows us to extend aymbola IUCh u •••, '+', •-•, ••••'/',etc., to abstract types. 
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FuU tnf ormation en ._, 111pn am also 1lie faan1U111he •••• 111 

Now let us ,.., ..... tmmit apea..._. · 
' . 

fflten.•;llflC.t ........ , ........ • , ....... ' 
if q.nme • ,_,._,.,,.... fl; ·. · 

rn ~~ ... ,_~-• ~•·11.►• ,.,. ... ,:- .... . 
q.stze :• q.me + :t; 
end imert; 

The '//' is a sugar for t,jfldmod, that ts, die m1d1le w •• 11 I I dart !14 1 ••• er the. type. 

Nouce the use of sugued array and ....t ••;1111 J •.w- ~,iii( ril~• q • a:: ••· The MKt 

chapttt will present a mechniun f• NF•■•• Mid f 11 MS acwlll11a(lllll1'fllr.,..., _,. wtft 
. . ' . 

writ~ ~rror to ~~cue-~t.•~-~;-•~"~V~l~P.~~-... . \ ' ' ~ ' 

The·~~ ~~1:11,~"'~ ~!(;~;~:,IM,,•~~:. 

rerr:;v;;~~~.i~"·'~-~m~ U\~L-, . .... ;,..~_•,•.· 

q:fir• :• (f.fint-+ fl/ IGQ; · 
q.siie :•q.it~·- tr· · 

' ..... .I!•·---
' ' ' 

·Finally, hm .~ aample all ot·tt,e .,._, .. ,. m.:1pil6ill~•~i'11 .• •••,..,for 
t1fHSnot <n.'i,r)).' ' ',, ,, 'i., ;c•C 

' . ~; . ' 

Vat' q: queue :• queueScreate<); 
... 

if ,.., queueltsJBIU41> then •••••n 141, f'Gd; _.;If; 

if ~ qt.MHSis".""empty (q) Utea bar :- q11mi!l111 t1ve«t).,..C; 

This data. type <queue> just 'happens 1iot 1D 1t1e ,any ulnllrt. Ha ••••.._ .. Ale seweral 

,.: 
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.2.8. Conclu1ion1 

This chaptff,,,.haa dealt with tl\,,fpffl'1-.111Me;,_.otka.ef ASBAL. a_ language 

intended t.9 prew,ve .. as. rnan,1 qf.,_~ at,~:,,...:'d QW,u • ·poatt,le under the . . . . " ~ . - - . . ·. 

con~traint of ~ .~c~_-.orle:,q~ ~ffl · --!Pl-•••• ::W•:·~flad wtdt•11W'nottons or . .. . . , . . 
variables ~nd ob~t,~ We tht!'i',:Mf't-~to,.~~ w,.._.,....~.,,;p,ocmure caU and 

returr.i. ·. Aliasing was discussed. and· rules formed to prnent! Atl ,acm1n1Kei Jt,, satlsr actory 

solution to the problem of untnttt•l•aed .vartablea ,.., presented, •~ an lmp~tatton 

outlined. Next, the mechamsm or uslgnmll_tt was explained, foltcniititf'by ~ discuaslon or 

component selection. Arter dlscuutng lmplementll_tion, _we;~ a,t?. ~•mple to illustrate 
.... .-:(;,_,.:',"';d,''·''\.}•Ft ••:• .. ,'.1'':~1~ \ ~ ~t·J~ .,,• .-'• 

these
1 
~~cepts. · The ground~k ~ 2~--~ld for_~-~ ady•~ features of 

•• • ,j •• ;,,' ;t: C • • •:~~ ;'.,?,r. • .f .. • ,, • v' .•:•., ;; •, l,\ •'.,:? .-,; r~ • ~-

ASBAL. The next ~-~t~r- will tntrod.!K' two !':9! f~~ ~~~~ -..~t~. handling. 



l11 thts chapter we extend ASBAL by the ~ f/1 two new f ~res - lter~tors and 

excapt._.had"'r;· ,.., ... ,. ••-- a: MW t.r·ir -~ and art Implemented by a 

new lttnd of MOClale. Oft tfle1ithet- ei~_0hilttl arr jdlt' .... lelts-~ previously ~ 
moclules; tt • ....,__,,,.... P.'¥171 ... IWW,_."iiw,J-t~a.,·•• tfMmt' to spectfJ and 

datwWt·••t2ll•IMllt~ W•'•pNaiM'elldi,...._ult ts IW-C'f:-U~ and then modify it as 

necetsal'y·f'« MUI.;;· 

S.I. Iterator• 

A major 'goal of abst~ tn ~ ts to ~ve the programmer ~way from 
, - . .· ,, ~ =,- J. c. -, --\ -. -~c '-~- . > ;. ;-~ . • . 

details and 1nto 1'0rltlng. at a hip . ~~,,,tnet. ... ~ ,,.,,.,kle .. -~~~• <or 

· procedarall al>stradion. and ·duan ··~ ... ·--~- Aflather useful kind of 

abstractJon has a,_. Jdentjf'led, the 'amtrot ..,,.._.. tl.Jllte9T1,. Wutr'Plt,J. The only sort of 

. control _atistractton we WIii fllfer a.a ,._.IDd11 ,t lnft. ca1lld • #mllflr. based on the 

tterators _of CLU. ·A loop hu ttta. ballc pattl: 

<t> genemton or the~ or dala..,. to • .,....•·· 

<2> operating on the data, aftd 

<~> tt!lttng for completion. 

Iterators provide a ~ular way of pneratiftJ the ntu•• ef objects tc, be_~ on. In 

CLU, an iterator generates a nquence of objectl dlllt ue ,-■id to tfte bod_y of .a loop. The 

crucial poiat is that an 'ttera• pneratea die .. .,.,nee al.._ tnaemenaia,: w object at a 

time. This wtft be easter to unclerstnd by ton.-.-, dlmup an .....,ae. 
' . . . ' 

Let us say we haw u abltract type ...,_,ra Further 111ppme that many of our 

programs that u~ hlnc,,__,,.,•, need to sammeall_U. leave fll a tree In left to right order. If 

we are given aperadortl to fetch the left and rtcilt ...,.._., a tree. we can loot at t.he leaves. 

tn the destr.ed order bf. keeping a ltad .of treea. · A laap to de dtll ·flllpt .._ Ike <tn CLU) 



t: tree :-.. tr11 of lntn,st;_ 
st: treestack :• · treatackScreate O; 
more: beol :•; UR 
while ~. . . 

If t ls a 114/ 

e1td; 

ta..a 
lflO/,Wf. 
If ~$empty (st) 

tMII more :• false; 
· ebe t :• treesta~Spap (st); 

eDCI; · 
el· . · · se . . . . :·,,,. ,,. ·~•·· ... 

. 'tteeitac'1Spusll (it/rtpt ·• o/t>; 
. t ..... i...,,., ,,,,f'f:" "'; . " : ,;s \: 
ea,d; . 

''/ 

Thus, the· st~ck of tr~ is u5':'_ to ~ 1\Jl,1fi~·-• ~, ""tcb. have' not been 
·,.~ :y. • . . " '+. "' ' . 

generated. Writing this~ out.for every IGGp II ~~~~'~,wi,many 

details. If the type 61na,,_,,,, offered an tteratar called blaa, w mulct write the above• loop 

this way:· 

for I: leaf In blnary.,.,..llall(t),.W." ,· 
. loo/Jbotl7 

~ ~ ~ ·: ·' effd:• ' ;, •' 

The variab~-~ is cal~-~,'"'!/""~'~ ~~i~:-\°f:i;~>,~~-("-.Jtl.~. ,,,!,. ·. 

The.for loop ·1$ more to the ~F~'~ 1ffl,1'9rJt,,H.t~1~~ the w,hlle loop. 

In short, iterators .prov.tde· better abltracdon. I.,._. can also be.more efflctent than loops 

. written __ ·out,_ ~rse,, t~ can be -~~~~1 ~;>,, t-'lff'1 1.~~,Jt&!e, •~:Jet the 

. repr~s~tatton of~~,:~ the ~1P9·;.{h,e;,~~~:cf~~~J~,~-~li~,thl1: 



leaves • ttwr (It: ·biMIJ,_ .,-. <tlaf'>; 
If 6 ,s c lHf 

tlttftyl81dCb); . .... . •'·' 

for I: leaf I• btnary_.,..111,:.a (NJt ••• t/tt • . 
JMJd CD; · ·." 
ad; 

fer ldaf hi bnl'}...tt ...... (tffW ,d,10, fl ... 

end; 
end leaves; 

, .... <D; ' ·. ' .... 
The recursive tterater mates eur tfttelft..., ~..,. .~ ,f'\IJl.1111..., • the pneratiOn 

algorithm that was olNc:ured M the .... -~ ,,., .~ ...... ,-,._ tlN ...,...,.. •••kM . 
is tess effident than· the ltenttlve ...._ N a II • •• 11•111iff . .i♦t'f[l~}aw,d· may depend 

upon tmplementatkM detafll. 

Ut ttt tutta w •--..,..._. ....... _..till. au•n. fte llilllc aatGns anvolffd tn 

Uifi'lg' MfltfMttw·lt\·'1·fft..,·Wtf. ·" 

<t> the for loop tall1 t~ --• . 

<2> the tt~rator .,,,.,, ·•JlcCt to the t.111,.r ... ,.,...,_ · . 
. . 

()) the loop ~y IS a«utld ... die -, ....... 11t •· lhl ... , yielded by the 

iterator; 

< 4) the. Iterator ls tffltflltfcl, wtM!rettptM It ._ aenllll• le J111111 ...,,.. !' _ . 
<5> the ltfrit'dr r'11ltfls, ~ •)~.' · · ' ' : . · · : ,-1 ti ~ : , : 

. . . ~ . 

. Note. tffat the~ body ft~ 811C1 per·Jllld,•11 ................ _ .. ·.to Imply .. Also • 
. .. ~ _ \ . -· , '} _ -~r .. •.- ,_ _-•', "~-'~- t: '. ~, ,t' ">--~- '~ ,'. ·~ ·J\} :;;-, ;/\ ~-~ . .'. • 1 · 

· . thtr ftett1or. ti atwiyl ~ )ldt aftlr'tis mt ,- ...... _..~ al teat Yara.bles intact. 

Thus tterators are a form flf •••llfte. OWra1 --- u111h• - act per coruuttne to 

run, but Iterators are autttdelldy restrtctad dt-1-, .. .,.._,.., ........ a lffllle stack. 

<lt~rators run .in a tingle IClck ..._. et t1II! plii'lltlllt ,.... .. f/1 : •••-.- thq aaeJ Let us 

detail the transforma ... ffllde to dM llllicl M -1t .fll • Nile 1181111 llted .-ve. 

'.,. 
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a.s In··• procedure call; } .,·., 1 
: • · 

<2> Yield - the~ vartables, which are created at thll ,.-. U,._tthey are of ftxed sl-ze, 
.. · ' ', •,· . ' ,\':./ 

are set to the ob~ betng yielded, tM'lteraCor'fresumeaddress and frame pointer are 

pushed-,-.·• •tk. atodP:.the:,tert1-p-.bidf*' .. ,_:_....!ffil -eftv~ relet to 

th-It of ta..Jte, .. ,rltr1•H•d~ •·--•.._r,.1rat1•even tltOlil't yteldmg ts 

se~ntically lhe---ur ..... lng).;,- ·•· , 1t · · ••; ·,, ~,, · 

<3> Loop body ... ,t..Jaop.lNldf-e~llllll'lllllllJ\••ddag··ant tetnpotary,tnfor~ffon on 

the top of the stack, beY!Oftd thet>jt;tllt1'- ,_me; , ;; 

<i> Re~ume - the sta~k, t,s pop~,.~ f~,S,,~ ~wr:, f~• and. execution of the 
. . . . ·~ 

iterator begins again at its resume addrea, With ltt environment. rdOred~ 
. . . .,r·-.. ~i~- · 1 1 ~!de'.~.::·:, ft.;--"J{_!i·J,~ ·: !I 

<5> Iterator retum - the Iterator retunuto 'ks ~lier; execution continues after the for loop. 

·Thus, a yield .ts a .kind et cafl.wl a ,.... ... • ktncl Of Nllltn; bot.h •re I spectal: case of 

coroutine ,~.umptioo. · 

As the example demonstrates, iterators may contain fer~ even «Jes that can the 

iterator recursively. This is useful for walkl19 rarlivt lSlft ltriKt&t~ ·tAkhough we did not . ' . . ~ 

; , ,j., ~" 1 · t· ~ . :: ~\." :' ., :" ·, ~-~ ·. 

show it, it should be clear t_ha,t for~• can, ~.~""'~11.:t dlfflGYltJ .. 
~ • S '40 •" ' , , ., ;,l:\• • • i• C ~ •; • •-.,- • .s', ! .'-' ; e ~ ,' _ • _' ' ~ 

Another featur.e we did not mention ts that a for l'30f) can be tenninat~ in other ',Vays 
. ;- .·•· >1-,-~·i:.:•J·:_. *· < ~~t,~, J, ', • '. .... ; 

than by 'the iterator returning. The 1QOp body can'"';xecute a special. statement called break, 
,t ;;;.~i--r! . 

which terminates both the body and the Iterator, continutnc execution after. the for loop. The 

body may also execute a return statement. whkh terminates the body, the Iterator, and the 

routine with the for loop, all at once. 

s.u. Implementing Iterators for ASBAL 

The ctescrtptl°" above;h·as been or Iterators ~ they appear In CLU; h~re we will see 

what ~amt fterators take In As BAL. first d a( -··calf~~.~ can ~ trivl~lly. exteJ!ded 
,. ·:·: _ ~~~ _ ~,.~. ·.·;/'·_ • ,;( ~~. :.: .. ~'. io ~. , ,_.!Jif!'l·; ··~,it·;.• "-

tO tndude calling iterators. Iterator' returns are also· trt.tlal, being the same as procedure returns. 
' _ ·,:. ·' • . , ➔ 8 4, ' :-r· 

Yielding ts a little more compltcated. Semantkally~' yield 1;·-hke ~·r~~- However, it cannot 

be implemented as a return in ASBAL because returning In ASBAL always create new objects; 



an iterator. should be abte to. a --m· of _.. ... •Jedi. •IUdl as die elements of an 

ana-y .. This...- lhat.,a yilld •111sa1 II ,rM ..... , .. _, ........... ·1'1nda will be 

evaluated to objectS: as ts dOM for selec:tiant: i , · 

yield:~ 
. yield (~~J, at,2, ... , n/1,}i 

We also n,eed a yiqta....,_,_,M __ Al•diei1-..Nst18f •ttlllllh1 ._ ... ,... same form 

as procedUN;h~ wfttd11'tft1111 the' ___ .t .. fl Ill .II t~>.,._. It ·w ,nef'ul for the 

iterator to control whether the objectl tt ,..._ ... ,, ... ltHtrffr In ae·lilp body, so the 
' 

,-Jda .clause tadui&leltt.at •-••• •well. .._..._...,._..,, • . 
t • tter (CRat a, b: fatt.,...._,._ ... ,.►, ' 

l • iter (eoatt count: itlt) ,..,... O; ... 
- , ~ i: ·, ' . .· ., : . . . 

Now, let us consider the. form of the for laop ittllf. The g......a , .. ,_, as well follow 

CLU's. Th~ -,.~,-rt·..._ Meato llle4--• fNlaQIJU • ........ if the 11oop 

variables; the declaration will state whether rite laap wllh• the ,a 11•11 •Jilli • 4'Nlt's or 

var's. Here a,r,,I09'le~ . 

. fOJ".,CfM,11, ll! Hit· HI·- .... ... ,,_ 
for Yar x,y: lat lti ... do.,. ·tlNI fe.r; 
fot eoait•x,r,1tftt, •• z: ...... ·~•ii"'._, I-, 

\ -~ 1·~ ' , ' ; • ; '-·~.~:. . 

The forms of the break and --• ---- .an: . . . ~ ''" 

brea~ 

and 

return 

3.1.2. Summary 

\ 

We introduced the notion of an. teerator ~. tt ~ :kl ~II ..... ''ffl fooked . at the 
' • ' , :. - • ;;,.. ,_- > ·- - • 

.. ;.~nttcs of c~µ ~~on ~ .help ~• •~ -.. f.~,, ~ -,. ~~ ~ form 

fot tterator defin~it~s •n<! fer b1ps tn , AS~. ~· "¥' a,,.~.,.-. ..... .,_ '11. Jterator 

def lnttton and use at the end ,of CM ~'. 
·'.r., -. 



!J.2. Exception Ha,-dllng -

In our earli~r discussion of' p~u~ we omttml CM'le lmportal'II -upect or procedural 

abstractions. A procedure. iterator, or ~;htlgfit:;iWJtil'r __ lb}•~::or an unusua_l or error 
. ' ,, ; \,:-:·:~:- ,,.,. - , -; , .... ;:'·' ·- ' .. ' . ,. . 

condit.ion. We untfy the te.rms unusual and ·m.,. Jn the term ac1t,tlon (~ ,x1:1fJtumal}, after 

Goodenough [Goodenough"15l. In thll ~; ._., ffnt..'.eNffllrie CLlJ's exception handling 

mechanism,1 and then proceed to modi(J It for ASBAL, In much the ~~ sptrlt as we did with 

. ,~~~ators in thJ f l:~Y-OQI ..-cti_... 

J.2.1~ Exception HandHn1 In CLU 

A~y procedure or iterator (we ay ,_,;,., tot ihort> In CLU may Jlpal exceptional 

conditions to its caller; !ffie' Cttf Vi~nt ori tti°i;mea~ of such stptlls Is this: a module 

signals to tndlcate that It cannot perform IU duty u a goad abltractton. ThJs might be due to 

an inconsistent state of an object. becau~ or:_bafl.~~:~-of; a.hard~are'.fatlure, or 

because of a system limitation <e.g., out of memory>. ,Qf ~,Jt .,.,,less odiol.lllJ indicate an 
'. , .-.,,_.. ' . 

unusual but_ pred~ble situ~tton, sue" as ~-ii"'-~ 'The .... teJJ ~ vtew _of what a 

procedure does when it signals an exception ts that it returns a different and, distinguishable 

kind of object to its caller. Each, excepttol:I t~-p~g~ ~' 1w.JJll'.to .. ,.naJ,~ \,e gtven a 

different name, ·and a list of :~ ~ can IM?.~ ablg ~~h #1 ... •IJP,fl. to further describe the 
. ~ , . ,. .. L· ". ·- .' : - ., . . t:;.I:') • ., ~.. . . .• 

condition. 

The procedure's ca~~r: ;~•~. t~e ~t,~ .or.; ~II ~ffl)tiQns stgnalled by the 

procedure. If the caller has a handler for the ex~~ lhffl. It:•~ ~ieQ.tmt •. ~' ~ecl.l;tlon 

continues after the stah!ffleflt to whkh ~._; handler .,;. aW.' {f, J~ caltm', dQG not .h• ve a 
, ,_,_ ,-': -'•,'.,,.-l<i··.}, · ;~·, 1

,_ '1-~;: ·;.nq,f· '.i\ ,_;;f~.' ,· :i'.·1 ~i-• •· . · ' 

handler. for the exception, then the ~lier ~\t., ~• ·"'~ .. ~•~ J-1111~. ""41ng 
. ~. • . , ~ . i "l'• . ·, ~ ,· . . • • '. •,. . • • ' 

afong the string 

1. We note that.~••·~ of ~LU!-5 ~,~~~-~•~· ~9_!•~ ~s,iJt,~~ w._at "''· say 
here tobedefillttive•lfout:CLU. However, lM'"9~'~.f!te,~~tsm .. eJe~t;,etJc>- mnatn 
the same. We trust that any further work wtttr··~ ~- adopt any Improvements made 
by the designers of cqJ. 
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•uncaught exception: U'lltfJ/..Jlf1,i""'-"'",,,_. I 
Her~ is the format. c,f a ltattffltllt wtth a haaclfer black __...: ·. 

S(atlntfflt; 

.except 

When IXU/llln.JU&ffl#f ./ta,U,,/
wheli nu,,,;n._,.,.~: NIJUU•2;. 

whell ,.,.,._...-,,: ,. .. ..,.,,.; 
end; 

A handJer block handles only exceptions arutng frrm •-••·••~ towhkh it 

is attached.. Handler blocks may be nested, NRC» a ........._ wtdl a •M11111 iflck b CGR$klered 
. . ·.: ;: ; . . . " • tr / ~" , 

t~ be a statement. If more than one handler b t ....... ,-·.1...- ..,_ huctler blocks 

are nested, the innermost one takes ~ , 

. Thts·ex•ton~lttg~~-chf~~~,~•\•J!lUUflQJt1u1everal 
- . ; '·.' •- . •·. ,.. . ·.· . . ' 

ways: 

<l> Handlers are tntually auadltec:l • blacb· « ...... ndler than tNtng enabled by 
. • • . • '. : • I ~ ~ ~-~ ·; - ~ . • • 

someffitrig· ·tt1e·· ·•n •· Atement. . . . . 
(2) Ex«:atftfg a . stgnat _ICatelftent 41""1' exits. ~. CUfflllll ,,....., and It may not be 

_- . - ;r - ... ; . . 

ttsumed . 
. 

(~) Thtt enttre call Stael is not searched for ~ haftdtln; rather. a p,,,cecSure_ mu!~ be 
• _', ;", ,· ,• > ). . . '<, i··•-•·, ·,•t'ft ''I·. ~'._, •·· . <' 

prepared to ltaftd1t•a1111pa tlfat mfgb1 «.If,,._ M1f ,;_..,.. It pis dtr4!,dfy.2 
. ' , ... ' ' :··,. 

• . ' . ~ J ·-' • "' • \ . .. •· _,. . • 

Havtng handtm statkaly auaciatetl •wtct.' btackl et _.. wu di••• over dynamk: 
.. .._· .. ·' E,,iL·•:-.;:-r; "' ... , -.~f~ :: 

· mechanisms becav$e it ta cMaper· lffld __, ae ...,..,.._ Ila ..r~.~":lllf'~~t, in atl 
~,,..·. ·.; .'· . l:; J._ 'ii:'.:~~··~·,{.f <: ·~ <,J: ;.:•:·-•,.· ./. -:.;,->,., .·f,-·.1 ,,.. , 

cases. SignaHft'lg always exit& the current ,....,. ...._ dla II die .... dltn& ccinststent 

With CLtfs vlfttpoltrt that a ..,., ~katls .;,"...-11t{.;, ... ;..; ;_ ~~ I!' asked. 
' 

I. To help in debufflng, If a pn,ceclure d4MI A8l handlt.,..,-, -- • ..... J'ldhlr•, HIiding 
the same string as It received, ttuteacl of '\mc:aupt·ttt..,dllL talll_,, ·· · 
2.. It is saf-r -~ l9 hHdfe •.~c .• , ,,.A!"1 ............... ~tHIIIP taf ... i~ 

wm ·not r•t11ntta.1 dapeion. ,_,. ~,tll .11 ....-.. ,. ~-• • n•••••n'IGt 
te~ltafldte'the excepffOn For db--by. ..._ . . . . 

.. 
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Thus_ a procedure is saying •1 give up!• when It llgrtafl: 

Let us go through an example. Suppose we have a type qrutu With an operation 

called n,xt which return, the member at the ,front of the queue and remo,es it at the -.me 

time. Clearly, qutUdnm cannot work when applied to an emptJ queue.•·& us say qruu,sn,xt 
~ . "~ .·" ,, ' -. " .\ .; '~ ·' , ,: · .. .,· ~;J~) ; •" ; ft.:- .,:? , :· 

can signal an exception ,.,,,,,,,. 'T'1e d'efmttlo1(of ftUIUSuxt mtg_ht look ltke Un CLU> 

next • proc (q: queue) returns (element> IIJ•II (emptJ>i. 
If q is ·,m,i, then 1i1n1I empty; nd; 

fJ.x ""'· return (old la«u!, of q>; ·end next; . . . . 

Thus, we see that a 1ig!9a.a., cla_use Is ....,.1(,ell IJJi • ,,_..,_. fMlader. . Hm,_ •re, -some 
t1. ' ' ; . ., ' ~ • 

exa!"'pies of such clauses: 

. signals <foo, bar <Int» 
stgnals (bletch Ont, tnt, boom 

·Th~ first one stat'5 that the proceduresCatt.,.ltwo~fao, with no objeets, and kr 

with an integer. <Factoring Is disallowed here because it leads to affllltptty.> To send objletS 

alo~g with ~ signal, they are listed as In the yield statement: 
~. /' ;·, 

signal b"ar <'7>; 
•lgWfoo (i + I, Z • f, X > 5); 

A caH of qu1u1$n1xt and handling of the exception ,,,.,,,, might look Hke t~ls <agJln in. CLU>: 

begin 

x :• queueSnext <q>; 

end; 
except 

when foo: ... ; 
· when empty: ... ; 
when· bar: ... ; 
end· 

'\ .. 

1. We are not considering parallel processing sttuattona where such a request might hang untU 
another process puts- an Item into the queue .. 
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.If a signal sends objem, tfle handler .·decluea ~111 ·l,J....,. ·•·--._ ·•jec.ts.1 The 

folk;>wtng example Jhows hew tMa • ..._ 

lwgln 

flid; 
u..,.t 

when ot.Jao i1:,,: • z:--:~-e.-l■~Cffl'-~ .. 
' ,,. '. . . .,,. 

encl; 

In CLU, the semantics of~ objem dh·a•tipaU• 1111 ... , • ..,..,,.....,. objectS. 

If an iterator 'liplall. the fer-, that tn•ll■tif:. ~J~,f•~fL and • _handler 

executed just as if a prot«lure mVGCiatlGR W 1t111lllllil .. ,....,._, ·tlle IDelll of the upal is 
' . . . : . 

tlte'taff·of the··IU!ftW •• tllp:d 1M '9r .... 11(·~ -~·-,ae: '':• 
for ... in tterace (x) do 

ettd; 
· exeept. 

1w•.~~~:.4nntlrc 

If a signal statemen~ is executed in tM fer -, •bedJ, the4NdJ, .,_ ~. ,ac,d the routine 
. ;'-' ,.:·,• . . 

cqn~tning the for loop•~ Jerminated aft.at ence. ••--~•u••:•.,..• ftwfl the bedy's 
catching an exception, as tn ' 

1 , • I 

for ... c1o 

sta.t4tMnt; 
eJteept 

wltn oh.Joa: ... ; 

end; · 

end; 

If oh.-foo is signalled by some routine invoked tn ,,,.,..,., tflen the handler trill be executed 

I. Actually, the . handfer may choose to ·tgrac,R the,.~ ~ the ~tc,w ;......, can 
peruse the syntax in the appendix. 
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and the executior:t of the body wm continue. Assuming we ·have shown all handlers. if olt...bar 

· is signalled by some routine called in .rtatfflfflt, the body and the lteramr wllM,e exited, and a 

more global handler executed <tf there ls one> . 
• - -· . ; J • . -~ \ "", f . .· 

J.2.2. Exception Handling in ASBAL_ 

To !ransfer CLU's exception handling features to ASBAL, we need forms and 

semantics for signals clau~ of routines' headers, signal staiemen~ and han~lers. Signalling is 

basically like. returning, but the items sent along with the· 11paJ w•II probably not be handled 

the same way 'as· return va.riables. For on~ ditng, u· is ~steful to alm,te space· for objects that 

might only be signalled once In a while. Another point II that these objects are al--.ys the 
' .. ' ' ~- . ,.._ 

initial vilues of some new variables and constan~ t~ declared for the handler of the signal. 

The best approach to sending the objects appean 10 be to a.ve them on the top of the stack. 

· . ·.Unfortuflatefy, the spa~ at the top or the stadt'overlaps ·wtth t~, va,iables of the 
•.' ' ' . - . ' . '' ·,.' ~.:::. j., i.;.-.. ·· -~ ,·,; .',:· \ ·.\1·;., i1":. - ~ ,, > 

stgnalling routine. The objects will hav~ te be campuced ftnt and then copied to that area. 
• 7 ~.. ' ·'. ~ ' ' ~ ' . . . .i ·,, . 

Unlike th.e case of' retttming, we will probably be wtHing to ·pay the price of copying Items 
• • ' ;. - . I - ,;,. _':... .: I;~ ; L-\· f }}r.·· < • ' • 

down onto the top of' the ·catter's frame when they are to be signalled, IAnce ex~tons are 
- , ' . •t: .. ' . , ' ;"' . ': ;- .. '; · .. ;_ . . . . ' 

generally rare compared to returns. This lads ua_ to a •lc•I ata~ U~e C,LU's. except that 
• ,,.,__ -~~ II ' , ; , : 

ours always creates new ob.jects, just as our retumi' do. T• we wrtte: 

signal foo <lO, b<S»; 

signal bar; 

The signals clatise In procedure and ·Iterator 'headers gives ,a' list of types, with no names, just 

as In Ct;U: 

signals <f oo, bar Hnt, array[boolJ)) 

s•gnals (bletch <int, int, bool)) 

Once the calling routine has the signalled objects at the top of the stack, the transfer to the 

handler is semantically a _jump, but objects are sent to plug lnto the handler's ya1:tables. The 
• •• • • : - - • • •. •'•' < • • < < 

handlers variable Use will, take the same. f.~,~--lhat af-• fU1nrlure header'• a,p,ment •~•t 
pat't. For e,cample: 

• 
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ew•• " , 
Thus•, the sequence: at lldiGmlfarra-, ....... -~,~ ,-...: 

.• ·-·-~~;-;'r,. -:·· ... : .... ,•- :-~ ~~ft~ ,,,," , 

<H the ~sr itt' tk atpNII stat-: (If' lillJ>' ann CGll'1 llld,, lllliftf( olJJ,ch' in 

tem~ry V~~-of ~·~-,.~ l:~r'~~, • ,, . , ~ . , 

<2> a nm~4Me, .... nlllt~ •~.~~,~~~ f/1, tl\e,·c:aJUng 
.I ' ":, t • ' ; ',t .t , t ' ; ~' ,, - ,, ' ' . ... . ' 

, routine; 
., 

<3> u p~_tci ~ ,t1te~;.~~'~:~~\~1ttt,·~,•Jects 
( unna.J~Jt~;" tjjen·· ' ' ' ' . ' . ' ' ' 

.. e, , . ,, 'tJ . .,,.J ,,, . 

:', <itt1
. ,it ~k• the h~t~_,,,._ ¥Iii"~" ~•~-f~-~trJjl•~:..:~~l 

Thts·i~-~.bk~,.but.cherta: ~,'rs,•-~~!f'~-•"8•·1~..-• it•ts not 

. t~ ~~•~fu~.': ;!h~:kl.~~•;~~:=i~?'T•~,~-~p ~~~"'~~~i~n~.lly It, 

,. const~or' ~~:~afi~acldt~:••■,;~~!!:~ ~~~1"'3~,,.·!d~df'tt=~,,~,• list 

:1. or ttt~ex~•.~--~.~~~'~.,~f:,1!1,J!-ftt-~ft~!~,N9)f;m,•·~ iao 

ORfffld, corr«t1!·i~.~'.-~ ~ ,_.,f~~~",,p1:~~.tffl·(~ ~-~·:~or • 
ta81e. The mpJffllof· ~'~ ~:·~''!fii~!~';'-'U,,~,j,~l'{[L~.,~:;~-- at 

fixed• offset slots for ttw ob~ or space, at' ._ n.l~ offllt: ~ ~J'.f1tr~.,11t1fter. The 

ob ,l-.s.; that: reatly ID on tt1p or the' stack ca be:put ... --••·._,~, .... ,referred · . . . . . . 'H,•,, ·,,H,: . · 

to,through ~~. 1111't tl9,P~ ~· ~~.~.~~~,•~'.~~.l(~~r~1

• ~t;~;•1rhUS. 
tfrere ~ ne ~linl, 1tn1a1i1•t11• ptalll :a,. fts .. I' 1111 rll', • nl!,~" handling: 

mechaffirm. lfteugtl it'. dealif# CIIIIIW --_.~,1!111! . 
' . ,, ,·, ,, /. '" ,' '/ 

··. ·"ff . ,. ; . \t;'-'. . ' ~·, ~I-, i • . 

t n1s ta~ adJtt..,.:,nay't11t;._.,patafttw•'• -, . , . · ,t11190~•f11Rfl"I 
· il'mPsp1111· fJ1•11••'t ••· HIit 1i,..lMP.Mil•t..-mr, ·,.-,a·'pcA■tel Jn,a· 
ffllf«t: etr..t· slotl·•....-~ .,...,,,.,1,11111 •jlle··. CW... ·. 11. ••••1•1llt ......... ~the 
Mf'fdter: YUtatJle:)J . . 
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S.2.3. .Summary 

We have examined CLU's exception handllnC ~bm in detail. Ba~ on this 

examtn.attonj···we detfgnid parts of ASlit: to i ~~-·a.. ?~ funct~: the structur«I 

notlf'ication a:nd haMllffig''if -~lciRS:: Jl'~!·'tew 'cfti.nie··'were · n~ed. i;" the 

mectimftM" tirowed f'rom.CLU, l~fitttW!~Wieelfa~:-~· ~ui~~ Again we feel 

we ,ftlve been sucmsfu1 in irtKlferttnt fgi,cf' t.-\M1l~ ct.u to AgtgAi~h~ . . 

3.3. An Example· Sorted Bae• of Strine• · 

This section presents another data tJpe definition:_ a sorteid. bag of strings. This data 

t~pe mig_ht be uaed ,-,...,.angihtftequ111$ff,-Gf ow;aiR .. ,o, .,,._,.....,,Ina laf't'.IPle 
. . 

of t~t. and1•Fnutnc. th1t1t.·Ollt ift. afpltl .. l-realel\ril<-·p,111 ...... · •• -IJuedcl- the 

ega~.- [~vm>". 1Netc j&t,Jl~t~--• 

create: proct7peO returns(bag); 
· <create a new empty bag> 

insert: .proe:type<var bag, coilst strtflr(;20lf~ (tuli> · . 
Unsert the string Into ttre:bag. llpal rut it tliere ts no more room) 

count: proctype(const · bag> return1.Unt> · 
· (total number of items in the .•. ~~-

, - .~ l·' j, ,. - , , 

size: proctype<const. bag) ret11n1a<tlit~ : , . . . 
<total number of distinct items In .,;,~~~-not coqnting repetitions> 

increasing: itertype(conit bag) 7leldlC......,fttrJ•~-..,,··. 
<generate each distinct string .. frµ,:,,.._ with Its repetition count, In 
alphabetical ord") · · 

· .. .,_1., . •• .. ,:.,.,,,., -. ,.- ._, ·•." • : .· r ". 

The t·ype string ·1n ASS.At fi a sequence of cliaracteri Of cour-. ltrlng variables must put a 

1tmtt on the ~xtmuri\'~•aur1trtng tfie,'can~)~. ;:1\at~ii·'~ rea~ ,~ tti~ 'rara~ ~ to 

the itrtng types' above. <The';' ·fn it~.,C;iOJ' •II&.: tx,\1n11r·• t11e next~-~ A ·.tranc ts 
.', • . :···· •. . .. ,_. '."'('·":>·te:_r~,_~ .,~9··,; ,,,. ··::, . ,, .. ·. /;<!':,-.. ~_'!'.; :! ;,,·;·'\ 

different from an· arra'r or ·characttrs· lif that "its'' c:anteni caMGt be thaftged, I.e., strings are 

immutable:· Strtrtgs·ate ·wtiole var'uiits even thaiicfi tW; 1nli•~.;_, dlaratter1<~~ 1be 1a~~

The usual operations on strings, such u substrln( and incla, are provided In ASBAL. A full . 
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Ust of string operaU~• ia Jn Appendix II. · 

S.S.l. The Representation 

The_, r.epmentat~ ~ will- use1 for baJJ.:. lt. a,btlluJ tret., ~ ..-. ~l-~n a 
-~ ' ~~~ ' 

string with II count of the number of ttm11::t11at· ~---~ ... •itJ,;;~-~- -~J-noda·. 

to left of_a gl~en n~e ~-~-~·•lf'9_,.lt ,.,Cldtf.tk·---1 ~•••-- .wtth 

the given node. ~f_ course we fll«l,~.·-.-: ~~lllts:n-,i•••"2 et ..... •~ ~ in 

order to compute site: and count eff'Jciendy. Tim "rap,---,~- il;da\1 .......... Hke tht_s: 

record (count: int, 
size: . .int; 
t: . treel 

We wiU-~tn-tM'tree:in,:a&.•rra,. ustai:raway 0tad-,~~~to•the•l\lbtrees- In the 

··•. node$, <We m&a1""·&·"1rtittOll!th~~1lllllll tK-•••-.•-We.-._'988tff:thts 

· example.> Thts acids stuff tct:tlwrep~tp <1io-~...-:•~•--• cJeAhe'tM.-1:ree 

p~lrt as-anothfrtype, but·we;dmtted•to'Nlp~Tle,11111111: 

~ • recont (count Int, 
site: int; 
root: mbranchJ 
h'tJe · a-nl; 

an - array [node; l. 500); 

node • recont·b: 1tfflll{;20J, 
left: mbranch,. 
· right: . ~rafldl~ 
l1Uflllier. . Intl; 

mbrandl • OMGf E~ . ntdt .. 
brand,: tatl; 

The type mbranei\ fs short for.._,_ ... ,_~: lt·lsi~~•dnf_...,.,,brandw. bf Mt' 

index tnto t~r array. ·A· onee,.·11P' Is &::dlsart11lntelll• .. , ~-• Uke;••·'ftf'iapt .records 
• •~ ' ~ • •' • " • < C , ' ~ " 0 • 

of Pascal. CWlrth7D. A oaeef·obj!ct Is - tG(i .. or tlte. (~.......- MIRI, .. an~~ of. 
' '~ - - ':i . " . . .~ . . . '", ·. " ! " ~ . .. . . 

the corresp~lng type. (There are operattans that~-· Wjft,f-.,,..tpto a oaeef. 

ol>ject wU.h an appropriate tag~ They ~-.- the· btfl!lle ••·"""' ... be; 9111w,lf.!d~ below.) 
. 1; · .. <, ' ' ' 

i 
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Allocating space for a otle9f variable b _,,0~.i,-.11 .. ~ .......... of the uzes or the 

various possible types In its fields. plus room far the tag. 

~ts.2. The Operation• 

Let us start wtth the creatl! oplllltldlt•~!'!-1...._set all the count, to 0, and 
'. 

0 

:·~·: :1:,·':t··.::-~ ·' ··~1'f~ ;~"'._ ".:· 

initialize the array. · · · ·~) >'-'~ · · 

create - proc () retuntl (b: CYt); \ ! : . 

none: rnbranch :• mbranch.make_lrllptf .(~; 
n: node :• nqdelb: -. r i,·, : ,, · 

left: . none, 
right: none 

,. ,n.111&1 erftk 
b :• repS{count: 0, 

size:· 0, 
root: none, 
tree: anSf 111 ·th; i mJ;' 

end c~eate; 

The"" mnn1 the empty (or null> string. n.-cr•, ....... shows~- to make a oneof 
: -"'.'' : :,; :in · 

valu~ from a non-tagged value of the right ~---~J.,INlli■n, ... thil cate the 

mal1Jm1>1, operation. CThb operatton calla the -n _aptratlln· el·•~:> '· · · · 

Here Is t~~J~~J!P,r~~- di)~ _ ", ;; .. , . , _,., ·• , ·· 
; . . ' ,, . " ,., . ~ - ' ' ' 

insert - ,~.<~•r b:cYJ.,~ .. t-~•>•R••w•~-'-~· ,, : .·•. 
' . b:root :• lnaertl (b, -~ b.roat> except_ !Ml! tu.!':.~-... ~,, ~ ·,• . 

,tnd &--. ,• :_ ., -:; , · . , ... bi,; ,. 1\ ~;;- rt.,. , 
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taa bran(h (coast t: lat>: 
m :• root; 

i ,.,.i...,fi ~' 
If I • ft.I . -,: . 

tlten 
n.nutnl'Mlr :a n.m . + I; 
IJ.caunt ,. IMGullt ♦ I;, 

dletfs<n.s ·. 
; d~ ... .., ....... d~ 

· elR n.rtpt =- IRllrd ,~~. 
ewdff; 

end wttla; 
flldtapate; ' 
except :wlien ful: ..,_. .ful.eacl; 

mdinaertl; 

add_node • proc <•ar b: np • ._. s: 11,111pdla.11•••• ~ ..,_., -,..a. (full>; 
if b.stze • 500fftat sitMI , .. _. If,. · '""'· · : rr 
b.uze :"'! t,~ + l; , 
b.count :• b£8llftt + I; 
AOM: mbruch :-~--- (afl; . , ·:,,, 
IJ.treeU,.um ,. _..(a: 1, 

'fttlJRber: I, 
;.,.;;, ll;ft; ' ,.,.... 

rtiht: nael;. 
br :- atJ11•cllthMe'.l>_..,...,;, . ' '. • ., 
en•~~',',,· h' 

This operation Illustrates the·use of Internal~ ••ra,;~•••••parted by a 

duster>; lt also --~•-~---~i~~~•~;.~~~~,~~;~'.~\!(~p(,·~ a__, 
obJect. ~ch case arts with .. \at Id/ and..,_•·-•• ----••LW ~•that. the 

name has the·dilcrlmtnMed type. Tha:tl•M_,,w,at.•~·''"·•"""'~::J,t'IIIUlaled. 
,_ ,.{-!-'" ->··", ~ ,-~. ·•." "'· '.··-(t·,~t-':~-#~ 4s"i:..:.11·.;.~1,1 :" .' . :.~•~;~)_'$~~./~ ;:J.'L'! ,_/) -~:.-U'l0:1.,Q:.-f ri li: ,_, ~-1, -:: _! ., ... 

"· ·. · :we also• a real use of ex.,_........., .... ..-~• •· --• .-,•ftlllCJ w. 
' ' 

The COUf'.ll and slze ..,.._.are-, m Wl'l!r:. ,·. 



count • proc (b: cvt> return• (c: Int>; 
c :• b.count; 
end count; 

size • proc (b: cYt> return, <s: Int>; 
s :• b.size; 
end size; 

· The last operation to write is the Iterator ,na-.stflf! 

increaJing • iter <const b: cYt) yleldl (c:Mlt atrt.,, Int>; 
. for const s: strh~I, i: int in tncreulftCl Cb, b.root> do 

y,i«W (s., I); 
end for; 

end increasing; 

tn~reasingl -··tte,'(eonat·t,~~; br: nitiranc1'J'7leldl'{~ ltrlng~·••t>; 
tagcase br in 

tag empty: . 
tar branch <t: int>: 

with conat node • .;.. b.tree<i> do . 
for const s: ,trtn1, l.t•t 111 1rrmuingr~ noc1&..-u :• 

yield (s, j); · · · 
end for; 

yield <node.s, node.number); 
for const s: string, j lat In tncreutngl (b, node.right> do 

yield (s, j); 
end for; 

end·witiJ; 
end tagcase; 

end tncreastngl; 
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Again we see a recursive internal operation and u~ of' ~ -~ -~~ At ,tJ,e .~ ~vel 
C' •o; • .' • - • • _,) .~' • • - ~• • ' • •~ 

our enfire type definitjon loob like this; ~ 
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bag • ca.ster 11 cnate, mNrt.-. .a-. m••• 
ffP. ·-·· 
create• ... ; 
insert• ... ; 
tnsettl • ... ; 

·. add,JIOde • ... ;. 
count - ... ; 
Sile• •.. ; 

increannc - ... ; 
tncreastngl .... ; 
end bac, 

.. 
Here are some example ... of die .. at 1t,ua11n CdltP/.!e•n dlY--,: 

· it:"'t 't:n:: 
b:bag:•~O; 

bagStn~ <b, •• ~'-•-~~~-:~ ~.--1'\~~ " • . #·.._.,~ .. • ' . ., . 

1-.g: Int:•_,.__ (bl,.,..... ti; 
n: tat :• baglCGUflt (I)); .. , . .... 

1 
·• 1 , ••.. ,. · ••• , ,· 

for~j:•ttrt-.1:~•~~~a.J•. 
~u:.:1.La."Xl111M1~ n.Jt.••1 · ,~;~~ · · 
r"'1t' ,a, It • . . . 
-'f11r; 

Thts chapter ~s .,,.._.. ••-•-' •..-.. ltlUe■lll·tw ASBAL .. These two 

ffftures were_ borrowN .. • dtaftte ,._ a.u, 11111 .. :~~'-'•;:~L was .,_ 

Ml«ftlfut. Atl die ~ fldaze .r ASML Mfll - ... fJ 12 1111, 11 tlJC fl'latnlJ fram 

~ ~"tt'i:f'lflttf -~ t1f•7ftJli-lli 'lirr ,~,;---1,1r!F-J~1. .... :'llThfP~~ two 
-s,_,f"?> -J.H ?. ~)~ , .. :..,JtJJr .. i·t•j·l·· :::~rr: ·~,·_:~ .. '; -... 

ctsapten censtder two tcNttall •- llme••· 1'e nr. la ,. ... a ltt 1111& t/1/1 abltraatans. 

Wt! """ exptore addtng CLU\ f1111•11tlll11 --•• • ARM. 1111111 .. ad • .......... . . 
tt wtth an ongma,t , ...... f•_ ._. ... .,,_ .- •JIIII ffll e, tt11 la .. ...,... ••· . The 

foflowtng chapter .................. d llt-flll ID I C atn•a • 1o N llt.tutp. The 

fftftlftS destped ... die aan•UdWft f/1 peaat ..... a JU 11• 11• •• p.tl • c••cttDR 
... tfl·the stadt. 
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4. il?arametera 

This chapt~r presentJ the ASBAL ~•-.n r« .. ~IJi-C abltracUON. We 

begin with an. ·ex1umnatton. of p~ra~~ ~ Q..U. W4 tb,a ,~row and 49CtfKKl·. CLU's 

mechanism, modifying tt to. suit our ne,cb. '[h,. '""Jot:.,~~• made t, for ..-rameters 

relating to the siz~s. of ob~ In ASJAL lfle ~•• ~L,-11, In. ex~•nc CLU's 

mechanism for ASBAL: 

. <I> to make programs as ·tndepend«tt of the JlJG of their data ol>JeCU u posslb1', and to 

allow sizes to be determined at nm-time; 

<2> to relieve the programmer of the burden of ~tqek c,· the sizes of variables, and 

to transfer this burden to the compiler and run....tffffW iyltem; but, 

<3> to allow the programmer ukimate control over the sizes ol variables. 

After pr_esenting our parameter mechanism, we give- an extended -'example using It. We close 

the chap~er with a discussion of possible lmplementatton tedmtques. 

4.l. Parameters in CLU 

Here we discuss the parameter mechanism used-In CLU.··We start with the simplest 

and most strongly motivated case - parameters to clusters. We present a full example of a 

parameteriz~ cluster, and then move on_to paratheft!!rltMg dt1-r,_bttrattlonS. 
. . \ ~, .-> ~ • 

4 .. 1.1. P~rameters to Type Definlti_on• 

Let us say we have written a cluster to Implement ...... of integers. A while later we 

f.lnd a need tor.queues of strings~ so we write a new.du~ to lmpl1me,1t c~, borrowing from 
c(: "'·C--:., 

the previous cluster. Some more time paues, and we. find we. need queues of cust~rs for a 
, , , ~ ; ' i ,, ; I: . ,\ :J.. • .'j,,e t · 

simulation program. so we again adapt the queue--c,f-~•- clµster. Tttls copytni and 

modifi~ti~ a,,ukf go 0ll•foreve,, What ti wwrse. jf -:ilUbde:bug jJ feand in the,orlglnal 

cluster, a lot of effort b necessary to find and correct all the otMr clutters that'~ tticode. 

-One might imagine using a fancy text editor or macro proceuor to help in this 
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corP«tion and updatmg ~- llowe'Nt. we •can,..__. .... • ... 11111t die trlea er at1 

abs~ gener4ltClr: a fl&AltMtlltad ••Mlule par HI ... at: It I Ill flllr'•-, ,-..1111m s. 

·Forsa~we__,..,..,.,.. • ..,. ........ •• .... ••~11,, ... r..thei,r. 

'i ........ ~ ... --~ ---•--•11ii1'4'1,'fifi , .. a. ... '~, ... ,. die 

; · ... ......., '1'lr ·•· ~'tit 1ft fl .•• lus' .....-~ ...... riY tft'it ··{ wiirlt:¥1, • A 
:•· ' • • • •.• , "1 ,,,'t, . ,. - .' .•"\·,_•.,_.-(• 

............ 1'f"! 1:NN tllua,·1s~•·1, ijlil! n'ilitt: '.W lilii ·· Ii 11 :riMtlt•• t · ■tu •.caW •· '11"' 
... , . ....-:mca.'dtt•iilluhs ~ ..... , ••.• ., w ..... ~ .... .,,hr a'-..;..tics 

with an aample <tn CLUt: 

queue .. -.111 lt: ~ fl •create. ...... · I lflJ. 
•. " .. ' ; . . . ' ;·1- . ,. .. : ' ~ ' ' . 

nep •....,Ctl; 

·awle·•,.. 0 .... .. 
..... . , ..... ,m.. 
flMlcrea11;' 
j',,' l '. 

fflCI - ..-·<• .fft, x: ff; 
,......,...'1,at, 
... -.r·· 

cteq -pine <q: fft) -. .. kt ,...a.cu 9e,t, 
tf . ..,s-e '• • 0 
... ..,...emptJi 
' ·ea. .... <npS ..... l; ... ; ~ ·, 

91M1deq; 

empll,~ ... ~R:~ , .. ,, .. ~ 
Ntae<tepl--.•Ot; 
'ed-.pty; 

~ jl q >. t,. '(~> " I 

.. ~ ,;_, 

The first thing to ftOtke ·u die 1:t: t,..r after cl ••• wWeL ~ --~flllfl' labs a.~ 
,-_: ➔ ,. ·, ·,. ·". 1;, ~ -,~ .1-< .,l'~ :·"· >1. ";r•·-· :·· _:<It t~-: '..-~/. : ... '.': .- .. "°"'~ .. . : ~; . .. -·· 

panamem; called ·t,, and ·that die actua1 panne..,J w "8 a·• """"· ~ .-r type v-. 
·,:, ~-·~.-~·; ,•· , :.. r·-,_. , ...... ~ii~~! \\' ~·,_c ,,:·•i,.-:.£\,f ~·:,:•";."~; ~:(~:.-,-e-~ Ut~:-.~,:·. 1 ~l;:,~:") •.=,·_-:· .. -... _ ~ · 

sayl there ex~ a . ..- of that type <w,-. ••~•di·. ~ p••~•~pc11,~IM;DJ ts 
• • < ••'.-_, •, •':::•a •~ f••:• ,::•• -:;',"'!-' ,,~f) •:j;l;_,\..;~ th;.••,~ ';':\.'~ ,c ":,., ,,~'.af'\c~,~ :~•..J ,•, •'', •~• 

. •· T•--------••emn111tt1t,-•11t. 'l1Nllt-.1111•·--- 11:t 1 ■•.c••n l»e1:'111:ie11 a 
•ten:'f)la~ <formant a-.. aa ~--·~ ~. . . . 1 : • ';i;, - ' . ' ' . ' - . . ,·'' ,, 



.. 
legal because qautuClntl la a type, so It la a legal parameter to p,u,, etc. The repnNllllatkln Is 

chosen tQ be __ rrayttl_. - tt.._ ......... .,_ t ,a ...,....,.,tf', tt:W!el!I' in actual 'type 

,sp~fJ~tiQJ;J1 Jmlde, the.wstM#tlt ... : TM..,_ ......... ,,..,,_:aa·__,.arraJ 

<.repr~~~tn& &n:ffllf&J . ._,. ,Jh,:l'lf.o..-•r;adtlt~ uln a110~the htp.end''Gf the 

ar.raJ-: N~ t~ t,~y -., ta.~ ._U4~•-•11llfrilf,&he.Gf..,.~: It 

is also feJ~to-~e. vu;~i•"'•-':#laJ.~a,,r.•rar;..--•• • ._._to drtnllome 
the p~n~. t,.,.t_ t .fAUy M; ...... _., • • .-~1611· 11--.lt,ythe~dtftn~-of ,-,;.·The 

d.tq operation is sy~-,.to "'f• ~--':4l,fllilJf._..;....,_ ·~lat'dfllithat- lb;caller 

tried to remove_ an· ~lement _fn,m an empty ......, T••• -, 11a11_.,,..... a ·lat to see ·tr a 

queue has no members; : -~· · 

4.1.2. Restrictions 

· In order Cf►,d~.fllrthfr,fMIIIIIII.• d IIN:._. ..,.)..,..._, to the:fl"'" 

cluster. One nice operation to have Is "'"'· We would like. o,n to~ ~"'"' on· eftlt- •n"-"t 

of the queue. Of course. t~ls means that ~ -=-n ont, capJ ,.._tl. w· t has a eon or,atton 
, . "''. ~·. '. _- ·, ... -~-~_. __ ,it"~.,;,-::.~ 0 - •• ~,-~-.,~·• ~- /f 't 

<which it need not have>. For this rea-. r~weNicAtto'CLO.·'A restr~l°'1 defltle,S 

a se~ or type~ possesst~ ~~n opera~lon• ~~~e~r r~~ ,~ are used 

to limn the~al._actua~;;.!~.~~"-•!14:;~l~ ~~~·:~'jP,P~ has 

the sp~tfied ~rations: ~. ~s-~ at ~~ .~~>: ~!);:~"l,!t:, , ,1t: 

copy • proc <q: cvt> ret•rn• (CYt>; 
where t hu copy: prect7pe(t> ret...Ct> ead; 

return (repScapy<q>>; 
end copy; 

The call of arra7Ct~S'°1'7 0mpltdt in repSto'1,) results bl calls of · tSco/17, since arrayCtJScon 

requires a -col>'J operation .or t, we mull: ,... that ~ of our caller. Restrlcttons · 

complicate type . .'checklng, but-are neceuary. The whlre datlle can also require a parameter to 
• • • ,. ,.._,.,,, i .~ ..... ~-•-"~-n ;; • ,-•,>->;"'•• •~ -•••• ••'-'~~-~•• f 

hav~ several ~rattons..,,~l,ld -~~ .'-'t~ ffl;PB.•,"'"~l'J• ~- The 

keywor4- ,,_,_,,...,.. ...; • .-,,. • ._,. J 1111r;t••--~i~~.'Mlictar 
,, ,.}. •• ,' J',, ; ~ • • '_..~•>: ~ •; •->~c:_, ~~' ,,'_ ):_;~,, .'!'.t<.•;::, i~• . .. _ ?: ~~ l~~,f; 1•>·i:: ) ~ 

I. A type spectrtcatlon is the syntactic dacrtptlan or ~ type. 
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types. · <The ·keywords prec, lta', and ....._ are nal um for thta pm,- became syntactic 

The·abc:IYe uwnplt·putt.a Niltddfltt • •~......,-~ 11 jilhn. 11tf fclolr nor have a 

•, ·un_ oper;aUen,thetratt..._. ..,1tztbi$&t ,,n1M•·trr.._,,;.. . .IIIU111t·~._,,_ In 

.,.,.· C8Sfl· it· •• , ......... ,. ., .................... ~War ...... -~ 
"~t:aur,SOl!ledi-, IIJtl'IICCtlft,Gr ............... ,.,lftlll._:·· TliatJs. we 

• · ctefiM a type .,-.u:.tu;,·,~ .. ....._~-· .... • .. •••tw,'jrt:11'11:~ •• 1,ap· ot any 

·•• ordered t.ype:; ln:·termsot •neUu i1, •·•,-:ar1 I t1•·•u,a·~•lk••-a·---re:.an <lt> 

Ind an-equal~ ....-:••'ludl,a n•dtt•tr:••·••·ffdir·' 
' JOrted..,.,. .,.,, ····- tit .. .,,. .. _;;, ~-

where t lta1 ft, equal~ ,..,_....., ....,_ 

end sorted..,bag; 

We can s~iH. put further restrtcttcJns. an the type: .......... ...._ ladw.auat operations If 

needed. "thVti •• ,c:fllll, 1p1ml• filt ~-1--'llllf·'•lftr__.t,j , 11ift' f· •; haft a· co;, 
operation. ., ' 

Just as·ctusters can be parameterized. ao.'~ ·~ and klntorl.- ~er a 
"'*•_ - ·. ': _' (i:..'·. . - ,'_·f ,;, , '. -,·-::;·-,.'.·,~4 ·-,:y1:· :l :: " ·:~ .:, :<·:;. ~,' 

bobble sort' routtne.~tftat ta:&s an ~J or~ ....... ~•,,,-_ .. -.- ~ ~ The same 
~·.,'"'>.. . 1-- . -'.h,_ "'.- • , , .·-~•1 ·.• .. : "'I",'-·:. _f1. ~;:_-. ;c,.' .· . -. 

reaaoning that lead to ... ,.,......,11,ert-..""8. .._1ttt,ap11111llu..- hwler for the 
. , ' '. "•\ " it, . 

sort routine: 

1. W~'~ r.ay lk• u, ay that It -, lfl"'1 onler. dte abjedl 'ar tp· t. but all we can 
.tequtr,,J~~t--11!1tlli4td,e:..,_flallllilt 111,a, .. llt-llN .. -.ft .. &IIWab'jects 
would be inc~ tn the splleifkattans fl. die ..,.. 1111& --•• llut we de not expect a 

· compiler to chect $UCh tpedflmtt:Gnl. and•• 1111...., SIi• • .._,....._ teat. ··. 
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end sott; 

. . 
?perations of !~,:type ~.Y ~-,,_~,i'f:~,~;M\ISIAfl ~•,.~l•:~•-•·to the 

following general form for ~tu111 madf'ndnll.l! _ 
,, ~, , ~ .,, , "'$ :·:< -~·C.< 'l--:.~,-·~i~~,~-~t.:.J, ./?·,,,.· ... ,:-.- ,-if 0 

t,J,Lna,,uy,~a,:~~~. to. '1lf~~"ffft-1Pc~o/#!.-> 
. ' . 

4.1.4. Other Kindl of P1rameter1 

In CLU, most compile-dllll· ,...._. · .,..:.-_.. '~••'-,,.rameeen. -· This >ibcfudes 

integers, ~•cters. strings, -reals, • ahill6.111111h••i -..~;• Wry useful <there as . . 

Qnly QRe v-1ue of,tp,pll.:••d,u,••••••• .. ·a1 ,.....,11,f,,._,,"£vwf dlltlrict Wt of 

parameters to a parameterized ablt•-- •---•~ allilil JlW&ai6>n:;•i,.a.·•.,.Ws that 

qu,u,Untl is diffe~ from f1UIU(IMIIIJ.«c; .•Ma. tfl.we-.ctiliitfii .,. .. 
· fao ~ ca,9ft:(X.,1' Nit] ... ~i' · •. 

then fod.l,21 Is different fo,,n /«l.2,21 In Ith,,......,._ .,,._. Ntl « patameten .to 

procedur" an~ iw,~t,Q ",...,.,,..,,__,., ....... > ...... 

Th~•.J• a ,,..ff,.._ typeu: .. ,, • .,} .. t]Nllllltlf,i •• ,~~•miet whteh ·reqa,J,es 

instantlaUon_to,b,PQtl.,_:1,., ~-ti•,~,_,,.a.pa•m••1ftlll,'MI le-~. at 
run-time. Howe,.-,. it>...,_·•· ...... .-a.<tt,·a&:,._twlriuft.,:1cOmp11f ltlhe kftoi#able, · 

. instantiatkffl ,JI, ,_ .i~, pP ....... , ....... .,. ,~ .. ....., .... ~-,_,....,. ,tn'' the 

Ject~on.on.in,p~.~,.., ................. u,,~ ........... -•• ,......, •. 
.f.2. Parameters for ASIIAL' 

ASBAL tan'borrow att of'CLt11 pa~'IIMichanum'wtth M dplflcant changes. 

However, even thfJulh:that•'nWcftantam'woib'fWt,'ft:~._\~~~~-, ... ~ for:~~ wlH be the. 

most widespread 11st 8rfpata_,.'ifl''Aff'Al.!~1:+.,~Jii11~~~~ly ~' must ~llow · 
size panmeteri to"lie ~"it~~' 1ti.lJ'.&~~f~ be .;.cie'~it- too much 

tr~lei but n ts ·-·not ••trident. , Ustng a..tli3~M'r•~~-,,;i#-'~n'· .,_;•·~.~tent 
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because every stze must be spectfted expfldtly, and each Ill f/1 • pararilller• .wlfl l'flUl.t in a 

.distinct type. Thb_ NIUlu ~ a dtatmct _;., dultar -~--~11~(lar.~::• ~h most ef 
. "" . :.n;" ,,-__ ,~, -, ~-:,,, ;. ,.,, ... ~~ ~ ._,_,_ . _,,. • 

t\te pt,ys~I code for the operations can be lhand---. al ta •••·••·111111 tJP1 generator>. 
,:he major dtfftculty b that binary {and ..... Oftlet) t1p111U1a1 en ~,.r different sizes 

•ome hard to exprea,· because a ._, may aawrt .a,•• cf tis awn apedfk tJpe ao 

amt from the •• , ... tton. ,,...,.,.., there ts -·~r-~...; ,~i.~~-t- of objlclS 
·. . . ' ' ',. ,: i - ,-~- .. ~ '·,: i "',. -.; ;·,.,, :: '. ·•.:>: :· .; 

or d•fferent sizes stmultaneously. IN!caue •Jldl at..,_.._.,. of ....,.,._ typa. 

With the p~ .r:~mipr'11i6'v·-r·~; ..... ;..,.1CIJV. Consider 

s~rings a-s an example. We c:aald .not Write 

, . s ;• s II t; 

. , Yfhe 1' t1 a apr. for G011t41) \fe-,would .lllleNld.to•-,. 

s.:~ ~----11,,_"1ll(~ls• ucHM.-
~, pt the t1f"I'.., ....... 1-Wua;ICO ... t·Mli ..... , ... ; ....... __, .... this 

statement .weukl,Jaok .. lf ._,.. . .__._ .. •en:.· ,•. 

s :r aN,,..,._.~:4.f·l~.I•· i .. , ., 

Of course tt ts _possible to extend .the ftOtl.dan f• _tafa 11p•nH:·:ttc .. ·•-..n>, but the 

· ,mf onnation #ilJ{eb~• ~tflUlltiell. .. "·,: · , i ·, 

Havtng each .,,., .._,_......._.,..ar..,_■,tlftle Ctr:~ .etc.> separates 

. t.ypes lOo fmely., .. E•◄ a1Ltt•,conflkb--at11 I 1U1et•1Jlliillllf If--,.,,_ come tn·a 

vutecy ,of lizes.-•~~•llf--•f~,1•1,w.,t...,_flnd,..._ ....... .., ... _,..d to 

.... •IIR:-- Pt th-.~, .. ..,.,,.,.I~ ~····•d•&tlit c,. --,lit. there 

, _,. ... el-,;....,., ...... ., ................. : .......... llef'i•••tre,jtwt1,,. 

o( ~---•;___.ln .. •••• .. •• .. 1'1.pUl?Jlli!ltlit aMiftWlr181i"ief*••rlilblea. 
If we require every. abstraction to be bQunded, we· are ,..... an·.--.-~ on the 

->:. -~,fa~~.\ O[l;. -,~.'l:"'1 .. . 

abstractk>ns just to make the ........... work -. Ont way • NIOlft · this conflict ts to 

c~sider. ob~ts, ~~ ~-""~• ~--~m~"'""'·....,•·---" ef. ._ •Jects they_ 

contain. T4h!s lea~s ,, attr~ ,llle.~,~~.~~;1l"Att---~JJ,t .. Mdllbles 

.caynnot hold ~~· -~.~- t--,tJrt·~: ·-~~.,,. ... " .. ,~ .. , ......... ', 
1,:t i~-'I'• uze_wtll be ~Nd . .-tJ Jor -~ ?fc,.Jl#~•• .. •·•' wa1 

to state the lize Information ii ~eart~.~i • ..., .. _..._!l'fJllil~f-.-__..1111. ()ur 
: • • ,. • • '•~ - • '< - • 
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task Is to dest_gn convenient syntactic forms for npraa&ng . size Information· where It is 

appropriate, and to allow such ,t11f~tk)n •-~~...-~ jt ~ • ~1ary. The exact 

t~hnlque Is to.introc:h1ce a new class of pa~ •. IQ,~,f's, _,_,,,,, .. Thcstt·para,..era 

are disUng~tshed frorn.<?.~
1
{,J-s!fle.parameteniWh~l\fJ~~-''~--~""'"s)-IJJ•betag,Msted 

after a ';' tn the parameter till_ ~IJe paruMteq
1
~,,- Q11JJ ~ ;I,,.. fOUtjnes &ab only 

r~ular parametets. Abo, size pa~melen. a,re· ~•Ji ~ no othet t~· seem useful 
,:.·-- ' - :., . - . ·-

enough to jUstifJ·,!he add~al ~h-.nlsm_ t~)~. wou~ r~ 

.. Two examples of siz~ parameters ~~•e.fffl~,-~:t~' ~-·~'~ cha.pters. Array 

takes two size parameters, l~k;atlng die rn~)rffl: ~-~-~•;VRptr b911nd of 
• •• ' ~~- • ' - • J • • \ - '· ~ • 

ob ~ts storable in an array, •~~le; .•trt• ~P cme fJe. ~...-. •~ th~ 1maximum 

length object a string variable can hokl. Afl'IJS.f• 1tl'ing\~;d.9e.only l>a~ ~ypes or varying 
,, :, ,· ' ,c-, - ·- . 

s~ze; all other types of. varying_ st~ •~ .~Jfl ~.-,.,...,.,ton. -'thoql-. possibly 

thro~gh many le~els of data abstra~X:r~ ~~ or ~~,np,_and.Jtrjngs 
" . . ,, . .-' , __ .,., .,./,., ... ,, ,. . ,.. 

insure th~_t ·objects too large for; 
1
a varla,ble .: ,~C' ,lJpt 1,.q, _,... ""' qpt, ~SMg"'4, }o, the 

variable: Attempts t~ ma~e -such . illepL~ ca,.. an", #Xf41ion, faUvr.C•NnaW* 

over.flow">, to _be signalled. Furthermore. ttte·~•;~,81'1'Jft An.,--. U14,t the objects 

in array variables are _not grown beyond the 1lmlts of their containing variables; If such an 
,., ..... " ' ·'=- • 

attempt. is made, the variable ov.erflow ex.cepttan Is signalled. To make such excepUons 

a vo_idable, we will provide a mechanism for querying the u.- parameters ot a variable. This 

mechanism ca~ be used to check sizes before .,.,.mets or I~ ~ 2 

4.!. The Size Parameter Meehan lam . . 

Having introduced some of the baste· concepts and fatures or slze pa.-ameters. wt now 

go into detail about their use. This is more easily done by pine throu1h the SJ'ltadk f onns 

used for specifying size tn typespecs, and the ratrktlons ~ on _which forms may be used 

with typespets in different positions. 

1. That arrays and strings are the only sources ot objects of dlffennt sizes Is similar to the fact 
that a II mutation ts accomplished via records and arraJJ. . 
2. Of course, one can Jlltt ~~ ta.e,,c~,~-~; ~le the ex ..... but 1,, t,s often 

better style to prevent the 01:eptton•i otcurtence~ . 
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4.S.2. The K Inda of Typapeca 

There are three f ~rms or typespea tn ASBAL. T• fl,l"# form• is c.alled .the ""'"'"'• 

t1ptspec <v~typ~ because it Is used mainly In variable declarationl. All the sizespecs of a 

v-t.ype'f"C 'l'ftUlt·. be· ftm stiespecS. JO ··tt.af ffie ;ic:tiial ·apul ·'"requt~ · for a variable can · be 

computed and· allocated. We will detail_ all pip~ whet, • ft:X'QI ~- ty~ is used below. 
l ;••') , • . . , 

Here are examples of v-typespea: 

strl•l;J5l, 
strlngCiu<x>+v<x>J 

- ·•myUlft; I, 1001 
arrayCfnli 1, 10. j+5l 
arrayClnt; f<x>, SJ 
artayU11t; foo<x·, y>,· barly, z>+2l · 

The second form of typespec allowa · exact or •◄•• to be uaed, and is called a 

·fll'rr,j#1fHC (fc,r.,,.artabh!> • •·, eypeipec) tdi:*tlort.. i It is uNd where any sl~ Is allowed or slie ts 
. . . - .. - . ·-;, -.. ' ··~-: ... ~"'-•i;-,,,,-... ; ·' . . · ... ; _ ... 

♦r~--. but,•hn.-~ ls'not alfo1fed.·· V~ area 1Ub1et of ff-typespea; here 

. , •ue,wme ,.--1,pespecs that are not'i;,_type,pecl: 

1tri1tg[~) 

ars:•ytmt. •• 101 
array[lnt; •• v<x>] 
arrayCint; _I. •l 
arrayUnt; u<x>, •l 
arrayUnt; •• •l 

We allow an ~bbreviatton for typespea au of whole sliespecs are '•': the 1tie 
. . . . - . -.;· 

,pat'atneter part of ~e· param«er llat may be omlUled, lnclllcllng the 1
;'. 

omiutori re•~hl'-fn u•.• brack_ets can IN! dropped ,u wtit · Hence 

- a..,_yllnt; •• •l and tttltllf;tJ 
becx>rl'le . 

•rra_yUntJ and string· 

resp~ti_vely. 

The third form or .tJpelp.ee ii the_..,.~ _,,.,,tfle three•~ mar be used 

in -it. This form ts called the 1fit,?•'1r,sJ>,t (to;:!•r~W-. ~ ,r.1,kl,......-. V.-aypespeo are a 

su~set of n?-typespecs <and~ v-typespecs are allo a .... of~. here are 



;Jome v• ?.,.tn,especs •tbat-:•1,not,ff~: 

.string[~] 
array(lnt; K~l 
•11'.'•)'Clat; ?low.,. tl 

....... ,{ittt; 7no#',~) 

·: (There are many more~~~ of-~ 11:~~;,.,..,,~•••-,.J·_< 
,;. . . .. . ' . ' 

Now we discuu, whtch form of .tn,eapec ll uaeddft__._'.1,-.UC pasiUon, and die 
• i '· Jt :t- '. ,: j.:,. :, . ;· ~ 

. meaning attached . to it: .f11; ithat, ·pGllidon. ·. We· -Will·•ckr•: f ,._,,.,_,1or1'Mf~ •peups;f.of' 

. JJftt■cttc :positions. 

The typespecs:i~-arg~llatJ.to.·:~~'-'-... lfiM~tt~ 
' ,',' '·," - . ,.' . • .. - ' . - . 

,·.-;eas .. of. any·si~c~OA~,. If .. , --~◄IUitJ:.,~:•i.fPPI ....... HlflechexMlly 

.(and-iRt~i~ease ~-••·--~~~•~•P,Ml_.,._..d ..... ,.1J1,111•-iffldlh 

-that ,of, the·•1ctu1l-a1gtlfMRt.·euctly~ ·•-In 'Ille, cue.-of,,....,, ..... if!iP,11.llll• an1-•aue•panmetert.\is 

-accept~bte. :T.he UH oi~.a '••ptc•·alowa.:dtat,..,-1 ii'lilat,~fI'11~•d. ~-Let Ul'G1tlllder,,an 
. . ' - ' ~ ·: . 't ·-; ~ !" •• 

.. e1'ample: ,, 

· p • proc·<~ar.a. bi.,a,,ra7Unt; lt?Mgttl>; 

· endp; 

. In .this cue,· •both, .a and b ~~. be.-qr,•.~-~ •"Ii IMl!•,._d:e;of; b~'ln.t,:~-,per 

-bounds are·~ ta~ arid -~;~-~~t·1'w:--tau "'"~---med 
via the :~reulansd~·_.IIMJA.3:~~~ ... ,.,uro.-~_,,...,.1;-~ 
tche foHowtng··p,ogram~addl:ttM •••d: .. artN;·Mf ... ~~;--,~r~ 

,. . '"t,'-;'f/-~</J-7: ~t,'.'}"'w' ::;,rt; •t._~; .. f;"' 

I.' However,,stde.-ef.fect ~..,....._ ta..a..a15_,,-un1•1Y·.e&:..~ ~,d •Ultllg· only 
. buil~":ip ~.,.. ........ ,_. .... _, 11•11.,•112111' Qill · , -: :,, '· ·•·< .. , ·. . 

'2. These bounds•are tt,e:.,..m:,;the-c~ · ~•~~~:- ..-., t4},ft1. 
:3.,-~~:Sholtklbe~ht-of-~Ut · · · :-fJDilll!IOiW.i, IMll:t~ltn•l--s. 

• ~ ~>~ \\+ ~ •· :r ',,)::-:if.' f. "l',,:!\}{1.:•••'• •. • ! , "• •· 



• 

P •;·pt'ocCt:t,pelwar ,al:;'tt&CNlt •• ;,. ~); 

. _ -_·---~~ t h~ fOl?J,:,,. ,~~,_,,._ ,f ~~ · 
at • li'tsj .. t; •• rnlghT;' ;P, · ·- · ·_ _ • _ 

if (al~ijlt-:• atlMp<al» •<-llieea2> · -
the,n -~~J~af-f'V'!flo.W; , . 
endJr;· . " · '' 

_fqr COAMt • U• allelllMl'lta<a2> Ill 
at$addf\(al, x); 
end' for;-' 1 

. emlp; 
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The test in the ff statement is: ~ 4/ have --Ch raom tor a copy -~ each e~t of az1• 
.. . - s.. . • ".,, ~···: ,·, -rt· __ (!.:.~.~~- ,·-~; . :- . ..,_,.>·- .' 

The elnimh tteratM for arrays produces •ch ... 1ft te.. arra7 f""".' t.~ lowat to the 
' _ . . -.)_j'.";··.~·~ ~ ; ~ · .·:· ;" t,_"'":-,_"•,, : -~ ., '·I,., : ·· ' · 

highest. · - . 

A~gume_nts -are the_ nqt.;~Ytot,I -.!~i_._,,,•t-u• for Ille, ,-..meter• 
•· ".! I • ' - • .1 

because size para~r,Jn ~u:.-~-:-lil,_,Nllt.,lO,....._le obJICb·el' any size 
. ' ' '•. .. ' ' -· 

conveniently. However, there are also som, ....,__ •--:(~ibWtJ in$the:,,ue _,of objects 
. . 

~turn~d by a _pr~,;e -~ -htlpfu,L : Fpr thl\~>•·:.,.~ Ike pu&flletef.1 of return 

variables to be Aet,1111~ !YIJJJl!lc;ally.,.~~i~; . .,..,,.... .. n may be·.cpmputed 

from the •r~,-.~ts fO .. ~a.:@ffP~-'• '." _ _. , _ _ ,,-_.,.., .. h••iltJ~d AaBA.11-ptOJrams. 

we;_ require t!?a! any ••~ ~~ r.-h-..~~ • mutate' upments,; ,,_, the 

procedU.re b~•~&~c.aJ~~;>T~~· J.- ~J,1, ~.,.__.__._.,., lhe::.,..M•antn these 
. . . - . 

size expressions. 

~sk!~rJt _ll{~.~~ ~ ¥11!'9N,._~.,.,.,_ • ..,.,. . ....., ~ferm • new 

array: _If it is know~, t~ ~ ""-' ~J,:-•,--• ...... itJS'·,re11~ble·to'~ t"9 
· ~~•.llest_ .~~•b~ .. ~,r~Y--~"•~~ ••U;~,~.!1-Mll _.,._..,. a•okl •"1 •wa~ ,_,.p. 
Here. is _the s~•let~ of .such ,p~uff --•- · 

. .,, ·:: .-·-,' . . . ' ' . 

q ,;, proc <coast al, a2: alnt> retara1 <d: •ra,Jl• ......... ••IMSIIA(d)J); 
aint • arrayct•tJ; · 

e11d q; 

Determining the size of retum variables on the ray has IOffle complications. however. 
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Recall that retum v•dlblll.-are r•ffy speetfattam fer,,.... ... ,pulld ·•ilJ the caller. If the 

variable passed. tn·kA;,;J•rpHa,J,,-..~it,• ... h11.1:l!ljt111•~ presented 

tnChapter 2 allow fer iMelltiUl_..l>f'11_.~,,.,,iu,_.Y_, arguments to·the 

,invocation 11creattng" the ,temporaries. •·ht fld. ,tile, • .. • .. •••4• :lie11ped wtth fleJdMe· 

.return variables in mind. On the other hand. If thi~-~P••~J ... n;the:NtUtn variable·t5_ 

·not -a temporary···lff may1fa9e a ~---- •..,.. t; 1:abr.t••-.·-- at ·tun~ime.'•CO 
. . ·.' :, .' ..... :._., .,/· ... ,,.·-:t\r . 

compare th~ size 'Of the ....,,kbeing ·paual .lft watt ... liiit" .... bt the·precedure header. 

At thts junctUR'Aft ave an option: we·may ,..,._ •u.tw ..... tch exactly, er JU1t 

.that the vartable·paued tn·u at teut as big~ die,~-~ ~fl t~t~ ~•'ftrtawe 

specification. We have dlaaen to· he f~Jble art'.~~, ... ~ ,~~:P' ~t. •••· We 

dnty discussion of the ~' for this dedMft ~ •. ..._, ... ~...,....... ~ ~ 
bftn. f)fflfflt«I. 

·Two questtona ,..._: what do we do Jf .the "'61ed'•;;•:i · . · ' IMe 'htls t-he 

run-time. check .outlined a•~ Our aoluttan to,dds _,...h1t .a,,•·•• ttre tnvac:ation betw 
~pted atgnafft,tla~~~- .. ,.... ... .._. ...... ~is:---••·•:do tf a· retulft 

qri&ble stze COMptftat ..... Ta•i~-}W....:a,id~,~-.eo.tbe:one abffl. 
,,.. stgna:lftllbt'lil.·•1u;-.. .. :s1,.~. . :,,,.. . . . . 

~ .r t1le -.·tt• ·diedts 'Gfttn ~ •· ~ reium •. ,*ariabta may be 
• • - • ,-, • -~J"S • \\•" ~,;;,',l~;"'t) ',,;- c•'.; •'' • • • 

Q_pemift .. Howenr.· _,. . ..,_.,. t•··• .......... ~-« :fMWde ·. ~, VJdabtes will be. 

handlled ·ltt ·mntptle+4t ... ,~,,..., .,., ..... ~, .... ~ ••t .,,.,~ .. that most 

typn"takmg size·~•~&im'11'11Kfi -,;.-'.fi\·----~• ;JIICh,;atype we.. 

• ~ucted '.USffll tbet.-tftlfll0am1N111t.'~~tt}tdiill~tli .... ~. T~ore. we 

believ~ it wut be more c:ommon .for the us.er to.-,, die ... of,tlie .-.• tio:be. returned :by 

· .,pa~g ,an Vfllt'IMIH. tor ... a..,.,.,., M .pi~ :tattier fhi.ft having the 

.-~ .. t!e ~e .the ;;ate· lallf:,: ._,... •. ,.t&'.Jl&ii lilhtlt .- to 4'0IPeJ the •ile 

inf•mauon ma,·• CIOrl!IP--i•.~~-·;1f*•;•ob.:·._:i$,·it ~, be 

poutble to. perfQrm the di~ effB if ,dle •. Ja:i;fillMI .. ril,!-~,of the ~Ute 
. , . 

ma\iflg the,calt : Hfn;S.Mt-11111,pie: , 



p • proc <const n: int, ... ) ... ; 

var x: fool;;nJ; 

ea4p; 

q • proc (con.st i: int, ... ) returns (a: f oaC;I]); 

. end q; 
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We grant that it may not be at aH easy to daign a complier •~~ eno,.igh,,to perfqrm ;this ,ort 
. . ~f\ ,: , ;.. ' I/::-": .. ' . . '. 

of optimization - we are merely polntinJ out that the optimization. may be possilJle in many 

cases. 

4.,.ia. Dec:larations 

There are two JOrts· of declanttons:· thole,·1'ith•tnlttauzatlon and those· without. A 

declara..,,_ wtthouNnfttall.,_ lffilst"t.ttifa •~'io·tltit lknp:can be allocated for the 

variab•betng decland. Ant•pressl0tnn1ataattng tt:fatt .lf'tttpr is allowed for computing the 

size paarametw&. 

Declarations with initialization are more comptlcated. because we ·have the c:n,portunity 

to reduce st~rage requtrements: we can pern,lt the·varlible to be th~ exact size returned by the 

prO(:edure · being invdled to infttaltze the titrtable. · Ttius we allow •- and ?-sizespecs in the 

typespecs for d«tarattonl wfth' inttlaftzatlon. • Any parameter specified by a •- o; ?-sizespec 
. . . 

takes the value computed by the tnvotatlof, ttir Its return ~arlal>lei any exad sizespecs in the 

decluatton wtth i__..zation are kept as·ts. ,,_..,ore. the normal check necessary for flexible 

return· •~rtables· tn asstgriment may ha-W to 'be perf'Offl\ld in declarations with initialization as 

welt:- the effect can ·1,e omlttecflf a11 stmp«I are t;.. or 'r~llzesplCS. O>nstant definlti~s follow 

the same scheme as declarations with lnltializatton.· 

Here are -.me examples ot·dectaratlorii and conicant definitions: 



var n: tat ,-.1..►• 
var a: ana,1,Uat:t,:,w;J; 
.yu·b:M-,rtall -~--r• fO.J,JII; 

· var c: ~; i,;11111,.a -~ 
const d: UM,uat)•._ 
·.cetm 1!: ... ,tint;!, 11111 • C; 

The 1ow and··high b•--·~••.·w.llile/J.4111d-ll 11 el4;l_..il0,.Jllll1o•·•••· Ml df die 

array .returned by foo ~'.Wene,~~~:~~~-~,-,~-~ ~',W~ ~ ~ t,e qtN!ried by 

~ritit1g tPl,tg!,. The baulNu er " wlll - I .and - ...... ~ -~ _...,..,,rr .,. , ... fail 

unless c ·has at most IOO • ...._ 

The typeapec for die ,........._, tp (ftp·tJpt) d' A:....,,flllllt bea ·v-typiipc • 

variables or· the t.ype being :def.__. .an Ille tlncnt 1t Clntdf id ~~;JffFi:Jt ,.die Np 

typespec muat be dea1 n_.. cwen ·al :palMI 11■, ar, •·••••r :_.. .Howe..-. arWtra1'-, 

eKpre~si~s,~·re, •~ ~r~t,P_.,,,..,..;MIHU.•J ••• ••• 1-11-.,parameten 
- <" ,, ·,,.1 ,, " - > ,' - ', •• ,-'·• 

of ~he -~l'~Ct !~~--~~ -~,,~.~~-, ... ,, .. -U■JlHJUIIII~ .. nt~s--- fRe, 

-~~.they·~~.·e~,-:o'fl.,.~-.. .... ~ ... '""''_, __ _ 
ugna:lled when a r•'• .... :exp, · JI . . ·. · · ' ··. · ·· ·· · · ,.,u2ts ••n JI 

~fleclto-~~Creatc)r!{,~!fa!~:, ,.. !Pi , ·. -~ .. • .,,,;·,; ,(•¼•.-
, ' . ' .· ' '" - , ~ .. . . . -

The fleader f~,;•~~;,,_~~r.t_Pfb'W' .• MGf.tt·· 

klo~ ~1'"( ;~fr¥"~ii~,..~-.. ,.; 
The idt for t > 0 are the --..,:l»f ...... pel:lf,lJ.IQ,P, .~••hti,11ef.tning 

.. . ·. .. " . . 

the_ rep trpe·•~ C1tl:9er:.~~-~:~.~.1'f 1.,• .. •ill!"r.-.8'itle•r~clmter 

~peratioru .• ~~S,,!fMCif~. •~. ~ .. ~ . ..., .• ~ ••tM1JtlMl1 ... __.: .. ftGt . 

available to the upet .... ·.T, .. _fta:••""' ..... ,,.,111!1 ,JfM"'~'"- _._.;,...,.alt me 
. · ~rameter·:~~,are.~•,,-~~•~.-,;,•111t,,.., ~._,_.,, ... i .......... ~e 

-. ,. ... • > ', • ~ ' • ~ • • • .,, ' • • 

senw to use thole nama tn d111t1r a,,.,.,.._ i; , 'l . •· , • , : < ~- • 

Let ~I kt~'""'~ •. .-,J.fr~ .. J.lft\.M~ 191-•1 4'!f,.;11&ffmetel'S 

~nd rep ·types.· Anw fer the mer, 11l that .MaM, cleel 1-...-e.,.... .aad we ,need to 

i._.,lement them using arrays of characters. Hae a• altdn In af ;,a,t flt die •ltling duater: 



• 

string • ~lu1ttrC;lenl is ... ; 

rep -;~~r_~y{~t~l,, ·•lt , . . 
size • pr® (const 1:· eve> return, (n: lat>; · ' 

•N• Nptael<lav · · ··. · 
en4 stir,, 

, ,~.ltrfflg; ·i'l Y> 

Notice that the sti~ operation .~r~i:~r!:lize,'Jf .-~"1• -,,~.aqe ~ ,t~J~ble. 
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Now w_~ c~ .. ~ to. t.~~. Cffl'5ti~ . . ff(;, what f:7., ~ . !~1-4~ . n•a.nwhen written •in 

typespecs for the abstract type, .For ~x,t,n,,P',~t,~at,.,41~ ~--or ~Ptl .~~. ·iThey 

merely mean that those abstract .size pa~,~-~-..,:.~~. :4A41.- the case of 
?-si.~~p.ec_s, tha\·t~~~a~J"l~ ~.,~p&~:~bfs4'1"il~., ~• ~•.tf 1~ JMR1,4ecJ,fed as 
strtng{1tl. In every case where the size of the np mutt be known. all abstract 1i&e parameters 

will be available, so the ~ size parameters~-••• itMi .,,lldcab!d. 
The only potential confusion left is the mean .. of .the typespeca rep and cvt. Rep 

takes "the ,tie paril~ers or 'the abstrad i,,,_. tM ~!--)~,-~ i~ obtained from 
, -':'" -. , • .. r _,.,_, • _•·. . . ~. :·'.•':·. ,. "' -· '~}~ / ~°'.1;34-. ,·:: ~ :,r:_..:, ·t·Jf!I~ 1 ~-t•, ~ '1 1"tpt~ ~-fl . ~--, _;:-. 

gtvlng the abstract type '·those size parameters•. Al tn CLU, c'ft is Just a lh_orthan~ for the 
, , . ; ~ ·" , .. : .; , .,·"·;f.T ,, L.11(:":·.' .~ :-~· -~ .·, .. , "f "'; ': ~,.., ~·J: ' _,, 
'abstract or rep typespec at the interface ot a routine, With a con.version : aeplied at the 

7". • '•• \•.~: •• ~"- :1,:,J. , • <, L!FJ ::?" • .: ~u• ,•,•:••~:, .. {'":>\•YJ•~.1fi:\!; -;,fffi"';,•:, "':•:.:{!. "••,''.- , • ••;i,.'.•.~O:t~ , i • 

· · appropriate tlnledlown for ·incoming objects. and 'up for OQtgolng ones. Therefore, cvt takes 
- _,_,,,,,,· }. __ '--; . . -.. ,f' ,;,··,· . . . -~ ~·-r: ,~,.':\ --~.---~~- ,::::: ....... '? - .. >-""; e; ~·~- · .. ·d·; ! , '· _- ~~---< 

the same size parameters as the abstract and-rep typeapea do. Notice that. neither rep ~or cvt 
•. ,. . - .~; ;· .'· "' --~· :_~~- .:~? ' ; ~-:;. :Ht~ ' ?.c ~-:·nt ._ ) .. - -.-- ._hrr-~; I" ; ·-.. -~::; 

requires statement' of regular type parameters; the regular type ~ra,,..,. are implklt ,in the 
'H">-_: ~--~rf ,,_t",,dL>· 1··. -~ • . '~ ~ • 

instantiation of tbe cluster. The conver.stons up Md. dew■•. have. the arne. semantics and 
ti'•' :i., '. 'c ~ ~;,· __ t ~'·::.i]v~,-;~; < '·-, 

implementation as in CLU - they cauae tittle or,Afit,~, ·~ but- ne used merely to 

change .the compiler's •point of view• on the type of an objec:t. 
.,..t 

To illustrate the use of cvt, consider the procedure ltlkM5'1-taf't,of Gill' example string 

cluster: 

concat ~ proc <conat sl, s2: cvt> return• <is: cvtt;nptlii.e<tl)♦,repsii~a2>J>; 

end concat; 

Notice that the arguments (sl and ,2> have been dew1'ed before the computation of the 1t&e of 

sJ. If we had occasion to crate a temporary variable ot type rep. In the string clust,r, we 

might write 

var x: repC;nl ... i 
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which would beequiva-tent•· 
' ' 

var x: array{dl•r;J,.nl; 

.except that the latter anMtbe -,•ec1. It ~tt-~,~ ~~~ ~··Involves iJtftrslon 

of arbitrary functions in the.general~ thb ls• ,___flt •,-u fl!IINllrictton• on the ~J 

in which the rep type depends on the atncract' type'a ..,.,...,.....? ·Mil~u,eMr. any a,ra,icharl 

can be asstgMd to a rep variable (p,_ided die: lilll tlliltCh; ..., ...-..,..,_...to ap a 

copy•of-wobJ!ict1t ttft ~·~1~ a11e•~"-'b cl' ,. •· · · • • 
1

• 

"ff••ttfe sizes :ofi N string. viitidlli. hlplir'atiM ~~- ..... were. ~ed in the 
; ~ratk)M Jl~Utt bdlfy.·ttli iaaer ~IIMii~ .-~~{:t}J;'!'• lif> ,,~:,! ,,,, ' ,:.·' , 

"'~~. ·toiidt • ..,~··teo111~ ..... ~;Q1pMr::\ ~-: 1~•ni.,;.,.l!c •,; .f .. 

1'Att.:ferigffft of diand· 'J-f JlWftWJwWw,·~-f-l:·~;.,, 

-i, '(f,:.~~ 1. ,. • .~ .,,:.·;.-:J .. t,:li~t-() ·.)• :~r},1\?i.:} -..·.~ 1;·-, ~-n 

.,,,~- . .. _.The~:_are a ~ew.~~~~~ ~/~~,ctr,te,~,~• First..there 

a~e the tyP.~~o~ .,-~~• ty ~~~l•o•~~~r·~= ~.,IIJ.~,~~~c~: as, .. ~r1char. 
,..-~., - ~·:•.-'fl'>"$,·: :•j , .. , ··' 04 

· ._ · ' •",· . · .. ./,:, .. - ..• ·: ---• 

~~•. and .. t~~·-~~~~~w ~- ~~-pa~;,~i~i 11;,•~~,~~:·'~ t~ ror 
. ob~t~,_y~e~~; by:·an ':~!~J•j~~'.:~-1~·,~.~~~,~·ft '1ffl ~~• ,91" any 
_s~~e.•~ allo~~• but ther,e,,_t•:~·use fc,r ~~~~,:!'a·,.,,~·~.rort~lypes 
or'objects'·stgnailtd'byridi,.;., •net L ;.,-t)p1'1n ...... ~.-~~~.Rm . .-.~ ~•l,'Rp• 

Jt:,'.. 1_.{~,,"i.,·,',fl1- -·1·~~~--~:,':_·.i'..•, ;_, . .,•,~ : •-.·;' '·,:> ; Y'" ~:rr::,t ;r.:•· .;"·\:~.;-~ ":}.' .. ~.-, •;•:•·:t '-:i,~,,, ·,,.~ Jf:_,·, •. .- "', - , 

of dau\es from routine headers: . . 
-~·, ~·

1'.ijii fi-:'iUl_- .,L· ~~... ·\~i.:' ~t\·, 

... signab (foo<ana,C~at;l,.J>, !'arCttrhlf» -- .. ;: .. :, ,-..1.,t .... '.,tilli-J?ii> -~ · .. '-! 

... of string· ... · -,. . · -,; · .,;', 
bletch • prorc[x: Intl ... 
ralpltt •ftetet:~••: , .. 
edgar • selectorCf1ac: Nell ... 

. J 
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4.3.5.6. Typea of Routines 

. A situatlons~i~htl.y_diff~~ !~ ~ ~~~f~-~•,of.J~ for 

the.arguments, etc., in the._typespec$ of routines (t~ proct1pe'a, 1tert7pe'1, and altJf1'~~fr: The 

typespecs for rout·tne types should allow fuU type chedttng.11 typ11peta rot arguments, returm, · 

yields, etc., must all be gJven. The argument·typespea.ue n-tJll•.,.._,.._._.,.,.!ftOute f.or 

?-sizespecs in ·that po1ttton. <A rouUne accepts either a parttcu~r _Ille, or any atzeJ Llkewl• • 

. ,nturn vartabla~are;·gtflil ••~'tat &ffa•'tiii£,N1llffl ,a ••t; not exprmtons: 

on1y· compt_lHim.·•pi••lliDM are • .....,: aci';thid,.- rdlacff"ijpe4cWtng can 1>e done. at 

comple-tHDB,HrfMllstble. ,,,. the rnwor·,••lljSmitcat1 .. .... r.. . li 

·ip'°"')'pe ("""'"strtna;·•-t>"'\Nlftirit,. ~-:: ·• '. I' 

whkh-is ahe>1tlor 

.: ; • proetfpe , ..... ltftllt{~J, ltlMl(;i.r~,--~- '-~ ' 
Yields, signals, and of- t-,,.pea are aff hllldlld Jutt Ike .... ft~~• Tha'tlakel 
care of all the spectal 1tlms in typelplCI et ...... Hare .,i,:c~f ... ; ••mple routtne 

- . ,:~ ~( * . ; _ ' . ~ _· c" , 

typespecs: 

proctype<var array[bool;l,eJ, CGlllt ltri.,C;IOJ) 
ltertype<cout arrayUnt)) ,...., (~~> 
Nftjpett,of.__,,_. . ...,. ··• .. -, . 

4.3.5.7. Actual Type Para111eter1 

Now. we come to the writing of t~.,;fOf_ ~!- t~ ,~:~· ~ abstractions. 

e.g., the t in array(tl These are always v~ (~" _. ~~>,,~ ~•t variables or 
":•. ~. ) · •'.•(,·_ •,.. ~•f·: • Jti.~\~ _"!;.)[}f,._ ;.;_'!!'~ i~ :.n ;~q•< ~ ~- I_. ,,.::-•. • • ' 

the type can be 'declared. The ex~ Js t~ ~ ,......, to ptr . . The type ptr has to do 
.. ,,.:. -,-·,,:;-; ,•;/:,. _,~: -.... -... :. --~r~!:.!.:. •1 - • ➔ * Jt~ .,t---Y~ i . · 

with pointers, wfllch af,t~~-:~:-~~,~t ~!i~~l,-f" .~-~,lain here how ptr 11. 
. different. The type generator ptr ts used for~ palntera, ¥.(It~~~~;&. R!~~~. the 

,''l,;;"" •_ , •/ .,• _ • ii .••1-. :--', J~';;,_":.' ~~ '.•i;:. / •,o; . .;f>:"~,rr~ ";}('fi 1;;'.:-, ~rl' •)~-• •~t",_.;;; .•'( '•,_•• .'l,'I~) • -• 1 •':• •d 

· type of :object pointed to. Since t~-~ -:' .. • ~}~r~~~~ ot t~ ~~ ot;,:tll,C! ~Jlct 
potht~ to, •- and ?-stmpea are al~ •~. t~ u~i ~'~ ~-"-'''· .Ar~ ~cling 

, . ;v-.· . . .·. ., .. 

Chapter 5 it should be clear why this wtH work, 

Here are some examples of typespea used u parametln: 
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arr a y[array{lnt;JMO». 
record(a. b: It · J 
ptrCa. arr•Jt~ 
ptrfa, · ... t►.,....,iJ 

'P1hs~ 'ignore th~ tt:rst .·~ to ptr fc,r -, di♦ ~ ,..... ii the one dtstuSMd 

There. ts Ol)e last position .. w-,. &Jp11.- •• •••Js •,Rt'• ;dll· •- of. c9'1ster 

operations. In tf'i~ ,~·,aft ~~-et .. •ffli.•ffl WI • ...,1...-, • .._ ll't••-- are 

completely irl'flffant. ._ f-J~.,, ,-, ii.~.,~.--•--- --~Ml· _P• lff,'Cllfster 

operations,. omitting tm •• pa,;,_,.,_, ,_,._.,._11t•lfJL ~1U•h--{ft1pac,tJ a nicer 

appea~ance, but ts not fllenltaJ. It ii alto c:emman- to use· a lllof'I:. flllffla).._U ......., to a 

v•?-typespec; fol' exa.mp~t ~~1,.,-,ttl. At,l-,,_ .-,...,_.■ifll\1........, operatloR 

on _strings:_ 

strinct;~lS~cal , 
. ·,frlngC i•Jtconcat -. 
strtnrt;?lefllScGncat 
strtnrSconcat . . 

(This operation afso has. an infix form: I'} In ~l.-...... .;. type for forming 

operation names. 

4.4. An Examp-le Cluster• SelJ•ncea 

· The header tor me sequeMe ckttter ts·· 
• . . . . :> .,.~;···;~--·; . - ',_;~.-t:{·::.:::-•-~._i'·· ·. ·1,·\ ,. :;, ; ,.,,. .\ .' ,: i. 

seq • .clutter Ct: type; nl lt nutt. addfi. addl, concat, ,_, reml, ~. . 
· - · -~ .· _ ·:; ,, ~ ;- ~ ;'>)f1t,],f",;:.~.~,' :'i,(\~;_ .;-'.·;. -~-, .; ·. ~ , ·: ·, 

n,~, ~ '~.~•~~ Hpi~~ t1~,•~,~ 
where t. ha, copy: practype (C18111t o , ... Q>· • · 

• • ~ ~t''b $} ! : ,; ' ~ .. > 

Sequ~nces· have tMf11- of the .,. .-,.w. • .-·--,.. ·••~ ,...:·1 •••"••r,. ll9t mutat>le 
-i~ ,'.'I - •. ', -, '. ··~1· ·f ... :'•---;':·<:1.'.,·'''. ;'••-6~ ,. ;-. - :-_:::: ~!'i' ~J,~~f;: -~· ;. .. ~ ,. ,. ·., ,!- .. '., • 

(thefr stat~·ca11nor ~·cl.....,, It ts..,...., •pll• •· llfl~!LBl. _. lif· ,,....._ tlw >· :· . ·. . . ·. . :· i~i- "f. . "",··:. ,-,. .. ;:>: ·:;·)'· - u·,,,,.·,.p. • ·· · · · ·,: 

operatlons a f ~ ai a tune; flut rtnt, tM r.,i•••~ 
rep • array(t; 1, nl; · 



• 

Tllus, sequences will J>e modelled by •~JL Tt,~JJ. ~~, ~.'9 daey are umila~, In 
.. ' •.· . 

many respects. 

null-• proc O return• (s: c~tC;OJ); 
s :• repScreate (I); 

end null; 

The atray .create operation returns an m,ptJ aa:,ay; Its argtlffllllt apedfles the low bound of the 

ar~ay 9~~t r•'-'~~• N~~alltt.,..,_.,llqtUllfut•--

var x: seq[tl :• seq[tJSnulK); 

becau$e '-,U.~ cou~.e~er .bol,4 • U.,ffllPIJ 11;a1Pt& (Alf..._, ...... are·toerblg to flt In x.> 
';' . . ' ,ti-.i:,.,:·:,,. ' . 

addh • proc <coa•t · s: ut, e: t> rettlf'lls (new: CYt[;,-,lii~O+ll); 
new :• repScrate·U>: 
for conat x: t .In ,.te1emenu (I) do 

repSaddh (new, x>; 
end for; 

ttpSaddh <new, e>; 
end addh; 

The add/a operation returns a new sequence with one ·more elirntlnt.• the end than the one . . ', 

passed in, therefore the siie of the returned objlct Is ,ne bigger than fhemual size of the 

argu~nt. seq~ce. <~otk:e th_at this ~- not ~r,IJJ.,~ ,,~:~}'ltq + 1',) The -ln&ffltl 

operation ·1s an Jt.etator that generates th« , .... ts of an --,,ti--:~ the first to the 
. . ' 

last. The addl and toncat operations are •lmillr to .UIL 
. )i' ; ~ ., > . 

addl • proc <const s: cvt, e: t> ret.,.. (new: CYt[;npStizeft>+lD; 
new ~• repScreate (I); ·. ;, , · 

repSaddh <new, e); 
for con1t x: t In r.epSelements (a) do 

repSaddh. Cnew, x>; 
end for; 

end addl; 



conart • ,,_,....,,,, ·~ _....., .. __._.. ...... ,+NpWa>l>; 

new :• neScrea&e <Pi . . .. . ,, . . •.·,-i ···."·~•i"" '"'"''' .. •,, ... dd~x;~.V,--,,iei.,WMi <rt de 
repSaddh <new, x>; 
end foa:; · 

for const x: t la ,epSelenlentl. <a> ct, , ,,.,. ,-,.:, 
· repSaddh <new, x>; 

enttftlr;·• 
end.conat; 

· Now we present the op,_,.. that "1'._. ••••llf 11,,_.1tamtliaell' Inputs: rneA, rnd, 

and trim. 

remh • pr« '--tit; .. ••nt .... ~--•••tWJDJJ ..,...., Ctmpty>; 
n: int :~ replll~!>; .. . 
if n < l · ~. ·. :, . 

then.at•~ 
tfH 
~ :• re,Screate <Jl; 

. Jllder. ... , =- t. 
wtttte~·<ndo 

npSaddh <new. atndexl>: 
..... tie; ,. 

ead.iif!i" ~'~ ; ;,::., . ·•· 

"9cl~t; .. , '·"' 

remt • proc <~·s: cvO ,et.,., (new: CYtl,-X~-:tW)--~',
1
,_~y> 

""·-'-t ·•·-•·t........ ·'<'('';'·;~ • ··•: J,-; .,,, ,'• ,., •. ;. "( .f. 
'l ~" ,_. '.11'.· ,.,...,...,.,.- ....... , . 

if n < I 
then aipal. empty; 
elae: .::: !,,. ~ . ·.- . 

new :• repSaate <U; · 
tndex: Int :• 2; 
while index <• n • · :::, , • _,' 

end If; 
end reml;. 

,.S.dcth <new, atnded>; 
..-.rii1e; 

· r,mi.> Trim ls giffl!I boundJ between whtclt ... ...., a tlll ... ,tr Ill 1:9w•• a,e IO be 

retained. Trtm returns w.hatner portton ef die 1iap~on:rllllJ!.I ..• ,,&hex-., hetween the. 

bounds. 



• 

91 

trim • ptoc (s: ... t. ... ;fqgb:111t> ......, (MW: fft[~lgh--low+l)J); 
start: Int :• max·'<I, low); · · ' · · · 

n: int :• repSsize <s>; 
end: int :• mtn <n, high); 
MW ;~;.-.~'ti>; . •, ' · ,s;iz;- , ,,, 

fo~ con1t ;, i11t h~. intSfronuo...bJ (MJ't. ,wt. p 4lcp _ 
.. · i@p$i8dh ffiew, stjl>; · 

nd,for; 
end trim; 

· -.• ._· . _ . . . :• . _·,, ~-. ;,,{• \ti(.Li. '.:alt.:':· ,,., 

The /rMIL.to_bJ tmator 'genetites the intepn from Jts first •~ tlarllugh to Its s«und 

argument incrementing by the third argument; It ls ll~• an Alpl for loop . . · 
• . . ' ,; '!~.,' -~ ~ -: ,: { ·,,: 

Here are the selection opetattonl: jtrlt, ltlsl,/llda, ud ..,_,,, · 

first• ~o,()_ofri<.lf!O• kffl.~ •l•Jtf .. 
if repSstze <s> • o . · . •flteli----~ else aelect all; 

end If; 
. end· f Jrst; 

last• seltctor o or,,.,.,,..,a: ~1,...11111 :t•pt'h 
n: Int :• repSstze <s>; · 
If n • 0 

then tJrnal empty; 
else .elect anl; 
end if; 

end·last; 

fetch • proc (i: Int> of t from a: cYt llpall <range>;;, , . 
if <t < U I O > rep$stze<s>> 

then •••••• range; 
else aelect sCIJ; 
end If; 

end fetch; 

Th~. vertiQII, l>ar If,;-. SU,1ar f• the-•~..,.ttani,111 ..... .., ,...,. •• 

F~fflllltJ• ~J.,.a,:,atl,._< .... .»;,' ••< 
' ' for coast ~ t ta n,Sele~a) •. ·. ; 

., ",iyfeltf (ef, ' 

encl;,-., 
· end elements; 

Notice the use of the array iterator ,lnants to lmplen1111t our own Iterator. ·It would be nice to 
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be able to assign sequenas, • we defjne a-,,.,... ... -. 
cepy,~~,~ ,~!M=,;~, ........ j ......... -. ' 

· new:• S; · " 

end copy~ 

The cofJ1 operation will·often be thts stmpte.. but dlere ant&1,f_,t.,,_ .~ men must 1M 
, -. . , ) .. 1.f,~' , ·::tc~ -. ._ . 

done. We. abo provide ••111111'~ __.. ••,~~.•• •..," 1~:lfr'l'I"' tlhM "'-' needs 11ft 

extra restriction on t. 

~ual ·., proc (C0111t r, s: CYt) m•ffll (eq: .... 
.. .· (-~ t .... ..-1: ,..,"·--~,- ~, ........ , ., ........... ,, ..... _, ,,..... 
• .,:-, t•a,;:' . 
returl,J;,,.·.< - -··" , r1·:-rft_i· 

enclequa~ 

Notice that we use the undellfkwt,-, ................ ~.,..uan of '· to 

compare the arrays e~me11t by ·e1emem. Now we wrle --·-, ;Mt111. . 
tength • pn,c: <eoaat ·s: eyt) --.. 0: hltJ; 

I :~ repSsize(a>, · 
end: length; 

first we define a few·typrs: 
silOO • seq[int;. lOOl; · 
st_ • seq[tnt; d; 
silen - seq(lnt; ?fffll; 

Now some declarations: 
a:· silOO; 
b.: sUOO :• sUOOSnull O; 
c: st_;• b; 

·d: siten :• c; 
it d?ten • O then, ... 

First, e is untntttaltzed, amt has roam·for ae....- ••_,,....._...tong. TIie next variable, 
. . 

b, is the same s-ize,.but hart,_. ...... theifllll'thfl•a' IMllf .... ot{t,,._.'~ 
dynamically, it cu~ on1y·c•mdt111pn s, t-n.W:w,-,J ..,._ ., ....... w11, size 

• . ,1_,_,-_. , . "·~·~ ...... '.·."·i-.1:: -~-'i-!.,,~~~ ,,·Hr 1 -~ ?-t,l~l--~ ¥ ·. . . 

shoukt normally M specified in ~,ni'.,...·~---~4t.1( ever tts .._. can be 

queried by using tffl11t aa shown m the· if~ Here,..,.,_.,.___.,._ 



a :• a fl d; . 
b :• si_Saddh <a, 5> 
if si_SIIHt (b) .• 5 then ... 
var "j:· int :• O; . . 
for conat i: int in si_Selemenb(b) do 

j :• j + t;' 
end for; 

Not~ce that the f il'st line caHs the silOOScOJfCtlt operation. 

· We have defined a complete type generator for~- This example is atypical In 

that it has no mutating optrationt. We chdle tlllf Ofer a'iWt.ata~:i,pe because it demonstrates 

more of the parameter mechanism, since it· retums more things, and tends to allocate ·the 

minimum storage possible. <Allocatiog the mintmtun'fot :~~:,~ Is not always desirable, 
• • ,. ' -.,<c 

sin~e they may need to grow later. Furthermore, even if the objects".are immutable, larger ones 

may. be assigned to a variab~ later. Of cour~ the style of u" ~ up to the pri,grammer.> 

4.5. lmpletnentation 

Here we discuss how to implement ASBAL's pa.ramem- me,d.lanism. We fJr&t explore 
' "" -. ,,·, . 

techniques for the regular parameters. these met~s are bol,'~ c;lt~ly frcOm. CµJ. ·we 

then consider the additions necessary for size parameters. 
. . ~ 

4.5.1. Regular Part111etera . 

The most straig~tf orward id'I: is to= pau ......-n.aJ extra a,guments in ~ns. Thb 
. . 

works fairly well, except whtr1·procedu,raand •---••·pallld-uoundu=objects. When an 

instance of a parameterized p~IU'e or•-- 11 pQMd ....,._., ill parameters most 'r 
stored In the object, s_lnce they ~re not •!~lable •• it a, ralllCI. -Ltkewbe, an operatton of a 

par_a~~terized type must carry the parameters of the type around. 

This -difficulty suggests what ·we call the ~o 1.m,l!llnentatlon of parameters.· This 

implementation •~Jty .. .-utes the ·actutf ,,. ...... ~~' ... comes up' With ,..,.ate 

procedures:. (iterators, -se-fectors, dusters> ror .eac~ dliti~ set c,r,,-~.._..s ... Th!s would. seem to 
' . . - ' 

be Inefficient, in t~rms.or memory use, but can be good in aome situations. Its main advantages 

are simplkity, and the abllity to do better opttmtzatton of code once the substttuttons have been 



madt!. Of coune. • ..- 11.tadlte .._ Mt MW •·• l.,.lllbd. OM Gift ltaff a lfMI 

parameter dependaM tnU• _... c■tldN 1111 --•~),;~~:.:,.··:,..m•en, and• 

potntff to a 111,p ,.,.... •u 111•••••t aec111n. 11111. ••••·· 111. ••••l?tllha. that or .-. 
. ' , . . ,t ''"l 1. ~ '·, ~ ,!, • 

fink age~ te llltd flll''fl 11w1 ._ •,i~-l~,j~,IJ~,~r~!ll+ JllM •lll!l_uf ...-. 
,puree~. · 

There ,ts stllt _. p1alaw lwNM. It tt pnlllb•--·pt ..... _. ....... 

,unbounded mm.bet of chffcaa:~4••;•1~J ..... 41111111 '" f!•••••·• CLUJ . . ' 
:,that has that PfOP"'IJ: 

. na::::-~ ~ Cn:. ~-~....,-• 2■ ti-.'.. 
.Jf,n •cO , .... _ . 

thew~~~dt.., ' 
eM ctiliJ■·- . . :.-.J <ti .. D); .... ' ' 

-natty; 

end nasty; 

· k si\GUld"be ~to•·•~~-~ ~,;~, ~•:·--ci~- .... ~ _., b1e 

-~ ·ar ritt◄tme. .... Mftct of ...... ~ ·~ ~~,- ~(--!'\,,_,._•"'•d l• c,,.. 
-·:,~ ': { .. , !' ;, . ... . -~ ·. . - ' - ,• ' ' . ~· . 

Maintai.-ng the data lffllGlllle ti Mt •MNI.·~'• tt •. , .. •• hlll ••_.._,•GM 
potenttan, Ctftfflow. fl■-nem, the •at fll ••~111 ..... Iii tit- 111 ■ 1■r~J1• ••· "'1 
useful,' Therefore we •~·tt.e ptlMu: -, ,_. ·tt • • AaA\.. Clh••-- an sa. 

_· ~~, ... d 14 ............... l1ii~ara.~.;, .......... ) 
. T.,..; .~ ..... ,,. .... * ...... •••1wa'WII• ~Wlb1~ ·,-',.; .. ~~ ·_. .,. . 

,w,dttea. -. ........... ~.;-~ -~ iiH91lilll•·•,'4li'...,.,.:~ ..... __ ,.,_!f_,t .. ,.inffedce llllfflllli:. llrf""IMitcid•:IIIM.' ,,:_,:;, ,·: . ,.,, .. ' 
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4.5.2. Implementing Size Parameter• 

Now .we turn to the question of tmp~ng ASB~Fs stze para~rs. First or an, 

they are not true parameters to the type, aQC!.·P Ofllr u dummies, or In positions to allow 

allocaUor, or memory _'for va.riables. The basic techntque for handling size pa~ameters Is to 
. ,. ,, ... , ~ . 

store the size information tn the. variables. . This method leads to a ntce implementation or ,:1,= 

ju~.,.f,thtn,a .COlllpOn9ftt .•. a.ftxed,offset Crom' the begtnWtftt ot ~-·~ery··slmitar to records. 

Because the sizes are stored wtth. the vari~~ there are ,nq,,.~. of.allacating ·'1ace for 

size paramet~rs dynllfflk.i11 ~ tlw»sptce, has al~•Y t,een •~~fl fl'I .-~JI ;vat"~le. <The next 
' • • !, - ' • 

section' w.m -discuss ~r. fw,nats for varta~ size objtcts In ~ d«.JU,ln the ~se of 

abstract ~•ta types def~:;.;, ~~rs,.th·e underlying Ii~ of arra,a •~ strltlgl must bf kept for 

the use of procedures .recetving the, com.ponents as arp,nflffll, etc. However, the 1bstract size 

. para meters· must also be kept, for· querying .a.,td ,WY.,._:,:...- i:heck:S required In ,-sstng 
• • >;:-•c, I 

. pre-existing variables as return variables .(Jee .t~~t;aectton ,and Section. -t.S.S.2> . 

4~6. An.alysis of Costs of SJze Parameter• 

There are two major costs usoctated ~tth size .,.,ameters: storage over~d and 

processor time, and , both are somewhat dependent· Git the, actual storage .representation used. 

Therefore,· let. lls constder the ·$t0t'age efflcltitcy of',..poulbte repr"'51tatfonS, .and· the e~tra 

processor dme requtred by size para~. Part' (I,) of Figart -t'. •~• t~~ most general 

storage format, one using pointers. This format is simple to use since items are always at 

compile-time known orrsets within sub~: altllough considerable indexing and · 

indirection may be required to acce.u a deeply nested ttem. Mor, efflc~t forms such as the 
t 

linear format of part <c> of the fJgure .- poutt,Je un•ny case,. Such .a ltnn.t format sa~•s 

memory and cuts a,cess 'time because the pc,ittSn 'dp not have ·to ~·· ~or:..S or f'ollowed. 
• • . • • • • t 

Ho:wever, the linear represenaatlon ti not suffkfettt tor itl'ca,es. It 1, IJette~ to adopt a general 

repr~sentatton using pnn•rs - we believe t"-t a single atorage format ,.,_Id be used 

throughout the system. Having muklple formata tn the ayltlm would be bad for the following 

reasons: 



a> Let this be part of tt.ft,e dbattr: 

end foo; 

b) Let,"·~ declfnd •J~;10;2f». .... , U;W~• 10•: Ill 211onu ltllifi pn,cl'liaac 
. i ' . . ' .. 

X ,...-11iii...,...,. · T' . I Y.'A 

c> An optimized repre11ntatton for s and 7 ii 1lw! 

'· -»~ "q.¥· 

20 
, ,, 1:&-t~.•t~•,-- .......... · 
, 2nd,o~.~~c~~;~~:; ~~; "j,t~ ,;,· 
. . 'Mcixirhun,' length •·ot a . : ··•. ..llllljill__.., 

'J .tial • .....,;~'a ,. ;.,, '.;.:. 

r•-jfflQffl, .. ~·· ,, 

f\tc:HW, I~ ,~;P.,,-:,.i' 

Y.B 
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(1) code ~eratlon _,.be,_. .... __,., MF/ 

<2> if mu~-~9£ _.. werelilllle. _,.hedllC OM'ltOl'ap'format. modillatlty 

would be threatened; -

<3> if. on the ,other_ hand, ~ could ·hl.tldtt 'anJ atorage ·forntat, the cock ,..Id be 

larger, or .. ln~ffeXtCUtlon,~•low:pr«e.,.rt~' · 

H> the eqti1' ;run.......,_;•••U• ,.. •.,...~twfttllftlle payoff might be small. 

Thus, the optimization to a, forl'ftal more comp111;.~■tHt• •pointer fannat may not ·t,e worth the 

c~r1pUc;ati9ns:.tt ifltrQdu~ · 

Given that • wU~UH the pointm ....,.~fotMat,''let t1t examine the cost of size 

. parameters ·1n detail. First, .let us see_.,,._..;....,. wetW:11 ~- by having -ttze 

parameter.S.. The storage overhead for stae ,.,_ .. ,. con_,, .,."'- tnteger per abstract size 

paramet'1'. _per obje¢ of" • ,.-raac::clata lyplf;',...;dle polar ·t,reach array or string 

coml)Qrient. · k is .hU.d to·•--Just tM,w. fflUlllt~·tfilf overhead wfff fttvetbecauae tt 

entireJy, depend, .qn. how,. often ~-~1Wjldl!li'e uted~ ....a: whether the array, and 

strings in them tend to be large or small. Dope veccckt_,..,.;~ acetpted In many :'8nguages. 

and s~e paameter-1 ,are,..-Jy ., 1fll••...._ .IJI: -elope ....... We-·.,.,ten that the storage 

over~d for stze ~meacr• ts-....-~ ......_;ffits:~<ts,unavoktable because size 

parameters can be ·del•twb,fNA,at J'iffl~ftl8.' -ThMfe,e, ,.., .... tfrit ·lttnJe· ~rirhead 'is. 1ess 

of a p~lem "'-n _pnassc,r time. 

In examining proceutng overhead, we_.. the Mt-capy operation first. For f lxed 

. size types a bit-copJ can ••cmmplbhed 'Witt, a blltt mo,1/pnwlded potfitel1 to components 

are represented ~-.relaU~e off-. ~ al companents,are-pulwftopther hnearly. <Both 

-pro~isos are posait>le; and the .offse1&, can ,t,e --~ at' tdl•t.tft1'e;) With care. the 

components of· lfl •Jed of a variable at• type, cMt ·w ;aclil togethei In a simtlar way, 

a It hough the off sets wlN geaeralJ be CCJfflfllMd IU'UIPttMe; ind l. order of the parts accessed 
. . 

through· pointers U.e., offsets) may not alwaya be the •~ The time when ~re mu.it be 

exerci$t!d is _in the tnttial copstr~ion of the., ...... -... the,~ wtll never be 

moved later. The only i~f ormation that ~Id be stored at a fixed offset tn the stack frame 
' ' 

for var_iables of a variable size type ts a pointer to the object tuelf In the d,namlc part of the 
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frame; In that -.ya linllltt:WMfONft.-....... f11fflllt lJ 

R~--ttme stit chtckurtlt -• •-•n•t--~ldila&; •Ii' Mifllft; t.s· ·t.. made a 

.. dectuon .r~-.~- ., .. .,, ,_,.,. _ 1'1Jllltlllll'r- ........ , Mlll·w• 1tfte ... of 

· pre--exuttng varlabtn; .....,. we·cteddid· to'atllw_,.,-,1ntflW.,...._ IINd •lonf 
, 1,s ear.,, ~titl ar~"··•"4i:--.,.,.«t,.._•- ................ ~~iidm- vartablit. 
~ ·t - ' . • • 

Thus If :it: were a pre-etttr,i .. ....-, ..... ...,••nt11••...,.,•iii--lcadon for a 

,return ,varla~le. ,,...,_. .. ,.,.,_'""':*-. ••ru■~•lilf·1~,._}t.au.. the 
. . 

abstract. stze p1nmeten C<IO, 20) lftd <to; ,o» --~ •• ••••· ••· Cl1lfflPCMUWlt or ,e 11 

,: ,-!~~-•ma'!, ln~•••P•llli••·ua••••-•: ••••·•..,i,.WMtor the 
return variable spect~katielt wt the ,,..._llttftt•Wdllle: ._._,..,.. . ..,.~ ,nust 

. ,,, .~e COffl~f~ .. ~~
1
6''.lllll.,.llij••• •••••-•-•·•1illiliitP~c••lflOI•• 

~ ha ~.-..;I ~~,~ ...... ~r .. ,~ .... ., ••• , ·~.. ,1'.'1i~. ~tt'i~t '.~.'C :?°::-:.:<·•·····,_,~··: ;:(•. ' . .,,.. ~--~-..~~..,.-~,. .< ~ • ,,,J 

tl~Jag ~,i,_.Mlt;.:_1 ___ .. ..,)6$1111 11) .. Jt': .. , pl'•l'tt'II'· flffllt '·~ 

,,dQ!!'I, •~ie c ... 1tc,~~ -·•----• •m nr,•1111 a1•••1MtflW~Mta,n.tch • . - . . 
<lc'!~t-lO the~- JtPP•·~:•j·,...d'•JltJII- o•• till*qlfldl-,~....,.,... ,·,;··,· ~~y~~. •~;l.\tff'r.~~.4••·L......... tn,1ax, .• , 11i111.M1rt1ilhtW~1

- die· 

•~;,,~tf'l:(~~·Ji"'~---?41Mtff'.ll:;:;0i' •. ,.t( ;,: '~j~S! . ·'" ~1~h•cs--,J-- f(,:-,lilt;.plJli1¢1ffll••-: ·••1111ttal.r'•: -~ ... 
, . _c;Jt«k+: T'tt:,.,..,~~------,~---11• •·13 ............ "11 ... ~"--'to'mep&. 

9 .. t~~~~,~·~---.,---··- ... u 1411 ·····••if---•...,.__,, 
on a-s"""""'ts ...... the10Ndllacl ~ Ji&w•n•F•ll 1 fifiillilf ~--~ . . . . 

_ <)f' ,npn-..,¢,.,~~1••11-;6'1£111--r:h~ ,~ .Wi~;• .•· :•tr:1 · . ,.,:, 

.l.t . .,_~ ~ . ..:IJll\l,, ....... :,_1•1.1.111111-i,.1.• tddl----~lli1:tfft wtin always 

.~ope,.~ •J~~-••·•"8!JIII t-•<n1 tNtil.,t;,•u••·'et.....,•, an· 
-:. prac;1t~,-,:O~J~)c(t lfM,., .... .., •• ,,_r, ~~ li9llilillll:' fMt wtl be 

••. ll~~~fr>-le;.,1~?~ ----•• -,., ... ;lt$tl.as,, J•MJ'1. W31-il•1-;'---
). ~uc_yt~ ~p."~ .... 11•llfl11tli'd).._111: .. !11J1P!J iilll,lft1P.· · ., 3' ,: ;:: ·. ·. 

·_. · -l•,~1CftM....,,.._,.., ... ~All.1Mf'V ..... W,ic11p ... ttds:,111~1tw 
__ t(tar,r,11~.,,,s4~ L".'·'~.' ·:; ;!;);•· Yt ;,':'""•\> ;;.,,..!· :;i , .... m; F· . ~::,:; 1 ._, ,r 
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4,7. Summary 

The flexibility gained with si~ , ~ra~ ~ . be expemiv4J.., How~ver, stie 

parameters are really Just· -a g~•li~~ ~ J~ -~ ,P!., ,r.tl~" and ~ny. 9t the pme 

imp~~tat~ tee~~ ;,pp1r.' · ".'otke ~t f ..... ~,: ~-required to ~h exactlJ 
• • " •• ~ "'" ' ' • ' • • • ' ~ \ •: + • • ' • 

in assign~t~.we have_.• Kheme v~ c~ t, ~h":,..Nlf,;I• --~pf the type. However, 
. . ~ " - . . " 

. we have a voided several ~tffku~_assoda~ ,~~ ,havAN ',tM ,~ pit ·(Jf U.. 'IPI, of ob jecta: 
. .. '. . ·'. ,. . . . ' - : " ', ~, ·- .. •· - ' . - . ' ·. '.. . '• 

U> We do not have different operitklni for abjlctl ot dlff~t sizes; · 

<2> ~rid thus we ·h•~e prettented an ~of-~ to operations. 

<S> We know e,cptkttly whleh patlffleter'ailnUlt tie ~fiHbne k~ow~. a~ whJch may be 

··computed at nm:..itme; 

(<f) and because types (as oppoaed to sizes> must be comptle-ttme known, we avoJd having 

run-time type objects <I.e., objects of type type) at run-ti"'9, alt~h· we do require 

run-time size tnf ormat•; 

<5> and, ag~ bealuN tp are cmnpile u.ne knnn,:.wecan perform an the dtff_kuk type 

checking at . ..,..le,.(jme. 

Although it ts a rnaiter of eplniorl, we feel lhalaeparatmf Ille Information mutts In a cleaner 

notiqn or type and h_,,. to....,_ M1t1Mt ~hdll•=tp1l11M11~ deratls. · Overall, we 

are cer~n of the wefulness ef ,.... pan1t1t n11111i Ind .alffe· that· Ii• ,,-nameters are also 

helpful in progr~~- · 
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In this chapter we present a q,echantam for clJlllffllc .,... aHocat~. It allows 
- __ ,. _ ., , -'. /" .. :- :.•-~ : .. -:., - •:- v~iit<,·. · ·-; · ~ 

:programs to buttd pnerat gr1pft-lttedila ..,.._ . ..._. ... trtng p~p collectton or 
-'. : : · · _ . :. · • _'. • \'1. . , ,·,ri-'·y•• .:, 

much run-til'M' overtreut' Furthermore,. tfte:_,-~ifctaflllllt reterenc:el ~n be prevented at 
• . ·. ·· .. , __ .. ·. · •» ... :·•; ·_-1>· l!)if'i':}H;· ... ~ ,· ·:. ;·. 

· mnptte--ttme. our p~ttc,n··t,egms wfth ••• the: iltjiii that perfomt storage allocation . 
. ,~ . ,r.•, -"~ .'. ~,{_-v._ ,;; ~ , -'~' ¼. : -,; : - • 

The dtscusston · of •~• :fs followed by a decriplton. rl ;,,.,m, the abjlCU used to name 
t ._, > -.~.-.· -. ,, ~·-.. · ·,:1 ;-' --1. :"/,1..-;.:.. .- ,:.~·'!:; ,~ .. ,.,,1,,~-..,,,~ .\.", ·r:- . ·3, ob.;ecr- a11ocated tn'areas. Werhetl ~ detatta-ot·-. anaa and pDUltetl. it Is here that 

the techniques used to.prevent d ...... ...,,..._ ..... ~~-
After pre~t~ ~he area ~ - _, ... ,.,. ~• &he Impact of the 

' • • ';'\; " • •• f ~ - ' • ~ 

mecha~isms on alias~"Cf .c:c,n~t Ott .fl,t. ~,@P·.JI·,~:~ .-, fll, methods that 

might be used to tmpte,Mnt areas. Ludy we hP• ~~-,,. •; .... the use of the , 

mechanisms . 

. An ara; in·• · 1trnpl11t · ta•p•••• .. •n,.J ._:i: _.".'.,,..,_.. ',tft • stack frame, 

somewhat ltke an array. The ldea 11 that the llriil' ..... 91(1'11itt 1tlbek. dy.namkally, on 
' . . . 

request. Areas are l;,a... on the coltecttons ot Eudlcl tLampsan11J, btat there are seven I 

important chfrer--. Tiw-ffllljiU,4if,... »·1111&t•~•lilit1M~•'· ~· of a . stngle 

type, whereu·ob~Wf,4'1ffe1111t'.,._;._.,..~.-.--·~ 'TfNl-a,farea bounds 

onlythe,IPtalam1•1-el;_.apUllltvrdl1• .......... -~-~ fit ~Jetts dt''each type 

separately, as cotlections would. This can 1111111 to belter stor1ft~~ 

The simplest allocation method ii to allocate •Jldl Unarly from one end of the area 

to the other. No -recla~tlon ls d~ beclu• anu are m :the· llaek. the space for an entire area 

can be rectaimed when the frame tt Is in ta rel•••·' Wha die lize ot a nquested allocat~ Is 

larger than the remammc apace, the aHDc;atioll ...-, d .ratt. Thtt .. allocatton techntque 

brings- out the stmttarlty blcween areas ad arr&JI! _,. * . .,.. d,...,._Uy ustng the tUldla 

t We wtn discuss more sopftbticated lrnpllmenelttan sc"- tor areas later· •n this chapter. 
However, the' p,erat ,...,._ of .,.. -wtff -held tJW f•-, .,, ... ...,.. 
2. Again, we Will outlifle tmpllt11&ta._ ...,_ • •-- tec .. _redamattan> later. 
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or ad4l operations; ar•s.allocate new cornpolleliti dfftamblfrtlt'like fuftton. The slmUat'lty 

ends there, however,~• arr•~·~ •~•nd'treu ·are h•••""""''· 
Potnt,rs are uaed· to,ac:ceu .,._ • ._... iii --. ,iolfowtl\g lt pdinter IS not unlike 

indexing an arrar, but a pointer's type includes the ara In which the.object pointed to resides, 

and the type of the object~ for safety .. Thus the type generator ptr (for pot~t~rt takes two 

parameters: an area and· a .type;. p~rl•,tJ meat,~ a:~"* .,~ .~~pf. type ,t in the ·area a. 

<The type ge~erator ptt ~nd~he use of •~.~i&~,;,•U~;~.~iJQllled ,in nt0te_ detail 
' ·, . ' . . ' ·~ . ., . . 

below.) The allocation of ob~ In areas. ts ~~ ,bJ tlM.,~lon pt,f;aJlS-11•. It takes . . . -- . . . ' ' ' . ~ . ·.'. , -.. ~ - -· ~ . '• . . 

one ~rgument, an object that ls copied to produm the·.newty<allocaad object. The new object ts 

cr~ted uli~g · tSto,r,,. The tJptcof pu{qJtoltlo t,. ' 

pr~ype (coftlt,~:--• (pt,Cal)> 

where CJ 11• an •~ artd l,jliflstype., .AU« lipaaf..,,C'arM,Old tf- w,~ •hen there Is not 
' . 

enough ~ry lert in &he,_. to•~- •Jld O, O., ••••• 1Jpe. If • ·11 a" area, then 

.. ~·' -,; pµ{~J"tJi,. pta; ...... lllc<tl;. ' ... , ' • ' 

is a legal ~r~\·J¥tth,mctatu.tion. lt1dff11t:tl 1Ddecatetft:mtepl''1n the area a, and.set 

t~e pointer variable p to point to that newly allocated integer. In thb ate Che new integer Is ,. 

Corr~spondtng to 4/loc, there _ is a sitector, dn,J, ~- to accas ob Jedi allocated tn 

areas. the type of ptna,t]Ufffj'fl:, 

seltype O of ~.f,...ptria.d tlc11HS<bW~),. 

where a _is an area.. and t it a t,pe. Dfr,f ~II ~,,.,.,,,, WMR gtven a; null -potftter to 

follow .. <The null pointer will be discussed belowJ An unsup~ use or dn,f is 
,· 

ptrCa,int]Sderef(p) 

The stan~ard s_election sugar allo~s this to be wr,,en as 

~~ [ 
However, there ts ~ special sugar for d.lrtf. w~t,ch •~ more. ~ven•t t~n ,.atbff ,:,f' the 

··previous forms: 

pt 

There is no frtt operation to release. prevl911~ly _allocated st~ge. Fr,; would be unsafe, or If 
, . ., 'f__;, ' ' ' -. ' 

safe, prohibitively expensive. HavJ!lg fr11 •~ "I\Hf'P'g . .,--, would amount to. ~iring 
. ' . ·t . .~' - - ' - ' 

o~ jects to be reference counted, and still one could not truly free cydk: structures without first 
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breakjng the 1:ycla. W-e-f.el·dlat ·nf~~ •• •Ill ■lln ao. Juati(J requiring tt tor 

.au artt.s. HoweY.,-,~,...._,.,.."-M:-•LMltllltlf w,a .. ~41111N'-.Mlletafloe from the 

_compUer:; there would atiU :be no •.plid&J,M~.,..••• ---••lllll:• pelft09r:>t6'·.n,tr might 

cause the.obj,ct previolltly NJfe'ted 18:,bJ•·:dlt pal•• ae•fwlll 

5.2. Poh1ters 

<3> equal: proctype(colllt ptrCa,tl, p~ ...._.i1- • ,Rtlfflls tale tf arid Grit, if the 

two pointers potnt to the same object ~,·etae------• dtraM-•"'8>; 

(4) topy:.pnetype(.._atptMJ»,....,...._,»1~~-~1\he~, not 

the object,, ..... td; ptde1,QS .... ,,.,,.._, .. ,,..\ .. ~-~. 
' ' .. · . 

(5) null: proctype () ntaru (ptria.tl) hd--,:J''II._. ...,,,,.. ,..,,a pointer which 

poklts to nctGl>jelt. ·••••e•btr elaat'foll•--~--jallLWea fafli Md signals an 

exception.> 

There is a sugar for ptrCa,tJSnullO;· It _ts nHptr. Nottce tlllt'__,tt earrtes no designation of 

· poin~er type ,.. the correct type ,can-~ .olltatlild _,,_. ttlllld.t·.•cept trt·;the tase of nllptrt, 

whkh w-m always ststtaJ '-L..,-.,_, anpay. Te.-~-~- ,t .-... aft illltt and aHptr. 

5.!J. Using Pointers ancl Area• 

Up to this point we. have deicribed ane ~•-'of areas and pointers, but have 

omitted several crucial points. A_ pal in the -cleslgn ot. die area mechanism ts safety. In 

patticutar, we desire t~ ,-revem: cbngiml. refetedi wftW1M1y~lle-time. checks. P~tton 
. . 

of dangling references ~s .. fly on snerat -~ . ..,..•··or thedesap:· it is the 

synthesis of these parts that achieves our pal of safety. and net die ~lvklual parts. 

The technique used to prevent dangling ref.:.._ ti buk:ally the follow.mg. ~e use 
' ' ~ • ~ < • - • ' :; ' - , ·-. ,, ' ;_ - i; 't'f' ' \ . . 

the syntactic sct,pe of' eacft aha object to def'trie '•· cfyftamic, .....ai: 1CGf>9 ot ·.the area ·object at 
-, ·,, 



run-time. te., we arrallC1t th1Qg1 sudt:that •--• 0#1y nameable where it wnt·extst when 
, . . ' . 

the progran, is run. We also arrange for any ob~ that mtg~t contain (or try. to construct) 
' . ' ' ,, . ' , ~ : ;: • • ' ',? 

references to_ objects in an area, to have the arq.'1 name as pan;,, its type. This "trick~ allows 

standard type check_ing to preve1,1~-~~'1l,.f'f~ ,~~--~~- T,hu1,. we· use the 

standard type checking ~ictl9fls_ ~ the ~,,Jet-,:~-~·~ cta,ck~..,~ ~n. ' 

5.S.J. Arn Cteaflon 

Area is.a type,.and·.,-eu are. Qbjects.4:the .,._.._, ':The~_.., eperatlolt of the type 

area is area~n,w., •~~~ ,ts:·U.IICI co cn11te<_..:~ l,fflltt .,...tkln .·ale .,. atglimenta: .a 

string <describing what -sort of ara manapment;·,ch- ta~tc,0 •t,e•·....-,l ·tig;, "stmp1e• or· 

•ref -:-<=ounted">. •.•nd an . integer tdt1£1!ibmg:-. atze•.:of.}tlw.,. . ., t,e · created, e.g.,- in · words, pr . 

bytes. or so.-. otber sta,Jdatcl urut ~uch:M -----:tlllk'TfRBthe-·tn-;or ara$11• ts 

proc:type<a>nst strlRg, iMl ,retwa1~1f,(W~a.<'ittittg)J · ·· 

The exact ~ing of,bot\l,of tt.-•~"•..,..,~-the ttumber: tnd kinds of . . . 

~rea manag~ent- ·sell~- and_ . ._ •ma are ........ lt1'tNe laftgliap; t~tatlan; 
. ' . 

the unit storage· sit,t Is determined ,_,bf tlw4llplm__., ,.... tfte; maritng of. dt'e stze 

arg_ument .'!'•Y d.epend on the a,-..,. ... .-. idn•••• d' Wit ,Of COUtse' ._Snn, 

may signal If its arguments are improper <e.g., the size ls negative>. 

:AlthQugh area •••:lJPt, we de not;•'-"•...,..._ Vi t)'Pf11JN; tn fact,. only two things 

can be done wlt.h areas: rhey may be created, ... tler'•Y bl"f.flil' as •~t parameters. Area 

variables are a bad idea ·because area assignment ls dang.....__r..,.. ~ffllflt cou~ resuk In 
•• ' ·, .. • !· 

dangling references to the area written over by~ ......... n:< · 

Since there are no area variables, a special ltatefnent b. u..- .to «.- new·· areas. 1.,e 

new st_atement. For example, 

· ·new a: area • are■Snew ("slmple", !00); 

cr.eates a new •~ea a; of the 9ilmpte• variety and tJf size 500 units. · The new statement ls 

intended to · parallel constant definitions, and the scope of the area introduced In a new 

statement is the same as the scope an identifier in a constant deflnltton wolikl have In the same 
. . . 

1. See Section 5.6, which Is about implementing areas, for several area .management schemes. 
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. position: Howfftfr, the· ........ 11111r, 4llf •- W e· .... 11111 lllld ... be a catl fll 

,,,,., '" ~r:•~~- ,.~ ........... , ....... , • ..,. • •• •1rm1■f11f•u~••· 
~:-, L 

5.1.2: Pointers and Artft ht aep1 
; ~; . ,. .- ' -.ff•~ - :-~ ~>-' :- :- t., ,: _,: 

., '•' •.·,, ft ts •~'• aftof, poitltffl ill die repru••••• J --~ .ihMa ~. Havtng 

·,, ,:,-tets2Ht ·iep1 · ,.,ntn1 ,.cdftc M ..... •·--~•ij~ali.:rJ.Nd, ·.._ --~ 8' ~.pa.of 
. . 

the ar~a mechanjsm. HoMIYtr, any type ..... p1111•1111t ttl iQ .JJII•• llt.-.lJlff • the . , \ . 

area wl,tc .. contatm the alJjldl pointed IO. ut ...... llflr:I .. ftdM '1f &·"' ---,-mg- OR · 

~fl •~ea1 ~--- 11',-,._il'f ..,_..,,,. ,_._~.._. .... ,,,li·11t,~'ttl ilt....S ,ta •Jim· 

., ·t •. Qt:.J~·i• i;.._ _ _...,,.. ..-.c.-. ..... .,......:·••·•11:1-.·._ .. uc1 the 

v, -~ tp tl9•~.., ....•• , .... .:,~ . : ·~ . ,Ji' 

we~~- ••u.t et· pre•·•• ..... ,~-.·,uu 'i •--.•make tJpeS 

. d~m1 C>Jl'.,~•.,.•·~•~r--~~••:r:,....-,\ti1
_. awncable· 

by requw~wM'tM,••• .. ·•••--•--1tM1F.-•IL'·,-at,tsJ. 'J"IIIII, areas are 

tQOt g~al~ dW....._._ .. ,._.;aw:witflt ■91 ........,(W.- •••tffle; w·tJfe .b that 
. . . 

. "'.~~~-tf'··•411!•·•• •~••n u•--•--•111in■tcili11.a1rieirt tlillllJ-·••••"•·~ 
.,.,,,,.,.~1-:,,tlle:--·a-•:f thlldL ·----·---~If lllll"•••·---·w . . . . ' . , . . . 

•• 1 , · . ,,..,,_mt~·<• •--•· II ill a Bit nit ••-tJU• ■tiff 1Ull■ fa·11•f·V ~--··tllhtch 

· -t~,,~..,...,..__..., .. 1111.rJltdlifl&•s 111111 I nt 11···tw-•111101.·· 

, ~Ill .... ti.,, •21••-•...-i•-~if:: .e'.'. ; .· w .. · .. ; i , 

... 
. ,e;,~~ptf(l-:''""1'1; ,, '" .. 

hCJde '!"•,fKGillfllfli ;'-~;,--\ 'Cl.':,, ~0 f~;i-:Pi,,. · '• ', 

... 
. -_.-btftarj.Jree; 

Notice that the type ~~' b. ncuruve. ~t~"1f~, . nc-.aaw •tnttms. 

d i ~,_~,fi-:1 ~."-!~.,,, ~.,.,.~.,-" ..... ~ .... -;.,enlJ 
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if their <possibly inftR.._ ,pedttcatlonl-ate o.wne. l· It. ptWdure thafused a bina~y tr~ as a 

temporary data structure might look like this: 

foo • proc: ... 

begin 
. conat a: ·~· .; arasnew<•$1mp1e•. n>; 

bintree • btnary~.ii•df"'q' ···· ··; · · 
... bintree$_ .. ~ · 

end; 
end foo; 

The other thing to notice about bl714ry..t,11 ii that it tat•• 11 a ,-rameterr'lt mll$t do• to Ille 

a -tn Us representation. 
. . 

Why are no other uses of •~ .... :~-M-~-,....•1 ·Ai was argued 

. before, area variables are da~gerous 1>4,caua autptnenc of weas Is udt~rollable source of 

dangling references. Other uses of .• .._ .. such u _...,,._.· theffl .. in data ;~ ·• passtng 
. . .,; ' '. ·. . . . . ,, . 

them as. arguments, tend to destroy the static scopta,g recp.dNll;d 10 that the compi!,7'lme (hecks 
., . . . ' ·; '. .._~·, '-':~:~-· ... :.~h .:";· .. ~1)~_,::1 \-~~~,<· :~;,'..;.(::,L:', .. ii:'·',:, ;:,,:: ;-:•~, .. ,;._,_ ··: . 

to prevent dangrtng ~eferences wtn work. Bealdet, since such d,,.,mtc positions ~1 not be 
. ·--.-- ' . •.,'. ' -'." . .. :.~/ - ' \.} t•},i:~.<;~}·t: . _-.~~ t'f,.t.·~-1~:I}'/" _-:" <-? .. __ ._--~--- .; -.', ~ l~'· '.. : 

· used as paratnetets,' and ptr takes the area pointed lhtv a1 ,•.~~ t~--~~~"1•~ t.1r' of 
. " .. -, .'·, L-:·, 'l .. -~ -. !. · .. j;:--·•s.~.t1.~•,, ';-'i~-, ' - _:,: ,!l ,,;,-:;¼!,i:i .····f,tl . ,,. __ ,,_.~• .. ,, .. :\ 

areas would not -1,e·1,e1pru1: 'the usefulness of areas deptmds on potnter ty~ •~ If, an some 
• .. ,, . ' ,,, ~~ ,~ ,~c,, •J·'..' ':..) •~• :."J"°{''~i--~~ ·'{;,c:,~,·~k:f.J'.f"''. ·.J?;,'f,· <:·,.r ;~ -.;·.,,~'\ •--,. ,, ,, ,,_., 

context the type of pointefl into.an area ~nnot·be expressed,.~tftf-~n.~ .. d~ wJth the 
• ..·. :- + • ·.-,./i _, . . .~- -,1;,~ ~";-~-~t~ ,.1:,~~ :'"'.J \:: 1,. L ~· :"-:~·:. · t. -< - , 

. area. In sum~ there fs no way for danglmg ,et~ to ~ f~ da~. ~~~ because the 
H~--t~.lJ. ~i, ,:iiV~~.z'.\i·•.ft !.:-, ;-~.-:·?·-:~--<,.'°-{-,.· .. ,,•'.'\'r~ 

type of the data structure depending on an area cannot be •~ .anX".'!~, i~ -•~ does 
.·. ,.,,.,,, . ,: . '• 

not exist. 

5.3.3. CJosing the Loopltohs 

As deffl9fls~r,atf,d abov~ .• d.. .,.._, •.• ,_, :~rise from data stnadures. 

However,:there are n19re ~~~.-.~f!(14fMl\,I:-~ l'o,• ...... the ,.._..re 

ptrCa,tlSalloc is clearly bound to the area a, and we would nat li_,&hlt proaedme &e 1M usable 

1. Thi.s rule is the- same ,at; that,·~ m, Alpl 81. S.,fWttdjaatden'Tf.l tot arl algorithm for 
checking type <mode) equivalence. 
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where a don not exaat. 0.·111111• IMnl.'!,J;tN.,. • 1.1.MUlld • wtldlla out pt,<c.,JSG/l«. so 

. there ts no d•nrtr~· H-.,.ftft ~ ~--•····-• .. ·:~IUI·• .,.,. ;, .. pracedUft 
•: \ • '~ :...:, J,e•• e•• ;•"- • '" ," ••' ' • "'. •• • • - • • ' ' 

definition: 

roo • proda: 1NalCC011at t: ~•t> ,..., (hit>; 

end foo; · 

!he assignment statemertt below la ~t.,_.,,. 

p :• fooCal; 

where a ts an area, and the type of /I ts 

proct:,pe<coatt lat> ret~ Ont> 

."'J ~ ~lhe(~~N,-,~;ca'!.,rJ~ ' ,,,; 
var p: proct7pt(ceut Int) ,...._ Oat>; 
begin . 

. \ .... i .......... ...-., ... ~:-

; '.p. ;.!" .. foatal;, . 
. end;" 
p( .... 

. ''T~''code'~pktured ·•~ m,-/ ro,ttow_ a ~•"l"!!J ~~. ID}I~ ~. c; ~· r.ef'erence ts 
" - ~ ...-. : ,• ---'-; < ;y ,.~ ';,~t.~.:~ ,· ~,, ,>:.1,c,, .,;.~ ._-·. -- •· ~. t .· ' 

. hidden In the procedure•~ ~ m f• W. ·•J·tt,lt !U1J JJW••u • ~ ~• an 
"; •.:l"-~,-•', -.. ;r,..:.-,,r•,~•.,: -~~' ·:...:<-":,,:_'.!~q~\1- i:-;t\\:-··~ ".\-"~;~-f.r••,,J·./·~:·•. !,:,•·.~/ ... _,,.;,?. ;·'· ... ··· ...... ,. __ ...... •.'. ·.·· ·.·."•·... . . 

' ··area J,fJffltls" °" that .u.; if~ NUttne·crata an~-~ ..... ~-.,, t)ft,41lt•-.....,_ Just• 
+:: :~ F: '.~~ ', . .,. .. - t ," '_t '-.- ./.~;:_ :;,.:,..·.-··~:. ' -~•,,,5-· ift.:.; .' --·:,f-.;.• ~- ·'·· ~ ... -~ , 

~~~".ot'7•~.;~'~~~,.~":~r~r!~~~-.,:~:!4'tf9,_,,.,,..,.,._.reu. 
Most routines" typft do refer co die~,...-, ~ f• •WI",••;-~·.-.-•-~ ,ts 

... i. \\:, -'_. :/· .~ ·. ' '' ~ ·~·':·~·~: ~--~ ?~:.~;·· . _,.:l:":: ···t ',, ,_' ·: - _,,.., .~ .. ; ,.' .,. ' . • 

. proct1,.cc.eit• ,. ~ 
. . ; - :. '. ',_ . : . . ,.._ ,.., ,' ·t --~-<t? 

a:.nd'tti~t c.f'ptrt~Jtl.r«its . .n 

Hlt:,peC> of t fl'OIII ptr[GJ) lilttall<~~> · 
and both types refer to •. To,,.. ........ ,.,..._.,.~ ......... ,..,,_,.MOff, 
we prohtbtt routt,m from &attng.am w u a ,.....,, vtlLaa . ._._ tllet aNa u pa,:t of 

itheir ,,,_;. Thus ·tlle~-•Ja,· .. •'llpft Maji •-•~-- ••· •,_ asa 

.· ;•• i.~ ..__. .. ...,,at;-.•1••••,~Wiif••·•'iri1t1iJ ._:IMfht accw 

We are not rvltRg out anythtng uaefut by p~--• •~.Jl . ...,.,._ of a·. 

r,~Ull~!tl.- • ·--l'•~hff ~.t .... i ............. , ...... ,.,, .... ,. .... 
~ ~. . . - . . •· • . t ".: ,, f • -, ' -. ', 
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through the rouUne's interface, As,d if no objectl depencUnc on an area are ~ through a 
. " 

routine's Interface, then there is no potpt.ln,~ftlllu.e'• alat11f,tt.:area ,..,, parameter in the 
. - ,: ·, ''. ~ :• : ' ., ):\, _,,41 

first place: if ~he ar~ is to be ~sed only _localy, the ~ ~J ~f"!'9II ~te ~n area for Its 

own private use. 

Another _ loophole ts' the use of ara(as an 'adual lata~ in ,a position requiring a 

type. For example, if an abstraction has a type parameter t, tt may decla-. variables or type t, 

arrays of type arrayCtJ, etc. Previous restrictions we have made prohtbit the use or areas •• 

var'iables ,an(l their storage ift flata, .......__ -1'~•-:,we :fllllllt ,._.. ,1ta :lcldtttonal 

restriction that:areama,--laeuw~;M·-..e .,._,-.11111en, 

5.J.4. Summary 

<U areas, onte created, "'-Y only be used IJ actual parameters; · 
: • •,1,. ,,, 't ~ .t ,\ ,;·, "i : -, ~ . ;., 

(2) if a routine_ takes an area as a parameter, then that area mu• appear In the type of &he 

routine . 

In· addition, pointers may_~~ l>,e used ~,., pa~~ ;tl~~'llt~ .(Jf1:'l,rf'J8,J, .,.H Thus 

array[ptr!a,tjJ. is a legitl ~ype. 't>Ut 6arttl ,.~Ji .. -~,~~~,,., .~It-, ...... ,, what. 

meaning_ c~n be •~~hed to poi~~~~,,•~--~~'"':~Y~i~, 
, With the restrictions,, stated,~!•: ~~,~t"',c'°""'~',-X,!)f ~plloWilJI, • ,#IMcHng 

reference in ASBAL,'. H':"'ever, It ts ~11'.t~-~-•-,.dft• r,f,rwe.,.ttt,t cu _.ver ~ 

followed. Consider this fragment o{ code: 1-,, . ,., '' 
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~b,,P:,!'\fJ,r~~ blldc. i5'-l·...a.dltPJiallf,~•••.,•·~ « f will 

remain. That pointer wftliJe';flr ¥11$1 •t 11 ••··••a·-...i....,._.'IIIIIIIPlfiliitttQped. 
However that pointer :can_,...• ama•lid INa••• '!a : df ..-,_,,... ~ _?ffllat 
~ ·~rttten .outstde the .._ .talld ,._ -,e Ill••: ~.tr .......... ..,.•·.~ 1oqp. 

there 1s no way t~,.~~-f~ ,-,~•~'K""*·"'·-'-·-~ ... Jt WIIUkl • 
ia:valid. 

With the addtien of pamten. we·arrM at• .. ..,.., At• n1 -, 1ll"'1as to CLU's. 

We gatn many advantages:~;·~-L\~,-~'g{f '11,uac~.-..-.; IMlt we pm 

the same dtud-vantages ptaent in CLU. for me thtag, •llffll IS a•~ tword. W,e 

i!• ''""" ~ht•'*•--~ pdioW1
-~~~,,.. "t•·,-_. ... ,~~ ... ~ .... ~- k 

. •v· . ....,~~,•-wtdt''itr'••l~' .. ii iliiin. ~ .-t.,;i~;"--~l; ....... of the 

same type. What k.tnd or altatftlgd~<-,1,oill(tfe~~ .. ,.r~ ~ '0ur ).:,,,.ch ts 

,. '·~&i~ .w,··r.Qak\ ~?~-,a~nitis·~•lli• ,., .. ;.-,-,. ...... ~all 

•shrfitf. 1~~·1ftat1nr ;Mi•ilM1rwMt~'·artPJ11W.~1ai'tl·_.tiidc _. to •llil ~pect«t. so 
.. 't(l·~,c. ·:"<•::1:1 :.s:!•:'('·i .l·• .. :. >. ..; •• ' , 

no checks are made MCell&t'J at a dereferendnc.' ··a.-..,,. • •·•••ts d CllflR■t OY•lap. 

so tf two dtrtfn-tmffl ,-.tten are,...... u .......... ._-, 1,e a ruil..._ .~ taut no. 

checks ~re neceuary if the potnten· th1m1 .. • fHUt . .._ that --, f•llftiet.ced> 

pointers of .the-~ t,,e.Med.·t,e dloed;·.JIO ....... p1ul.lts ...... , Tb« •rtng 
. . . . . ' 

poui~ thro,ugh .,.,.nters 11,not qwtea.s bad uthe ....... ,,u .... .,.,-11,le in NlectliJns· an 

object tn an area is never deatro,- by h&Ymg....., •JIGl·••••n-.nw :ft; a,jettl ,in.,.. . . , 



may only~ mutateQ. <TWl_ta 9"cl•ltt isa:aellctlaltandcan.-itkdliped lb.> 

. Another prob-. •htdi; •• -••••d~,_.> •---· and aflalittg were first 

discus~ in Chap~ 2, Ja .. th~ ~vtng·•n·~••aCOINt._·notpearitW that,ttiii"d>ject's 

state will not c"•"J'· .T,tai1 Js ..._. tl,e abjld _,,.,. ...-•• ·anoffier path as a Yar, 

for ex a nap le, by folla,wjfJC a ~--•• of p•••a .,._IV.,, ... .._,.. • i.eMt· Mir; be muiated 

under some conditiom, tMre il a simple coed1ttoa__, _...¾It lilh W paranteed not to be 

mutated: the object .is not'allocated tn an atea. Testa for •~•twayr mtdl cwerlapptng 

objects re_licling. in -~ ._, ••rtt.bM., .I(>· if:• ClbJllct,tfal:u;,..,._n,,'fMrt ·of a variable Js 

_. ac~ssible. as a ~•t..then we cafl:IM:,ure-it wtliADC .,....._.,.,Tlleallaslnf det«ttan·checkl 

perform~ b~fore p~, 9111:'paraniee dliS.: Ga ... ..., had, It the object rn question . 

i~ in an area, i! rpigbt.be ~ vta ,... ... , ..... ~'.--- usel to access It. but Its 

JdenUty C.a.,1 never _c~,. ~If tffl!, .... ,111•-• 4t•-- •~ ftffff N'~ t9. 

This is an actvan,~g,or ~ef~-•--------r-::• ••• 
-~()\e.that if_an-~_ject_haJ~••t«-at,ue;__...kl,M area,·then_tts components 

can alwitys be r.;p~ by, 1'9~·-• ,_.,..,r.,._·,-1 111e no ustfat,abtllty'through 

derefer~nci~g pointers to ~,PCU-in_.d Df,«>;.v .. ••••iir: J'-hemajDr dtsad..-,tapof shartng 

i~ ASBAL is ,the same M .its, ,.-.jor d&-.6n-..1in CW:,-.rang mak4IS verification and 
. . _j . 

Pr<>Jf~ ,.bQut progratJll #~fflcult. by rtC111ir:IGJ a,oa,,...... ......... MCI .proof n,te,. The 

comptt~t9n ~f proof~ ~uttN_.from:lha"""~\:ll;,... at ,et,Ullllltmlel pa ... mtMIOn to all 
-< ' '·. ,, , • • •• '. • .• ' • ' • : ·, 

tanguages having pointers or sharing. 

5.5. The Copy Problem 

When presented with an objlc;t t.o co,,.t.._.contalfts petaters. ~Id w copy just the 

pointer.s~ or .the_, ob ~s pomted • ~ w,ltl. The.,,_• Jaau, .. ~ require topJtng the 

objects· pointed to, and other ·l.~-fcnkl?jL;, At,dtlnl1• itl ,the .-.nd ct,apter~ t~' only 

solution to the pr~ is to h~q each • , prov,-, a a,, ,.,..11o11, whk:h does the 

appro~ria~e thing _f<>r ~~auy~ 

In C.LU, a Cf/11 oper~ will uspally capy the objlcts referred to ·tnstead or the 

references, but both sorts· qr copJ•u. a.-. ~ in man, cues: ·For exatnplt~ CLU- tnls two 
. . 

copy operations for ·arrays, called co/17 and co;,1; co/17 does a full, rgursive copy w.hile t:0/171 
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copies onty objetr'~ HcJwmrr, NA1awww.ue:..,, 1i11plds:l11 CLO~...._, they ar~ 

ahnys _ _,.~,la;·AI....,. ~--.,.,haw••••- Yridis_....,_ ...-'~ can 

. · pJ;ar••~--~ 4usp1••• -.,:• np1t■tt•;• ,....>·111Witfi,••faili,t G111J wttat is 

, •: (.-hJfl~-~-....... ., •• ,,,,l'n;: 111 :aw ;11·1r11,1 w,ht?'ti~.-t'•·;• a or 
-· ·. 

/, ·: ,tt,~ ,$Of,(. . *.....,•··~-i-,. ... I t·•·••i.NMlfllll,,f,JF14JMl'f8t ,....._.,arrays: 
' ,,' ~~·· :, ·- . - ·'"'-

, :,>flacb ca • ...- •-.lMI:.....__._,.;~ pa.••• ••~- ·•fdtihil.,.l'af"tfflalUft 

.• is Ulllatlfh ... ,.~•·••·· .. ••1 ····:~· .... ·• •11Jlth,, ........... '°"1 
·.·i·;,oper,ati°",~ Chait,.typtL, .. ? ' • 

• " 1 • Thtt:•-,,rifl l:liu •• a ..,: l!ltrSPJ ·•·• llllf'i"Jlllfii ...... W'caft'·dle' ,,__,.., 
' . 

:. Jrr;41bl~f!,, ·i,n:___.,~••~o•••••r•1ru·••.,._"'•'IJPI. and 1t . . -· ,.. . ;-

·, .. ·· ,~:~ •t-1.-.etr,1ats,wlddt.•11•_, ... ••ll■ 1i••...,.••·t1a1icw-GtJlm' IMfUlll 

·"•vMPt>~",.•111111e:-•.•l•-•ltllf:rt1,af'-~cl•t•ii·"-··• __ :,iiJ .. ,Wllt•~---. --~·-.-~.-----~---••--.r--, .•• .-.. ,.,,11t1',·•1,'~: ... , ... ~ 
equtvalence of ~ .... .,. ....... ~ .. -~ ..... -.,.~.,ull'~" iW. lltf: - in •. 

•·. --~~•~-.,_;..._~-~ u1,,11,•~··••1W1M?Jffl•lft0ii*•",%1\tl"'titti2r ...,. .. 1ence · 

.,.•~•~••·•• .-_, ... , 1•1•·••• •1Jt?•JI.W\-iUIAf J#,~
1

ftp;'j.t -1'1 

.1c:fAP~,.-:JNl;.' "-F··--~ 1 t.k:••P:,•·'~.-.-,Jtil··t,,Pa 'l:iU_. iit ·•-r-. sets •~ 
, ~-· ~ ..... ., wt-,i&;'ae,1t••-1--.~·-?· ,~.-..-... ~-- the 

, . , ....... ~-).-•. ·T1111 •fli; ........... __ .. ,,,1.-....... lence 

-~--fOl"'•:Ntitdt•w'tw: .... ; ..... ; ..... :fllfli.Ji- Jllilt;111:~l"~ data 

strudUl'ft, -~·each.type: should pn,•kle: it 

5.&. hnpleme.nttnc Areaa· Hd. Poiaten 

. Q,ur: orjgtnafffl'lltllll:of_•~--;•;• llolllrl dirilp'·_niNltMllra: stack frame, and 

·. ~.• of aspoitlt•· ,..,a .. wl 11o~:adtlti•'WJiit ·•• ''1tf .,,...,., ...... -.'.W'ttt.' •ra>: 
However,1, .. np,;Olller-, ...... hHIIII u:• .... llfil' \i•••t: ~ ... , ........ .,,~ 
~en frOM .•.. ...._. -~ •••rw:.:,r,_ _,.~,r ftir lijfitflfaii,..t'~' more 
run-Ut:ne support code,· but' ... MOre t1n:lbillcJ. ,. ........ wtihiitl~:~<b1altks of 

$COrapau~-tf...,.,... ••••n WliWlit;•·~MiW ._~1tlliu would ·be 

.. .i\ealt~ aaa,t1te,btecb11111C1 .-,..,.__.;.,._,••~•*·,,.,-....,~the 
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area was destroyed. Thus. very efficient 1tOr1fC f1taft11P111111 would be· possible. One could 
. -· ._ ... ,;.-;~%~ ... '.~·:. __ ,: ·:,,·-.~.-~-·: t?t··-? '~ ... t_i.:~ .;}~!: .: ... t:?~--~-1<:.- .,'-i-•:•r~. ":~ 

. eve".' go so· faT 'Is ta•'copy curremfj lMcaiililMi~aNU·out ........ ~ ..... devkea to ,. 
•. . . . ... ,_ • - ,..··. '. .. i~· ~A}_-~,/ :·~• . .,--.:: 'l·>r _;"f'.1~~---',· )'."½>>::.•::,< '. . __,.., . 

ail et:fecttve fficreali :1n "'lddtess'' ,pace.; An'' .... d.,,.. ~h ts to,··•~~ a 
· · · · · · _···. _.~.-.,,ljc.;;·~t:½•.-<.-c:y.'.:r;:; _;,.;_ 1:t-~rr::ti:1 ~1.:~:;s~ .. :i-. /• • • ~

1 ~·::1·. 

sil"!gle heap tn whkh aB areu altocate •-•jica The •~of ~ area could be chained 
. . • -~... ·: . -,, ,; 1 ";' -.;·J:', ·- _;,_ ·-

together ,tc;, be freed when the area ts datroyed .. , · ,. · ·. · · 

S.omewhat orthogonal to the source ol the Mftlle:>w WI ·11111t•ga11er1t. The simplest 
:·-i '- -4~ ~;~ s:l 

sch~e has been mentioned t,ef om linear atkaUon wtth lfo rectamattcJn. However, areas could 
reference count·their o&jedl; all«·and the poutter.capf•'....-,•i:ditld Mff code·to. maintain 

the counts. <The compiler ~~ have to ~)P ~~~~'~n>J.ed. however.> 

With more sophtittcated run-time support. n~::pd:111 c:olllctton schemes: could be 

imp,lemented) Ou~ .,J~.I ~~J, . .,_ "?,,,_Y~c ~ ~~~--.. •-~ .big U.t 4qes not 

me~~ th~~ w!,,~anrot, ~~!6'1~ it w~ ~•ed. · . i ~· , • . 

. One merit or,,,•~ ,ta ,~--~:.!h'J,~'"';~~:~!ff~~~ ~· .~ to 

coexist, if. ~re,,~s ~ken. ,~,.~,.:-.,,~t,,,.) ,p111 .J:l!e ff,~: Jo the 

progra~me~•~. needs·•~, ~ch p,:ob~, ,!Y~- ~--~f.f~-!f~~ ... _p...,am, 

· We be~ieve areas are , -!~•~J-t,. •~ ~lft,'1{1~ ,l~~¾.,,\l'~,,nr.,.e. 
coHecti_on. Pointers can be as effident as macMne acid.-.., and allcQtton wtthln"areas ftlllNi 
. not be slow - areit ·routine$ will .fflOJt likely be hand coded ;IA ......., 1aepap. .· Argumen~ to 

. . 
the ~utjnes. will be in terffll of machine addreuea. offlltl, and numbers rather than types. etc., 

because they will be called by object code .and not cltrectly by uier.a. The ability to tailor storage 

·management to the ta1k •~ probably the btgeat adftlllale of' areas over·• g~I s«nge 

management scheme. 

I. The main difficulty is supplying the Information ....,tred for tracing. See Bishop 
C Bishop77J for applicable partial ,.,... collecttoft ~..... Perhaps these techniques could 
be co111bined with Baker's ideu · OR ...,_., ......... ....., UJakerffl. or with the 
transaction file methods· (Deutlch,a, ... ffl ID pNWlde anu that do local, incremental 
garbage collection. 
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"' --..... ~111rW-......... i.t ,,j,l~j fie -t;•1111'i{ II·.;.. ~t' ~--~ If 

the queue ts -.,. __ ~ ~ ,-.~~.~- 'f--~ ~~a'Wifi.!::., ~~:(~~~,~~~:• .. 
-- .,,,_,,~a..•*: ••111111wlh t 1lit r.lld ·' ,, · 1 1m ll,;t:· ;;,. • w-. · 
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Figure 5. T_he Qpeue Cluster 
. ,' .. t' 

· · .. queue • dllsteriar;arita, t t,plJ•~~-NM6te; nietrtben; 
.wh~ t·h~ copJ:.~J---~••• f~~-

r-ep •. recordCfirst. last: ptypel; 

ptype • ptr Ca, elemerltl; 

element• recordlnext: ptype. member. 0. 

create • proc o ..-ur111 <q: m>; 
q :• rep${ f lrst. fa* nllptr); 
end tteclte; 

insert • proc < var q: cvt, const x: t>; 
,.· .-.YH·P:_pty,-_.:~.--~~------~tlllptr;;~:-~d): 
. _If q.ftnt • n~lptr . · · . : .. : . ... ; . . : , . · . . /) fftei~.· ...... '~"'.-.'.' •.) ,•• . ' . ...... ....... :• p; 

. . els4t:q.,-~t :•, p; 
end if; · 

. q;iast :• p; . 
end insert; 

remove• proc <var q: cvt> returns bt: t) liguls (empty); 
if q'.first • nilptr · 

then. ,tgnal empty; 
ebe 

X :• qJl~stt.rnemtJer; 
q.f trst :• q.ftrstt .next; 

end if; 
end remove;. 

members- • iter <const q: cvt> ylekll (eo111t t>; 
var p: ptype :• q.first; 
while p N• nUptr. do 

yi,ld <pt.member); 
p ·:• pf.next; · 
end While; 

end members; 

end queue; 

us 
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Tht~ ex~ .;tt .• a.,,......,_,,,r.• .r•r■sl'@ •·-• ·.t.c· ·• WIit·••• w haw 

tmproved bara by .,.,.. ....... .._,.,,_ilitR)istbiiWlfi.~4lija, d • 

rep ...... <.WM: Int, 
NM: .. ,., 

. teat pnodtl;. 

nocte ................. tt, 
COlfflt: . hit, 
Wt ....... ,... . ; 

1 ~. 

Thts repr ..... ;~~-•~----,••••Ill•• --••Mlf ••-• bj an 
. . l- '>'.,:.'··;~~.f ; ... ,.,:·1 -~ ,: .·r. .. 

area, and array ...... ,.. .... ~~ ..... ,..,. •~n?:•!Ji*.,_. •••• ~ ..... , .... ttte 

new tmptementadOft b ._.. ffllN ...... -. dit ,111,1111~r--- ·,ee"ilia --• the 

array contatntng the . ...._ hid a. IMt ,.. ti -,• ••••• •.:.:,-~--- ,.tt11L1, cll1111. 

whe{eas here die "pa ..... .t die ita It lmplldL 
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Figure 6. The'Sorted Bag~,, · 

bag • clusterCa: area, t: type] N create, tmert, count. me. lnerasinli 
. where t tau copy: prect7~cotllt d ...,_f, · 

. equat. 1t: Pr.;.--l1tt·~11• ~-
~, • l'econlcount: Int, 

size: Int, 
root: pnedf]; 

pnode • ptr(a,-nod,l; 
node • reconlCe~t: t, 

count: int, 
left: pnode, 
right: pnodel; 

create • proe O ret•r111 (b: cYt); 
b :• repS.{count; o, siufo, ri:fot :liu,M · 
end cr~te; 

insert • proc (var b: cYt, conat x: t); 

b .. cou~t :• b.count + I~ ~ ,~_ , 
const AeW ..ptr: pnode, allocated: .... - lnsertl (b.robt, t); 
b.root :• new_ptr; . ,. · 
if allocatecl tho b.slze :• b.size + I; nd If; 
end Insert; 

in~rtl • proc <con1t p: pnod~ x: t) ret111111 (q: pnode, allocated:baoD; 
If p • nilptr ' 

then 
q :• ptrCa,.nodelSalloc<node$(element: x, a,us:at: 1, left, right: nilptr)); 
allocated:• t111e; · 

elseif pt.element • x. 
then pt .count :• pt .count + I; 

elseif pt .element < x . 
·then q, •llocated :• lnsertl (pt.left, x); 
else q, allocated :• lnsertl (ptrtght. x); 
end If; 

end insertl; 

115 
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:~n _/' <~ 

ftgulte,&. (llllldllaedt 
size • proc (maat,t,: ot> 1 111m:~IM); 

s :• b.tiH; . 
end size; 

count • p~ ,...,.I,: ffV .. ..-•. <c: .. iaa;, . 
C :• b.eoutlt; ; ' '' ' 
mdcount; 

lncreasmg ,. . .,_ ECGIUt b: CYt) :,ieldt (C1111'4rt.t,atk 
for eontt e: t, ,c: • ita tnawtmgl (It...,.• 

yiekt"-·d: 
etNl·filr; 

end increasJag; 

increasingl. • itw CCNlt p:,..... ,_.. c..&:t. llltl; 
if p. • nilptr ttlat --. .... if,; . .• · 
'•~e:tc:MtilltMfi ..... ~·•: yiellf te,.. ' '' ' ' ' 

' eml fer; 
yield fp1.element, pt .coum>; , ; (. . 
fer eottet e:.t; c:.••·~.,,..., .• , 

~:.:~,\];, ; . " it;,., i, ,,:, .. ~ \;; ',t;f,, ' '. 

end ~l; · 

end bag; 
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· 5.9~ t;xample Three • Symbol Table 

Our last example is. a new one. T•,·••r---·'·ft·1liitift· rront·tWulf76cl. and is 

p.resented to a,~·conipartaan 1"'th Alfiltard. A:~--~-~-~ from atrlnp 
, ~ ' \ . ! • . . • . . ' ~. ' 

<repreMnting identifiers) to attribute objldl tn .. ~ ....... :,·Here •·the clulter 
' • • . ..l> " "' -~. 

header: 

. symtab • · clulte,Ca: area, attr: type) It ~~ta,;:dtlftritd. · •· · · · 
. ,, . . ·. '; ...... ~~ 
when attr·ld• copy: p,octype(-- atrr>:........,, elld; · 

and a descriptton of the open.ttons: · ":,.,y,.;,J,_;,~-it.~ :n · -' tr • 

create: p~Jpe O retanu <s~> . 
creates a n111, ~. •~~ ,f> , 

. :·"ii _ _-1'!/•.,/-:..1its·t~1 
, .-

insert: proctype <•• ~-. .-.~:,..-, ....... tdeftned) · in.-•.•·•,...,. _ __,,~ .. -•, .... ·~---_If t~~ .a.~,-~ .. ,atJl1,;-.~1ro , . . . . .. . . 
' . ~ ' ' ., ' -~ ,. ' 

is_deflned:- .,.,.1,e ..... :~..-tlt~'~~~ . ·.. ·. . .. · ·.· 
. returns tnae If. and anly.if die aymllol la .,.._;Jt.-lltt1; . .._ ,tent 

enter J>,lock:_ pr,oct7pe <.••r s,.a,> . . . .. . · : •._. . . . ·. . · · .· 
performs whatever ~lftf·tt•~ayfar•:ild-block frffel 

. . ·:-,. .1 .. :J~_;{ ·>- 1;f:;'):ffe'. ·'·::tiff :; -~ ,.~ ·.'.~~.., 

.• ,,.t...,}fll·~-,~,~-~- . 
selects the attributri!Jijllf f'W•"•~:ftf ,~ lllmll not~1"1s1rat 1r 
there the ,,-. WINI .,.,... .d".l\/· ;,-, ·... . . . . . 

lookup: 

A h•sh table will be Used; to IOdn,p the ., .... ,M1able .. We win use • linked ffst 
· · • .. ,: .-i< ,,, ts J:···f,"1~,~-~ ~~t;:, :4>:; · - .. { _ 

for symbols hashing to the same ~~Wt:~•-- Jtlhf.ltCh such a Ust. Each 

entry in one of these· lists will be a pqlnter to the. dua ..,_,. for one 1,mt,ol Thia data 
. ~i;~-.. rr',tn iiJ,:<t-·,.· {'~\.,.::, }t:;-;:.'J'f. .t::u&~• ::· '; -~;';:/}'SC ·r -· _; ~:. , . ' 

stnxture consists of the name ,I ~,f7""' ,.,,,_ 1M .. ..-,...r,.-1e1 made -for that 

symbol. Each block Is represented by the 11st or·the ... cW'lnld; hi it, andthe~klare 

stored in a stack. · An actual sta~ of the ............... hrii1tt dHs: mbre cMaf. . 
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l't!P·-~ , .• ..... ". ~. 
·~••---l; 

,,,JJu~~~,-· ".,...-..,; 
I· 

. bucket -~f--,Jf•lll~t .. ,. i -~~'!It.•~·--
._., . ·.:<: :-:/: 

' ·i)i. ""1' '"·,~ t ~ .• :·., 1~·liJ1itrl ., ;h ·, ';;t,:.1~-:-:_HJ::~ ;-~ .. :'--, <~~ l'' 

·•JnL-UJ :~ :, ... ..,,. .. ...,, 
Ill.Ck:-~ . 'f;~ .. ,q• 

attt ..stk • -kl~.•:&UI'.~ ·· ,, '' . 
attr...-U,J ~ ,......,_I: . ·int. 

,,.~,~,.. . ... : ~-:~;•::; :s-- :•, ... :,•~11_~,.~tt1,~--- /4 ...... 

-· · S~Ftgure 1 f~r an :~..,..of~1-ijRi1Nii1tilir'i1f'11'itl'~ll•'4M,.....,...... ha•e been 

perfor.med. Here are:·~1111~ .. Ml4'111ita• ,,\lllh_.111' _,r.}f · 1 

0~",of,~t:-·· 1, '''f!~l .';!; 'ct Sln't ;,,p,c' 1 

•:,<~ .,~r,~~•~l~~n 
' --~~ .... , .. 

·for•ir• it.>"'''.•' .'; ~ . 

'' (2) push: .,.,,,,...--~ ... f> . ' '-~ ,, ...... ¥.,_.,. 

;,~ ,._'. _;,, .. ,,···•: (:!.. -·j•,(f11~-·;,'· ,:i_;;:·,. i.1' -,··:,,: •-,:, 

(5> Mlf)ty~p.-.~c••t atackta.tJ) .-,...,,,ii. · 
l'ii')· ·1·:·· ;: '. '.:•,r,~ ... -~ ...... ~......., ,.,,, 
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Figure 7. A Snapshot of a1Symbol Table 
Below is a drawing of the represen~tion of J~,11'?~.•f•·~"'J~ing qperations have 
been performed on it: · · . ., · · · ·· . . . · . 

create 
insert: a, xl 
insert: b, x2 · 
insert: d, x3 
enter _block 
enter _block 
insert: a, x4 
insert: c, x5 

. enter _block 
insert: f, x6 
lea ve_block v~- . , : ·: - . _,. .. . 

<Assume that a, c, and/ ha$h _to the same,~,•od #1(,atl41t,el are implemented with 
linked lists.> · ·. · · · -. ·· · · · · 
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(I) c,..- ,_.,,lffstl r..-1111..» · 

~-~ .. ,~,)~' 
· <2' cons:· p~...t:t.~htlll:ia~·.' ·· . . . . .. , . _., 

retums a MW lta C8Miltlal al • 111111•11lt,._, • ..,; '4'!:1-•'Jit'tt.e front 
of the- ,, 
the·newrelenNlllt ii made wait ..,, 

<3> members: it«tne(N.ca,tD ytelill.«t> 
ytelda-• ....... fl .... lat ...... 

Now we present the operattw at tM ~ dulter, -•a.._ 
create • prec () n•••• ta: CYU; 

• ~-_,epS{tem 1, 

::. :.:.:mt·,,htil.,.i:11'tti, 1, ti-~ :·· 
blkJtkS~-~dt'ta)atlt1latJlt ., •• u.01►, 
ndcrea&e; · 

Thus cr«1U retUma a IJffllN,I. table It black ae..· 1, the -•• Nack. wtth an einptJ hash 
• < ',. • • • • ' '·-. • : • • 

table, and a •ln(te block with no •ffl!lbol.l. · · 
ne·,....i~&a.,..., .• , ....... :11111ill __ ...., __ p11·CU11. It 

works· as .foltawa: 

<D . the·tnput 1tdnC ta hultecl &114 the bucktlt.llii•~·1e •If 1t.;,,_1t; 

<2> If the symbol··1s· pnllftt llftrt•W'inot .,._., lltdlieGIIJa~..._~~ ttt.!11 a new 

dtr...,ntr, la crattcf wl_p1I• ..... ~-.. - f« Fi'lt'.)JmW; 

<3• tr ttte '"""°' .. ., .... ~._. . ..;-~._. .. ..,.,DM~•.,..w: 
' • ': ~'J:. ,i,••. ,•' • "". C ". • ' ,, • •. • , ' •., • • • '"•u • • • ' 

< +> tr. the tymld .., - _.-.: .. ~ new _,...,., ti a lil1II t• a -Ii 11,11, I\ "l"f,....ffdr, 
- • . ·• ., :• l ·" ~,~. ;. . ."·;·· ,~·-•:- -, ~•~ •• , , 1< ... ~ 

ls COi.....,. rorlli~ ...... -11 •-........ . 

(5) 1ast1y, the aymW-•••~~lld •• ... "· ..,..;,.· •m~t•'- ,il.f ~ •.,.. ~-
•• • '• -~ - ' ... .,:,.~ -•~ I • • 
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encl if; 
end for; 

· · if p • nilptr 
then 

·-·~ .. el.e ,igul defined; 
... if; 

·ir =-• pma,· tym~entry,.ailod 
syn( .. entrySbJfflbol: 1ym, 

stact: •. MtrJtkScrea.o.»f< . ·.
attrJtkSpuah<pt .ata4, ,ur.....,.llffel: · · . · a.level~ · . . .. · ... ·. . . . · .. ,' . . . •./ ,.,~~--,~l; .• . 

-~~~C:,&~;,~~• _,.,_._~~---~ml>>; , . 
' . enan;· . . . ·, ;, .. 
const. newblk: 1-,mfflt • 1JfftlbtSCGIIJ(p, blk.,JtkS~.aymt,ols); 
blkJtkStop(s.blocka>.1,,..,.. ;• ~~;.,,...), · . 
encl Insert; ·· · · · .. ,, . · 
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The operator cor <for condttttmal orJ evalua~ kl MCall4 ._.""9ftt only If the first argument ts 
. . . . 

false; it$ value As the logical or or its argtlffl4!fttl. TIMn Is also a ·eftlll operator: COflc:Utional au, 
• • '. /:';l'l . , ' .,. • • 

and · it evaluates its second argument only If the first •~~ ~.: T•·•ular and and or 

operators .are sugars for calb, and therefore atwayi evaluate toll-'•~is. The cor used 

above. pr~vents our following a nuU pointer. . 

The rest of the operationi, tuhfl• mnJl#l, · l,awJlot:1. and . loolul/1, are 

stratghtf orward. Notice that llffLJll«l mwt thlW away alt JJ.fflbol defmittons ror the block · 

. being exited. However, it does not throw away an ·.lfflPIY ,,._,,A; tn, tht, ., .. • •,mbol.• once 

entered, ls .never deleted. 
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enter _Mdck • proe #ir·:s: CYt); 

"1l2M\.,..ffi!f.l1 cfc1,. IJfllcUb,n• 11•:t JP,rJllllcr••IDJ); 
s.hn,•I :• s.lnel + I; . 

. '. i '\ ¾ ~ ~ ; ... ,II<?, . '<·. i ~ 
end enter _block; · · · · 

~/~i~ 

leave_block • pnie <•• ·I! fftt ••• .......,._., 
· It I.level • 1 thtlt ..... ~ .... ; 
s.levet :• s.lnel - l; · · 

for •:ru~~-r-..-.::~12~~•-~~~lff•cLa>..,..., ·• · 
.PY' •:·-'·· ..... , . .., ..... , ..... ,<. ,_..·1· . 

encl fw; . •' · ·· · 
end leave_btott; · ·. · 

encl symtab; 
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·s.10. Comparison of Area- and Stadt-Baled Procraamln1 

Tt,~re an~ .. ~,. diffe,....,~·•rnllftilltlu_..S,r objedl1n the stack 

and.~eJ. for,.~~~~~•~ in areas. . ~4!ftllnattly tlia:;~ must plan dead because 

abstra.cti~SJ:lesigR~Jor ~one atoqge_.,,WIJ ,.....,._..,.,,.11,1e ..,,.,.,. m the other. 

Th~ reason is ~bat ~-- and ~--- .._.....,. a.ke,.dtff•~•itt-parameten:. ~ck-based . . 

abstractions wtll use size parameter~..-;~-•• ••MtlOlfl lltll~atieut'OM area•• a 
. . 

parameter, but not usually any size parametefL u__,....,,.,~ttae,..-.ttm is examined _more 

closety, it appears tha~ stack- and area-bued abstractton ":ii ·always be dt~_rerent abstractions, 

so lntetehangeabilttf' of' ~·1' not really'del ... (tor··~~ -~~ "abstractions wtll 

always be fM;und«t:. whereu aria~~ f,Ji6 ~1f ,usuafty ~\lft~ed. Often just this 

.dlf'ferehoe is enoup to·eame· tie to~- cf~~-~•~_ .... kM!d dUfer:m,tlJ for 
4 .i _• . ¥!<' .'. , •. < .' ~ •• ".. ~•P :" ~ •• , • '·< 1

: ~ .. ,, ,•_: • •~ } 

stacks ,s opposed. to aros. Artother ~itftt•ric:tfli':ttt,1 •"'-►-,lll'be .wed_· to rep~t lista In 

stack-+baud ·atist~~.tittt trut llrtk«t;:ltst'i~;Mfh'•poiterfWti'"'t~ I" a~ Thu matter 

of bounded vs. unbounded alistradtonj·iMlelfffMher ·•it: . . . 

We have presented areas and pointers, features t~t~,~~ ,~.Yt9~mtc ;~~r~ge allocation 
•• ; .- ~... ,,.. • ,· '" , .t~~ ' . _, - .. - ' , " •, . .... . - . . ' 

and list processing capabilities to AS~A~ w~IIOlat ~\~,, pr~ p,llecUon . or great 

run-time overhead. Our pointers are sa/1:. they ~1 11ever ~-t ·~ 1art,ag~ .. J~oj~t•r safety is 
. , ,, ~'.ili.'::i~:, .. ~: . t:f' ;.~.<. ;_• .. ,_,, ,, ~- - 1·•· ;, 

guaranteed by co_mpl•~•~ checktnr. which prev~_l!,fol~: ~~~""d'~~e,,r~f•~•· We 

extended our allulng detection and parameter ~nbms rw !~~.~nd.,~~ a variety of 
• • . .• ' 'i, ." ' ; •. • ' • -~ ., ·") f ., "~. '. ' 

possible fmplementations for areas.. Lastly, we pr,~hfd. th~ -Pl9J~~ examples; two 
C -- -: . . • . .·· . ' .. · . .•. ,. . ' . p 

were new implementations of prevtous examples, and one was a new cluster, We b~Jteve that 
·-·. <-: .'.· • :·. , .. ~,,,_-,_ •• ,· ~ ,,.: .: - ~::' ··:;:,.,_. 

1 
: ·,

t ·7::':$,:z.K •:.· ~ - · · · -._c \; 

the concepts behind·~, areas may be useful~~ ather ... ~f-~~ ~~AL. · 
: " . ; .· ,' : - ··.' ·_. ... ~ ' . ·: 
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8. Summary .... C........._ 

We have datpal a pragrammull. luplp ~ abstract data types that 

... ·does ....... ft ........ , ....... ,,ow.,,.,rw••·w'CL'trai1itJ.. and change or 

eatttmd: iJ .. "Q:-i needlllt,; Ttte•·fflltjar c.lilllgil'' 3-tt W;;dllii '.idll:.,...' ,~;.model of 

J• -~ ,.,_._ ....... .._.,,_, •••• ill''Sifh•i'i*-j ... ~ 1•1 of the 

abject~ --,..,.r ct.Uj ...... td:a 'tMlt· Wt'~;~ cMnges- were 

~tDeviall .. ._....,. · - ·· •ltfMilf:'··;•,,· ,,~.: 'i:;. 

. 'FM -Jor-•--···· ''lllllnr. .?. :• l . 

_.<o __ Selectors-~-~-ror~-•"'"'• .. MATJ•.....,..._,~. 
~~) s,•,~ ~-~~;- ·-~~ __ , ....... , ... ttf~, .... handltng 

. s.•~~t•~~, -~ ~-,,,~.! .. -~'«\;Jlt~i ~ ... ......... , where 
,ob~ si,~~!:8~,~ ~-'.If?~"' '~•-· 

<~>, __ A~,J~ .. :.~,. )' a..~.lp:~ ·,L'JIJI' . .,,.. ftU;itlipUlatlan of 

list str~":' wttMtl::~-,.,.'r~,:~~~ _;:i~t,., .. 

or the three extensions, ·two are just seneraHa.t•• 411 caUIIGtl1, .. .,.._ ..... ~ from. thetr 

present use to the realm of abstract data types..· Sell etc•~ ..-.I a1ld anay component 
- ' ; ·.,- ~:·.!h ~·t.:.:' .1! ,1' .;:/}: t~1{: .. i-.::~ . .:'·~.: ;.:-~id t~~~ 1 S (),"::,,~•··~i•'\'' - - . ' 

· acces~. and site parameters generalize- array bounds and ·dtp Yee.tori. 
',., _ •' -··.,;,:~·-.4•i· , ",:._. i)1·1" . ·, ··: , .'\'.) .:stt;,:· - : ·- J 1 

•• ,. 

Arm exw·•tf.e lanpage tn ·qutte a cHff ... ~- T~ •~ an orthogonal 
,; . ,'-j,., .. ,·. -·: •; ' '-~'. ,_ ' ,;,. J •'• 

addition to"the bauc·ASll~ ps~ted-. Chapl1;sfte,'l-· .. •••••a.nu-...,_ added so easHJ 
··.- .. .-.,--i· ·~ ~·~':;1¢-:.,. ' j'; ·.:.,; . .,, . .,.; .. :::~: ', . : ... '.~;' "'~.;i:}·~; '.~) ~{1tt~ ;Ji~-~(: - ,:'':' _:;·:,.1t·:'. ; "., 

b~auw dler ~~...._t«I ~ ilf • e11111r, dllf•• w -..,._. -~kmJ ueu tnto 

'' 'a((OUht. i:or exainple. frw wn1~cleltte~,f--,~-~•c..,,;~,~,,~ riot 
' - . . ,.,_- - .· - . .. - '.j :. ~. '. ;;_ ~ .. : • . '' : • ~- ~ :' :'). 't ' . ' .• ( ~ '.: ~, '~ '". ,. 

an&e. Without th.e'copr ,,.._, ....... , ... ' .... !9. ~ ~~ GJtJ1 f.ar an types. 
• : -.,_ .. ,-), ·' .<,·_., .;,-~·:··, •·. ;:·1.,':f\:t"'.~~-ltj lo l:"1-(t.,~~~-·~)f-_if;t:~~- -,n?. - ·, ~.: · 

1n the ab~ ~,:~ ~ •~.:11111_~~•\~ ~;.~ ~~r, ,,~~- The area 
mechamlftl was ·laireJ,...,... _,, the calliCet1•Gf .ltlcld tLimp11nffl. · 
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JI''; 

Ther.e are .,;,_ny a...- .~ -~- f~~j •~~,:~~Jo, J~. 4•tcn of 
.. «~ .•. ·· •. ·)" .• ". . • . . .• 

languag~~. sup~lng .. abstract d•~,}~:,,,~~ Je~1~,--~,,- (~~ .~ming AS BAL 

dlrectl~. C>ne •~ioils ex_'!"~ d' °''- ~,-~_,}•'~P;f~ffl•ft"" ~• ·"·~,d..,,ned. 
An_ i~pl~~t~)~~ ~,~•,-~~~~~~:e(~~JN1'll".~ ar~i~ rolly are 

worth'Vhi~~~nd effk~ ~~
1
~.,p~ --~•0~•~;~.,~-~~ ... :for, ~tng 

and size pi;amet~· •~ the_mos_t _~!,~ .i~ ~ tlM ;"'~ to 

design,_ .and•~~~ ,stUI ;~ot ~leteJJ.,~~~•r; ~;_J~,..:~ -.. """·_,,,,_._,~hers 
.. might be- worthwhile. . . . 

~·~.~ ._ :· · • .' ii ' 

A .. !"°re. amt;,it~~- , u.~r~trf,. :,~lcJ .• ~:::~ .. -~ tp AQAl,., f• . 4ptems 

programml,;g, alt~h ~J ~-.~.~-~-)~'. ...... ;.,_,.:,Here 

are_~~ sy~~SJ>~"""'~ r,~ . .,.. ~t ID._tpt]~~~'.: ,. . · 
;> , • :'. ;~ < ~ ~ C •' , '•' ' ,- "' • • f [ • ' ; • ·- •• 

constructs; 

< 1> user-written · storage management 

tmplementattdlD·oF llle .. type;· 

packaga, pouibly in the rorm or new 

. Another suggestton for further ~-tt-Mtdlpoiaftml of oar· area and poihter 

mechanism in other languages. We believe our ICheme haL,ffN!it IAdepend•t of ~$I.AL._. and 
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lt,iwoutd be. inti!ratmg to 11e if tt flld ... 111 hul•tt 1111 d n a. C:..,UU. ef our area 

mechanism wkh tts parent l.udld's ul1ell112 mect •1 ••~•--•■w?TW ~ze 

parameter ~heme could allO be med In alhlli' -Ull'I' ..... ,._ ! ii a falrly 
( \~W'l-rdienl!ri--:tt'h'--~z~ u;'.'ff~ 1/P~-•~ .. ,,~~ ~;::ic· . . 

· •· · ~'"diffe1Mt llMY'iiwttt{ls i 7'11p'i-;11q~Lp~~ • ~ &~k-as ASJIAL, 
,._:.,._,~ ~-n.w ~nBi,~•iit&.W1V lr.t{f. r,:'~• ,,i,..;_,,~(_,. ·• 

' "~ V:tfti:'d\J't..._,:,...,,tle; ..... b•lii?~~ •• ~;tJf•~-~ ;~ type 

'fflllflaget wtiftf•Jmbliy•,r.1111i1"-.~~ ... 1WUii~~:'.,.~~t.~ ~ .... -.. that 

---~-'- T~''osers ~~WJ tW~Jact':~3\ii1i:.n1Wp~.:. .~ ~~~ 'which 

· weatl}btHftltitpflb{tfl cMlfbf"IW•~-•-~~~!jWf ~!~:~,,~ ~~~c WCNld 
· . · !)ftrtwrH· -,w ~;11.1 , : · · · i · 

dlstrtbute · only references tu itl •~ the • .,._ WIIIIII • .. tit tts'~ ...... 

---- the,~ ...,lit,..pa•<;i..tl'lt•b•··w,hl.$;"••;•1•·•-.-. theJ --;•t .... f...,.c.wt'f ... ,f,r' .. lflt'aiiiiif'.l~l'.',)"! "li f:'f'._ ;j~~i.•·.~•'+/;. ;~n/1•·,·•,•. i., ~, . 

. A stattc: dr.tis._f~a~.r---,Wlill;•NJ~~f~•~--~~ 
aanguca. -~-~~~1~)~,~)~l~,~.--! ,,.,~;,~JP~"~"~.._,~ ... •Ject 
~~ are_ u·sed. ~; ~~-~,,~t~;,'4~ ~~,~~:,nM111:~• r.-. the 

::z ~~-,-. ~ ~, , ·~~~,~ ~~- ~'.\•~ ~JA~~~~ f:ft~l@'rt .. , tJpe 

-✓~ -~~na~s:t_ St~ft, , .. ,.~~j ~f~,'~ ~-}~,,l'ffl1~ ~ be 

- .. ~•~~ j~ a~-~-~ ~--II~~ ~~r: .. 

&.2. Conclusion• 

We beltmt we· were IUCXISlf'ul In -...~ JI••-- rcct ...... t &.1._. types that 
I . 

does not ~•re prbap · coaa·u•. MNl w · •••• tfle ••• ··• .._. .. ·• rtrm 
,~H~~~·~ ~-~ .... -1.fllllll.fftl_dllipLh,: , '. ., .~ •· 

". 
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._ •_'.f!~'~.'i C.•;!- .. :" •• ~r-~,~~~~.~~;.;'f\;~~-"'f·{ >.? \•, .. :,.: .. ··"" r-.,._,., >~:,! ~_.,, ... ,, .s · '~-~- "'. . 

.._. ... --~-
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ASBA~_ d~ ~ have ~,~~~~~Llf~ ;~:~,~~.::,-.«.tx,P!ff lt would. There 

appears to be.,,,~~~~. ~ .. IJ'_.,_..,-~~.~~~~~ ,J,ff~tfP" _the other. 

~LU's semantks achieve eJepnce through the 1111 ol • ..,.. and ~ul ...-.Uc. model. 

which unfoi:tunately requtna fairlf campta · run... ....... W• haff ~ed:. awaJ IOIM of · 
~ . · .. _,· ~;,_ ' .. ·.:.,. -·~~ )!'; ·.f,:,j J~i c,.;.:•-'t.,) "c: .·:;-: ,~·- ! . i . . 

that elegance for a more efftdent nm-time ~ · .Howl••• . we Na•• tned not to 

comw,ea.,,:: ~. ... ......t. ~- at ,;R,.U. 0.-~..... ~ .,.. toWa.rd a . 

completely typ,-s.re_ a,,uap. t~:~f:~ -~ -~~• ,-,~~~•-~ ~ ~hodology .. 
If ASBAL does-not have CLU'1 etiepnce. ·......_ .doll It have pa.,· atmplidty of 

• - ••• :•. •, '/ ••~-".~ :• \.le_'_ ·{~i~~• ;•;.:~•:•, '"·t -,.'1, tjc;~ ~._-··.:_ :: • • 

traditional languages. for 'example •Pascal 1.n fact. CLU. • more complex than Paacal <and 
• 1·· ,' . ,_ -. • ? . . ',' ~ '. , ·~ '"F"~: /i-. ~- ~' 1-:yl ~;. •,.;,,_;_ •) .~ (;(~ ~--~· '.' .. . ;• 

similar languagn>, bQt more becauae It ~-,-~ f.'~}~~;-~""'· ~u• of abstract 

data types. I Yet AS.AL. ts more ·c:omptex than CLU. We beUeve the ~rce of ASBAL's 

c~-J-ti I.hf~ ef.nmnl,lg·Witlltllt• ..._..._ ...... ,at . ·iffianaged 

heap, ln a sense, we ha .. built ASBAL ., ....... ,,..._._.. .. N#ted on u~ 

by our requtrementa. 

AS BAL reptesentl· a 1ynthesb ·of kleu ,,...· MYeral .........., arid several semantic · 

models. We feel the iynthab wu profitable, and hope that our work ma_y •uaest and 

encourage more tnveatlgation In the area. 

I. Pa~al ·has been crltktzed on the 1round1 that It 11 ,_ llmple In thll respect: no ·Pascal 
program can deal with arraJl·of' any 1ize. · 
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. ' . . }. ·,,;. . . ,,. .. ti~·,.:· .{' ; /: '.(_; 

He'9 Wit• pr1111• U. fult, contnt....,...,..._« ,All._ Tttl .... uap used Is an 

extension_Of.the ~-• ,_; ffrrM. ,;it'~"~l'1~--·~1••• H-..r ·._na Is as 

foltei#s, 

[ l 
{ } 
I 
( ) 

-•n1:--• ._ whtctMnay •l-tiJliM• ••• •·1t ti,..._ ..._ l#tOi 
i 

,;_ ...,., .... ~ Nu • .rt~ .• ~ .. ~ C • ,,! ;: • b '• ' 
-<~•. ,_V , 

- are UMd t•·aroup,,itM1,Mdel~--lp&t),J ., _ . 
. ; ' ··:·l . •~-.. ·~:l'1)-.,.1,:~--.. '. ·y,~. ?·:, -

- used to ..,.,. the ,.,.......,_ .- cat._ . ......, (a MtJt•lftfnat) from , .. 
. ~ .·· :'":>-,, •.:,,J.;-:·,- -- ... - J1. .. "~ ·.: ~~,~-~ '= ~•:~~ ~,- ... ..... .. .·, ,; .• . ,, ~-rilhf--hend akle, (the .trh'C H .. ,.,.._,., - . . . . . . . . · 

...... ,...i~,.,._.,.,,. • ..,..., ,,,__,.,.._,.,..,..,,~ ,.......,..,. .... n terminal 

(~, ... 1 .... , ... ,....... ............. ., ~·1 ' . . ', ,., 



J.I .. Formal Syntax 

I.I.I. Mocta.la 
• :~ f . • )~* 

program· 

module 

cluster 

clustermodute 

procdef 

iterdef 

seldef 

fparms 

feparms 

fparmitem 

-> .... ; -~. 
. { . . . } .•,., ... ·' ,.,,,,:. ;, . 

. . . l . t . 

•> ~nw lprocclef1'11i4, f ~,· . -' 
•> id - chaster [ fc~-~ t1.-.. ;~t,.ttwitdha ',") 

{·equate ~} ·~ -~~·•-f .. '/}). • · .. :;•. · : 
dush,r~ { chtltihl.,_f)~.wf Id T; : 11 

. . [ ,..Ne ..... l ~-t fdil • .~ . ·,''. ~> . . 

•> Id • tter·(f f~a· t~ (i,fytdl<] 1--1, 
( restricttont'rJ-.~f~''Jf · ' ... : 

-> id • ae1ectorl,,...·j{ ( Ma ~y.-{:·, 1cta·: qtype} ] > 

. of .stype fl'OIII Id siqf~•--lr(,~ I] body ••·[:Id)' 

~> [ fparfflltem { , fptrmltaftl } ,) . 
. . 

•> c l fpwmltem { ._ '-:~: J l l · ~J} 
•> •• =. ( int I NOi i cur I t1P1 I _.;. ) ,,. ,, .• ,, 

129 

The above thrN productkn are · for forMII. parameters ~to ; ~t'l•'itlittons 
except clwters), forlMI per....,• to cfulhw-, ,end t.he it•• ~n forfttlll 

. .. -.~t. r ~. :·. . . 
perameter tl1t1. 



130 

aparms 

aparm •> exp I qlype 

,: ., . ,. 
The product~ for 4fJtlt'JtU and ..,,.,_ •• • •Jual par:...ters, which may 

be ex.,.....,.. or type 1,-d!lt.:f!\!?•~;tlO·•;" in~, .j,:•· 

restrictions •> WMft·f'ffl~~. t~,f;~~l•*--) 
restriction •> Id ha• r9'trict .{ ~r4(1tric\,} 'i .. 

restrict •> tds : ( .Pt~J•t1• l•~o)1 · 
1.1.S.. Arguments. Ret-,u. ....,._,._,...._,,: 

• • - ", ;. f ' .,·• 

· faitem 

frets 

fylds 

fylditem 

1.1.4. Statements 

body 

equate 

•> ( ( fail~{. , faitem tJ1· 
•>'.(l~~, I~)•'.;-,..{,,_.,.:}, 

,- ' ' ;S 

•> return~ ( ( ~:4, .,_., {- i~: • .-,,f i}t 
. ': . ~. . . 

•> ( v•r I .. ,,},.tt" f .-,.j ,: . . . 

•> ~··· ( ·~· .i ,,,, ..... ,,) ., •' 
~~~1 ~-~~ { ,.~Jt>,r) 
The above·•odudions are for ton•--•-;n,•w-._ ~ lists, 

and ~ lists. They•• UNC1 ....,.ill tt■ lllllt ... 111111111 
.f ,·:-:.~i!rn:\l,;j·~~- t ~,1 ~<:.~:·~•:.,,? _1 ·, -

-> { ..... : j { ~at~ 1'.} ·., -~~•if, .. 

;J•" ·., . ~~~~;,; ,< -, ' 

•>Id• e,cpt 

.:>·:&ec, 
. I~'•"·. 



decl 

• 

assign 

'if 

while 

tot 

I if 
I ~hite 

I tor 

lwith 

'f ~x~t 
be1in 

return 

yield 

••l•ct :·, •;,. 

·•tanal 

Invoke 

~"~~-
b.reak 

new 

,, .. ' ·t: :°": ·: ',, 
'' ,t :..;' :.,, ~ 

-> var Ids : qtype { , Ids ; ;,,. } ,-~ C ~I' } 
. . ·~ t •":':·~ , ,, ',' ,'• ;: > ·:,· • ;/ '.( 

I Hr Ids : tyDe { ,Jdu twe ,}, 

J con,t ids : qty~ {, ids•: qtype } ,. ~ { • ._,,} 

131 

In the first and third productionl for did, INf~ftlltllMr of identmeri on the left 

must equal the~ of ex.,,.._.., hie ript. 
, ' .- ·., 1,:' ,·.. ;· } :;.-,i~, '. ~ 

' ' 

There must be •~htr one 9/'Pf'enkffl, or • Many expressions as t.~;'• are . \' , ,. . ' ; 

identifiers. · 

•> tf exp then body { ellelf-xp tltel ti04' }.'( else -~ ]. end ( If ] 

· •> ~htle··exp do body_.. f--. ) : • '1,: 

•> for fofdect { , fora.I }t'ita ~ ~tiody_,I :fw ] 
;, ,, :,· ·_:; ( . ·:J ,,,·..,., 

I for ( ids ) In Invoke do body ead [ for ) 
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.fc:wdecl 

w+.n11rm 

select 

.. ( .... 1--}'Mil:.,,. 

.. --< ...... Jw---.•~--,_. I. 
,.,~; ,:hv ~ 

. • .,_...,. a11,1 { 1.11h■-••·• }(~1 •u.•.•l-

---•( , ... J=at••11• 
1--.. <•>=••-··· 
In the fftat ~ ilt .._, _a,n1 e ........ -...., ... 1y ~ -

· ty,-. of ebjects 1ft -. .... .... ,.....~Lild ..,, , Wti '- ..;_. • 

throwl,c..., U. -•b _. ..._._.._l,u It----· fll W. 
ob;ids _,.,_ 11-. _____ __, In ;,MaHiil,i I . 

....... (a111t·W:-.,,_h1l1ihttsl 

l •11111~,f • h t.t!d111&nt· 
\"' ..:._? ,, f ·,;; :~{ ~\ ,t' :.,-~ ,, ,,· .. ~ 

!4~;~~··~ 

~ i . 

·n.. fni. ~-.... & ........ , ... .,. ........... ••111>. 
• . r . . 1 . . · · .,.,. .. _..ef•·•l•t•• ._, .. ~~,,, a>r :· .. . . . 

. -> -~ .... ._ r lr.:.ft .-~-J~t; r 
. , · .. 

•>· < r J . l 1J 1 ' .. <,t}'f•,-•Pf~·t ~ (:, 

••11• ---~f!!.Wl~&, IJJlf. ,~,.),~J F 

cf,_ .... i 

, ..... =••······ 



break 

new 

19' 

There may be only one .... arm per ~ ,talefflent. ~I t .. , must be 

accounted for in each ...... ~ .~ ~• rMIIRed on the .·~ arm. 
~t be for the,.,. type, and the type of tt1e"';c-nv dedared.tdentlfJer must 
match that type. 

•> brealc 

· •> new Id : area • exp 

The expression must be an irwocaHon of ....,.__ · 

.. ~. of; tt,a;..,._ •W11111• are -lll•••d-, in particular contexts. The 

,...-, ; ,t..,_.;Js,._;_. ............ ators, yield _is ·te1at only 

. 1,1· 11¥.., .. .._,:js),.._ .,_ ... 11t1.i11-. ......_. ls allowed only in. for 
. . . 

. and wltllc,.,.._. , 

· I.t.5. Exprenlona 

selexp 

•>exp·-.·•• 

I uop exp 

l< exp) . 

·III.tent 

· 1 setexp 

·1 invoke 

· I q1v.,. , id f .-rms ) 
.. '-, ' 

I up 
•• ,', i , .... 

The last f~ pr~t~ of. nl', ~ .•~~,.f"' they are for routines. The 

special . routl;._s · up and down are alfoNd'' oniy in clusters and convert 

· betweet, the ..,_tract and rep tv,e,. ··•·, 

•> Id 

. I exp .· Id [ ( e,xp { , exp } ) ] 

I exp (exp] 

J exp t 
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UOf:' 

literal 

. bootfft 

ptrlit 

n.. ... .,. Cin ..., .. • m tr • ·11llctr1a. Sfflt lndlmq. _, ~• 

.,.. . ....... ...,~,,. ._,· ., .,,.. 

-> 1 

·1 .. 
1•11111 

t•t-11 
·. · I< I<• I·• I>- I·> I-< I"""- I~ .I ..... I.,,,. 

I • I 'CMNI .,, 

ltlcar 

Tt•· Q1111Ml1J• • ...,._._.,._,1- PIii •••• TM ----• in the 
, ... '-............................ ;; .... ......, ... -.... , ... 

._,....'.._..11.llt;r,-,_.Q.811J1l!}il'._ ..... ,.., ... pt "• 
1W o, yep z• - , •• ,, ...... -. .. ,-r .• ,i~ .... ,, ... ,. 
•> _,.., 

•► fntllt I ctwtit I atrttt I boallt I __ 1 __ . 
l•ype •c-.=.,.{ ·,..,} 1 · 

· I qtype i c •• -.., : .., J ,., ... : .. { ·~ : .. }• 

The second and third ... ~ ~.~:4""• ~• .wlllch • •~ forms. 
The '[ 8""9 : ..... 1 , ~ • ~ ...,. 1·-- .... an .,,.,, .wttf, low bound 

ft"C)t and n. ••...; •KPt ..... ~, 1ft lncre;lllna ...... The 

'[ •xPo " "Pt : •ttfr ......... - .,,a1f"illl .... __, ,'~ ........ 
bound .. ~ ~·1,,~1,.,.~,t~, ·:tteu1111~ :~ ., -~ Thi -t..t · 
product• is for record ~L 

.; ... ' • ~ -· - ~~"; ?, . 

-> 1tlJ 



• 

I.I.&. Typa 

type 

ptype 

ltype 

settype 

fparas. 

fpargitem 

fprets · 

Ids 

. •> Int 

I bool_. 
fchar tu: 

·1 null· 
I area 
I strh11 [ ; exp ] 

f an-a7 C t~ ,. •1P., ••l , i;, · 

_ I recontc"~: tv,-J, ~:type} .J 

I oneef C,.,. ,~~t,rr {"~ •. : I~ lJ'. '. 
lid[,.., ... ,...]_, 

lptype 
1·1type . 

l•1ty~ 
I cvt [a e,rp] 

I ptr [ id , qlyJMt l 

•> proctype fp••• ( tlUI~ ]]1• ) · 

-> ltmype fpar1, fyfdl ( ftla• J' · 
.-> ~rt,,• [ tp1r1• Jo, •• ~,,~ qty;_ { ,~. ) 

• :ii ( ( fpar1item {, !S>•lil~ffl ,} l> . 
•> { var I conat } qtype 

•> retQrn1 ( ( atype { , stype } ) ) 

->id{ ,Id} 

• 

IS5 

The productions of '1/11 _.. for t._. p(Mlt.. wtwr, a. v-type.,;ec ls 

required. 



I.I. 7. S• Types 

stype 

sparms 

sparm 

qtype 

:~ .-

•>. tat , ..... 
1--
1 natl. 
l•rn 
I strias [ c , tPaffll l ) 

I •~•J [ slype [ ; _.,, .. e.f' · 
l'--'cw.;d•{ ,._:;:~11· ,-.,, .. 
I --,._c .. ~st~{, i.,,~.-1' t ~~,:.: ~ 

lid[.-•] 
I ptype I,,,,,. 
, .... ype 

l ~t ( c _s ••• } , ..,. { I J~ , t , · :: . 

Ire.,.{ c, .... ~.---lccJj-' x.',)~t., 

_,. hit ,.,_, 
I char 

lnuU 
I area 

f ' 



qparms 

qparm 

f· • . •· . . 
I 1trln1 [f, ~•m J J. 
l-•rr111 c qty,,_··(,..,. ~:.-~-Ji 
I record [ Ids : qtys,e { , ids : qt~ l J 

f Qlleof [ ids t .. {: , tdl. : qtype } ] 

I i4 ( ••• J. . .· 
I ptype 

I nvpe 
·1..uype 

I cvt ( [ ; qptrM {HIMrffl } ] ] 

f np l t,~fi~ .. } 11 
l,trCid,qtyptJ,, 

•> [ ( aparm f, ~J ] [ 1qparm { , qpann } ) ] 

The nontermlnal~•xpandl to ~ .. type,,-..•'• and Tiera.~ 

'•';.. ,· 

137 
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1.2. Syntactic S.,an. 

There are ..... few ___. ~ _...,.,. ..... ~.fir' ...... Jm.«ecatlo-L Thne 

forms are utrepd ...._ s,.,. and z we ftfll!••t...:~.f~ W Ill·•,~ _, 1' • the syfttatic: 

type of x <te., its tvtae • ..,_,n,~;-~J'!;t~,,..~~,ca~"1~FP j'1il•r.>. 

and 
area 
wray 
beain 
boot-
break 
cend. 

Suaar _,...... 

x.n 
x.n :• z 
x{y] 
x[y) :• z 
X ** y 
x•y 
x/y 
X -// Y 
x+y 
x-y 
X Hy 
)f < y 
)( <• y 
)( - y 
X >• y 
)( > y 
)(' N<: y 
)( N<• y 
IC..,. y 
)( N►• y 
X •> y 
x&y 
X 1-Y 
-x 
,., )( 

char 
clus.ter 
const 
cor 
cvt 
do 
down 

.... 
etseif 
.net 
exeept 
fatse 
for 

trow, iter of NCGNt· 
ha ltertype .. ,. 
tf new __... ·retwft 
in 
tat 
is 

nil p,oc· ,..,_ 
~ ............... 
null ptr. . i .. Ular 

--- thin when .... .. where ...... INa white ..... ..... with ... - yield -- .,,.. yWds 
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I .. ◄. Terminal S7mboll 

Jd 

alpha 

·letter· 

lntlit 

· .trtit 

char~r•p 

ptinUng 

special 

octal 

~,--{ ..... ,, .... }. 
·. a> l~tt., I .... 

·\".. . .. , ,• 

-> A f·- lz f •1- f·z 

•>Of-It' 

•> dtaft { dtalt } . 

•> • ( ~hlr J•~J~.-) : ; 
· .,. •{ _c,-_j~p 1·••1t· 

"'·. {'•_·· , r ·). 

•> prlnliftt I,__... ·· : ·~ 
•> any ASCII character such that 37a < octal ,...,.,<e> 177a . 

I " 
I\ 
I" 
I t 
-IP 
lb 
fr 
I v 

I octal octal octal 

I repre~nta • 

I represent• • 

I repraenta \ 

I ':~·~,.IL.( ..... ) 
-~,:~~t" "'P•~-tal>)' 
I repretent1 ff (fon11 feed) 

;1/,~~;-.--~ 
I ,_,,...,.ts CR (carrhlp retwn) . 

I repreNfth VT (vertical tab) 

1st 



HO 

Hlwe we .,.... h .,., ..... of h ·IJNle .tr,ies· 9f • IL tel • first ~- .the 
. spedal . not,tions used. TM _ ...... nh t~ *l&ilh t•t ....... 8'jeda, not the '.)syntatk 

. , .. - _, . . 

expressions) are caHed 'war, 'art2•, ek., or )lat. 'h ... ,,a.Ill" lf hre ls enty OM.· If an 
. . _; . . ~ ·h~}f:~! <""'~· .· < ,. ;, _:~ 

operatton sianats 'too•, we Hy tltat feo occurs. Tille ~ ,-t, . .t :ap1~ ,..... is drOpt11ed 

where there is no an.iiiptty. Arilh1i11tc. ._ .. ~.~'fl~t, ,:llll •ttlllillld in-~ n to 

be cOMpUted owr h da1 ,1n.ef alfim11ra.•;.t• •111•.,._tw-fat. · 
Some de#Wtions hwel¥a NISlridlDns. If a M, .... ~ .... ,nt.~ ft '6-·itifher a 

standard wltere ctauee, or of h ,__ 

whereeadl Ti tau aperJlacft 

Size(<a,1,~'1 tn?)•,.P•;,_,, ;r,, '"' · 

A • B iff (Size(A) • Sia(B)) A (¥ll1 ~ I ~ 481 • ~-
<a,· .. ., b> U <c, • .., d> • ·•<a. ..., b,_ C.. ~ •' ,q, 

rront(<a, ,.._ t,, c>) ■ .<a,-, b> dn,,,;.,p•·'';i' 

TaH(<a, b, .. ., c>) • <b,..., c> . . 

Tatt<>(A) • A IINf. TflM.,,._•"1~' . 
Occurs<A. e, i) •~:-w,i. c•WfDfl1WaCO) • i - UJ 

. . 
' ,., ,/4 ; 

lastly, w• say tuple A·__,..r,..,_•,f'frtlphi'lrlftroanCA,11,1>,...._ · 
''."' 1 - ~. ',€;. ~'-lt°" .-... . , ~ 

equal: 

CoPy: p1'8Ctfpe{eo1Nt ... fflllt'llt (NU} 

The obvious copy. 



There are two, Immutable object, of ·type bool, denoted by • 11111 ;falN. TMy repr..-.nt the 

logical truth values. 

or: 

not: 

proctype(con•t bool, beol) returat (~) 

,roet1pe(•r·...., -..,, re1~',,~~•>-,roc~,~•· ~ 'r.1~2«h~i (• ,, ' 
The' ·•f n•cr1oatc~tmct1oM:i~ 

equat: ptocf:,pe<dNl1t ....._ boei) retUIII (Wol) 

copy: proctype(~n•t bool) retar•• (INMlt'; 

eo·py simply coplei its ar1ument. 

11.S. Integers 

· Object~ of the type int are immutable --.-.~·-•_aubr..,. ot.t'he mathematical 

_inteiers. The subranae (which maY, cliff« . ~~::,, ~~),..,\ffl''fflfttlfffl)~y•,,cloNd,: ~erval 
. [lnt_Min, Jnt_Max]. where lntJM,i ~ -215+1 ,and lntJ'ax ~ 2ll.1. An Mr'ttow exceptloq is 

signalled by an Operation if the resuJt ~ He qutaide-tlllt-~--,., -· '·. · ·· 

add: 

sub:· 

tnu1: 

proctype(const int, in~) return, Ont) ,. .. 11 (OYerflow) 

proctype(con~ Int, Int) return• (int) tlfull (overflow) 

pdcty,..._tnt, lnt)'Mllnt1'ff•8~<oJittfow) · .. 

T""' stanclardm~r o.,.._1-. 
minus: proctf pe(con1t Int) return• (Int) 1t,ull (overflow) 

·. . ,-f!' '.· 

Minus returns the ne1ative -of Its 11'..-nt. 

div: prec(ype<const tnt, Int) ·ntutn1 ·ctnt) -~~_(zwo~, ~rJlow) 
~' •.•. '":; - • ;• . • • . C', • "/' ;,. .- : 

Div COfflf)Utes the quotient of ar1 l and ari2, i.e., . the intecer q auch ttt.t 
q,10 s r < l•ra21> [aral • q • ar12 + rJ.· Zero_divlde'"'" If ata2 • o. 



H2 

power: prect:,peecemt hit, lat) ........ Uat) ..... tfl111t1w..111a ••••,, .. ttow) 

mod: . prectype(const int, tat) retllntl (hit) ..... Cairo---• Oi\1111 ._, 

. ,: V, ,:,... ,, · f : '.'~t~.: ,_:'7•~ -11
.' -;s,<; ., 

This computes tt. int...,- r~~ of ...-ldlnJ,,~~- ;~:.:~~ !~-. tht fMUff is 

argl -arg2$div(_..t,art2). IM,~,~~~-~~ •~·''"1 

from_to.J>y: ttertype(cout hit. tat, illt) yielN ~-~L .. *.':~l. 

This iterator yteldl, ln succwion,,~~~"'l ,,t~~l,;1;~,.,•~,~ unlit~ ftftt. 
value to be y.feldld, x, ~...... fx > llfl2 A .... • 0) Y (x < •c2 A •&3 < 0). 

ZeroJt.p occurs if q3, • O. . .. . ' ' ..... ·. . ,-

It: prectype(con•t tat, iat) ,._.._OM,t) 
le: · precty,e<~ •·~) .,....,._., 
equal: prectype(~lt Int, ittt) retartla ._,.) 

p: proctype(~ htt, tat)~- (Mel) . 

at: PMC:type(eealt tat, at).,. .... -~ 

T:~ ~t~~ .. prctert,a • ...-..-. 

--~y: · :proctyp«._. latlntlU'MCiltt) 
i ... 

· 11 . .f. Characters 

The objects of ,,,. .. •cit• -. ._ .. ,, ,..,, >,.J11•RI• ,........_a, •·[very 

imptement.tion 1•· assumed t~-~- ~ ._.., 128 dw...,_, bul • ..,,. · .... 512. Character 

are numbered from O to .... a.-_Top, and lhit. nu1W'lil._._.. ~--~ lil9 char_.., 
type. The firsf 128 char«len ~•, •~·~ .. -~ ~,~;~~~: 

,2c: proct:,p.CCOINt tat)---~) ........... .;;.chllr) 
. . '.' .. ~ ~.,~:\ '. '... ' ·;.:;.. ;, 

12c · returns h dwacter ·flUMNNd ••J tn _the . ......,,., 8" .~ . ..,.. .....,_cher 
. .,.. ·•-=. ,.·· ', ,' ,.-, ,,;··:.' ;,;,., 1~;..4 ~· '.':' ,.f .. '•.,~-

'occur• iff ttMt q.....t ls'not trrtt. , ... (O,·CINir_TetJJ, . . ' . 



c2i: proctype(con1t char) ret_urn1 (11d) 
f._.'. 

Returns the number correspo~na ,to its lf'l~I. 

It.: proetype<con1t clpar, char)'ret.,... ~) .... 
. . ',,,,..1:.: ' '- 1 ·•'.'. .7-. ':'.,j- • '.~- 1-1 

le: proctype(conlt char, char)'retum'(bwi) . , .. 
. . ' ' 

eq~at: · · proctype<oot1t1.cita~dw) ----~ ; , . . . =~ . ' ' . 

ge: . proctype(con1t char, char) r.et•r•• (bool) 

gt: proctJpe(COlllt'dNHi, dllif1fldlrrtt Cloliti;' 

The orderif1i ...... ~ ~S,tlent . .Hth tha ~-of ctttaracters. 

copy: proctyp,e(con1t ~•r> ret•rn1 (daar) 

The obvious copy. 

HS 

St~in1s are immutable objects. Each strlna repreNftts , tuple of. characters. The tth 

character of the st.ri"I la.~ l~,1.pnl'~'.-~U.:~ .·n..••• • •t,ina· tnUSt be • te1at 
integer; if it is not, then a f aiture exception t, Iii""'"- Fwtheraore, a variable declared 

string(Jri),_t .... be ... to stor.-strfnp whoa~-~. w··~ "'' encl -,' ~ store 

larger strings. 

size: proctype<contt 1tri9ll) ,retu1111 (Ifft) 
,, ' .. : ,. t! . ',;:'' . 

Refuc-ns ff'lt'tsiii Of the tuple repr•n""' Its .,tlfliim.f' 
i:}t··;, ·, . ~- •; "- '. 

i.ndexs: proctype(conat string, 1lrl11f) nt•1111 (Int) 

The operation returns the tent index at whtch •&2 occurs in aral. (Notice that this 

-means l fl"'fMutfli'd~f· -,.,_ t,_tw·fr""'--> tf.,.r'.cl.i'not occur in1

~l, then O is 
. . . ·. . 

returned.· 

indexc: proctype<conat 1trlng, char) ret■rn1 (lat) 

. lndexc returns the le•t Index 1t which the I-tuple <ara2)t occurs tn aral. If <ar12> 

does not occur fn aral, then O Is r•tumed.'" 

c2s: · pt'octype(const char) return• (1tn111> 



l+t 

Returns the striaa ,-,.reNnhtct by the l•t_. caq!>. 

concat: 
. . . · .. ':i~f·; .. 

proctype(~ atfttll, atri91) ntlltlll fMri-,> 

Coneat. returns the strma foiwhich .._1 ll .,.:2 •·the~~-n1.uon.· 
· «., ___ :,;.s,;.h:.,-··~:•: 1-· 7·:$>)·-~~: 

append: proctype(eout atdftl, char)~.~ ~Jr.~•,, , ·, ., 

This operation ...turns the striafflifH lidfdll.ilfW/i._.~,...... · 

Fetch r~tur~ tbe --~--- -~--·~ -~·-;·--•111ur-s ·lf (ar12-.< l) v 

<ara2 > size<aral». 

Sub$.tr returns the ,trtna. . repr-. lf1ted by the tuple of size 

min(ara3, siu<-.n - •12 + ·1) which occurs at ..... -- in .•• 1 ....... occurs if 

(arg2 < l) v (ara2 > ....... 1) + l). 'Nepflve...-. ~ ff ... • 0. 
.. , . \UQ ~r.c_ .• ·,, •-' . 

, ,~ ~ -<f~ ::, C C , -> ~ •< _ ' •: 

This operation creates • new arra,r·the eliin...,.··of which ... the cheracten. of the 

argument. Ttle lo~r;~ .~ ,,.,, ~~!>'- ~.l. ~-"'·''- ~f~•...C•al). the 
1th element of the array is the tli ..,.., of h ...._ · · 

ac2s: procty,e<cnat anay{char}) retllftll (ltrills> 

chars: 

.-.-.,le 
_, ,1; ,.. -,..,,,. 

. Ac2s is tt,e· mv~. C>f s2tL Ttle:~~:;~~·:ftAhe 'Nffl8 ·order 

as In tts tr1ument TIM ttw tth ~ of h ..... la _...,,(\•..Caral) - Uth 

eleme~t of tt1e arsument. 

'. ,t ' f""· . ....~" ; 

This iterator yields, In order, NGh ~,oter ef la,.,..._. 



copy: 

operation is equiv•nt to the followtns f!OCMU'• · 
• { ~ 1:. 'i ~.t{'~r~~- ...... "' ·;·;: 

It .• proc<coaat x, y: atrt-,> ret.,... (lea: IMlitD; . --~.,~,--.. , -~-.. -, ........ -. ....... ,,,, 
. var min: lat; 

if stze_x <• li&e_y 
the1t mtn :• atn_x; 
elae Mtft :- .... _,. 
end If; 

for contt I: int in_ intstromJo.J)J U, nlhl. l> ,-
if xUl < yftJ . · > 

t-laealllt:•tnle;ntlli'II;' . :~;: ,, .. ,,, .. v,,, 
end If; 

end fc,r; . 
less :• <,tze_x < slae_y>; 
endk;· ... 

proctype(~•t ltiillf~ ,..,.~'<•tril,s> :" .. 
The obvious copy. 

11.8~ Arrays 

H5 

The anay type·1enerator..,.._·•i--.,__.t~ For-evwy type T there I•• 
type artay[T]. Arny object~: _are MUI~ -~-,,,Qt t' ~~i~ ~.,_, ,qt~ 

• : l 1, :.<,1~·-.• . ,,,,,.-. .__,. .. ',. ,• . ' <- • • ' • 

.. 
1. an inteaer Low, celled the low bouncf, and .... 

• ,,\ ,: •": ••• ,J, ,,,,•£•"1• ••~:•" •>•,:: iJ; :,;r;.;_.,,/,,~'";_ ;,..Jr. ,ut.4~•;'\~ 

2. a tuple ms of objects of ty;e ·t. cellecf lhi •leNflls. 
":"! ",'~~·:· ,: ' •• .• ,-{:.,:'.;<:'·'· .. •;~~- ·.:;-, ,· 

'I!• atsoii•Hne<•S.•lf1118t•>Ji-..·tllh•UW''••liii".t. r.,~:•·•• to think of the eo,nponent, 
· of Elt•-n -~ ,.....reci,~ ~- -~·•'.'air,_,;jM&'~N: tffi' ~nt to be 

(i - Low + 1). Each array object fl of bolll•d • ·In two ..,.._ Flrat, ,_-.. -low, and Miah 

must etl be te1al inteprs. Secondty, Low Md"-"-■ INM,rt•d lty the •In of the veri ... 

containing the array object. 'Any atte1npt1 to YioliW- UICI•~ res~f In • failure 

exception: failure(''itlecal~fft;tfft fl-if c-.'.t'~ ~""> lri ,...: ot;~. 'A 

variable (or object c~nt) ~ ~ maJITJ t, h) . ..,.. • eble .to contain err~ objects wffh 



Low 2!. I and High ~ hi it may be able to contain latter arrays. :If ani.~i'•'.---Md;lo • varfflble, 

grown with addh or addl,·or shtfted~•~. aUow,_ ..... ·lhlt-~~:ft_f_•-..~ woc,td be 
, y;:·.:.; ::;~ ~.i:.: .. , ~ ·/;\~·~\): ,;_-~'•i r -~ ;11;{), .. _- -_ ·; · 

e,cceeded, then failureC"v•table overflow") 11 ........,~ ""'~" JIii•• ~ ., · · .. '. f-5 -.~ .... ·. -,i,-.-J'i-;.',:c. ,-:;.:_;•~:. ~» i:',l;f.~•- . ·1, ,. •. ,., 

For en err•y •A. -we .wufcf ;.~ ~~;, ~~~;~ ~W.r ~~-•· ~t :that ot,;e,t, but _ 

subscrJpts wilt be dropped w•• the •lodlffon Is.... _ . .. . .. , 
• ' ·- ...... : . :,_'i!~4if'·";. ;-·<-.--'.i_1~~. -,,;¥'i) __ J --~,~~_; •. ;_,~~ ➔ -r- 1 ·-~•.:' ' 

. No·t• thft for .. , 9'1'8)' ..... ~~~ ~~~;~-~-•r ,-.(..-•>, the" the 
states of 1he .. .,...., ..... ah•d':,.,_"ih.:;~.,~~~3;1.,:~..;~·t"' ,. ' ·. 

-~ uuthe,~:4,T.tor_,..._;JW'li--,m ,_:. · 

create: proctype(eaat<tlft)~ (AT)··, 

new: 

This returns an~f!lw'.~1~;:1ilj:1 .._.,ii·-~: : 

pNCt7pe() mama 4AT) 

E~ivatent to create(l). 

ft1i 

low;· proctype(cout Attftttml1 (tnt) 

high: pNetJfM(ceMt AT) --•-ftat) 
size: pNCtype(ceast AT) rehHU (tllt) 

set_low: .proct,pe(Ul' AT, ONalt int) 

. trim: . 

Set_tow makes· Low equal. to llf'I~. This· operation .may_ .hwelve ·-,.tlys~; •~ the 

e~nts of the .,.,.ay in .tor .... ·How...-, ·fiook .-.. ........ .,..,Me on Many 

~--... -~;\D,Mlp ....... t~ " '~-;,-... . ' ' . . . 

proct:,pe<•ar .AT, coiut hit, hit> llfll•lt (bounds, ~) 

This Of)eration make~- Low ~ to .~! ~ ~:~ :,,,.~t.,~ U. tuple of siN 

min(ara3, ... h' - at"&2·+ tfwhk:h occurs in:Eltt'·•f lndt•--2· -1-' + 1.I That ts, every 

e!emen_t. wtth •rr9j..-x fe¥rthln ... G2..--~---u-~__.•1•.Z:• ._, Is 
,........,d~ -Bounds JICCUtl ft,,.c..z;~ ~,.( .. , ...... ~~Q-·~lOCC,.,S If 

ar,&.;3 "< O. 
". '• >';' ' 
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. fi,t: . proct7pe(c:o111t Int, lat. T)ntw• (AT) alfaall (N&tllwJll.t .. w_,. T.hu copy, pnct7pt(11•at T) Ntlll'III m 

Fm returne _,.· array for which low is .,.1, and a. Is • (IMXCO, era2)~tuple .In which 

· ·•¥WY· ., .... ,..: ft ·• ~~of'' ... "'' It talit .,.._, ~ira2)"tt"'" to 1•t the . ' \ . ' .· . ·.. ' 

etie..-nt.1:• .,.., .. Nl,atlitt_..__, •--r< Cl"''n • · 

fetch: seltype(iwO of T front. AT •lc•II ~) 

bottom: ·~ -
't~:. 

Fetch selects the. element_ of •11 ·with errey.Jnde• •12. Bounds occur, if 

;«.12;< Lowf¥(~>-Mp). 'li · 

~,.i,,.~· of J,t'J!• ~t,••· ~) _.', ; 
~•t1~J,f;f,T t""':~I~""' .!~L,,. 

Thete_ operatione Mlect the ......_,.W'A\I ,er~'•iL-., • _h, r~Unly. 
Bounds occur, If Siie • ·O. 

·, . .•)!·. 

store: proctype(Yar AT, -.t tnt, T) •lcnll·~) 
where T ha1 copy: pn,ctJf •C•••t•l),,..__:{ll · 

~n ,,:f} ~• • ".~. ~ ' • • ? i J -• ;:: , ~: ;' -'t. < 

Store makes Elts • new. tuple which clffM front n. old In tNI •13 Is t~ element with 

. ..-ayJndiQ •12•· .t~;ls ··~·••·~-.,... ,.,,..._. __ ,,,,.,_. occur, if 

· ,.,.,,a•~ v-<~2-»fl&tt>. ,,,,~. •i, ·. 

addh: p,-type(Yar AT, conat T) 

when T h11 copya prect7pt(eeilit ft---ffl 

This operation makes Elt1 the new tuple Elt1' • <era!>. Tlcopy I• UNd to create the 

addt: proctype(Yar AT, eenit T) 

· when T hu copy: proctype(eoaat T) rehlrlll (T) 

This operation make• Low equal to .I.ow' -1, and Eltt the tuple ~12> • Elt1'. Tlcopy is 

•.· wed·to --.t• .._,.,... eot.-,wnt . ..,..,....,._,~fhit;•ra,:Jndex~• of the 

remh: _proctype(Yar AT) ret11m1 (T) air•• (bounds) 



•• ......... , .. ;...,.ft:1•••·· •··.· : ... ··.·.··~~·;.-'· .. ,·.,.•.,. ........,~··r,1.'.i .... _.!1_u1111.•~.; •. -1uf.•.110. 
•--•:.tp11a;e.>tf,~~~ 6.ft)i;-tl)F::ffl~.~.fr ~:- ~ ~, 

. . H)••~1('f~~~q~;~~rtt_.1' •. : '. 
.. .._,, ,_.,, •• ,.. .... _,llil)ffl . ~ " . ·. · , ? ' ,.: . ' . . . . 

, ~.· ... - ,, ' . ,-·:~j.,:.,··? ,'.',··/·, -·:,:•\ ·-:·.,.,~-~' ,. ·,·-·.'•" .. ·._, 1·-· .,.,.,·:,; .. :>:·,,,.",. 

~.lttW ti! ;,.,~,-:tl.!f·-t.{~-1$ .~,t#) f iJt ·-·~~ :1!~~ ~·~,'ff~~-~~.,,. ~ ~-, •t~i"l. -.d~ ~~ · · e~- 1fttl Jtllf• liJfff 11'tt,. . . . . , · . . . •· . ......... ,. _:_\..,. ~: .. 
,- > .... ... ~.~••: ·· ....... ·. 

, . . . . fah.~J) $1i1? TJ~. ~'.t ,_ f~t~ ,rht~l 

·••·•• ... ,,.,..,.,.,,., .. ~:•1111:rr•••f••• 
. lf ~-~:,o tr,";~ iJ'MI' ~~-.- _,t?W · 1.- to· <·~. t\Wft c«J~a t"hf$1 

.......•• , .... ;,J .!M .... .... '., 

..__,,__.,.ll~:111iJMhl1;-•'·;~·: .. 
~;~ '( :,, ., ; ' ';~:'. ·, . ' ,, 

-~~ ,.._.,.,lf1.,nl111•: .,i.,i. ,.d t... ~ ......ir. , 

. - ...,.... . . . ·• . . - ,11" ·.;/:rt». ~ 
{~~ • 7 ifA:,TAT~'{.bl-.1~ · :e,ofa . . ..·. ,,:.,,, ... ·;~:~•,~1'~ .. ~ :y,,;·,·~·;. ·t,;, ; .... ·. 

~-Y41iiNlllillillil ,· C , 

rlltw fneffll'cl,l~ · 

ti ~~J:).:)O :2,t..ll; --- _ _._ ·---~---~: 
' ...... '·• ., 

.... u.1111:n-..,1v-.i:, :-.,.,,.,• . .,,. ':~"#~~~' 
._. P01tJt altJ[J•'1:.l#ltJ;.g1111#ffl" :; 1

· ;.· ,.:,· ' , ' ;i•·•~ .• •,q:;; L '.: .' .>'.:, ,• :• :,.: /' y,. 

e..'1~ •t.•1:::, t\t ~i.s~F:,, ~r .<$1~.;~-~~~ 
1\llbt• • ,_.. litlllll:MIJ•· ' .· .. . .... :~:, .... ·:,_: .. ,-. ... (·;~ ... ·\ 

••• ,111d :c, .. •••flf •idl. .. v:. : . . 
• . l ... · , ,, j ,,., i."' ,_,.,, _' ,; ,· • . '1•\ · , :~ :•- ~' ,; , . ·- ~; -';-•.• , '• ·.,. _ '.. ," • .•. ! 

. rn r.~ r ~1~q,tb1irr1 ~ -~ ~r •w 

....... 
> .. : \ ... 

---.-i 
lfil::. -/.· :··:· 'ifbba.' 

~·•u•.u.'9 .· . . . . , .. · . •. .·. 
:..:: '{f.1Q~l :<liH * 1:s:a,.1> ~1 ~f tilt3 ~ff!, .f ~ "~ qt.~ ll.9'.J .,.-~--.~ 11H . 
~. to !,txobri(!ff, ,,..,..,.Jlf -l1t1:IIIIIJi; · . · · · · · · · · · · · • • · .... .t 

. .,,,..-"'-~.~~~~~ .... /...... --- "t. 

. .,.. - ·• .~ ,:·• • ,, ..-.~, .. ;~-•ffil}, . : -- ' 
, . . (tl.~l~ -• , "· .. · , ,: \' ·. :./: 
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permuted.)• Records are mutable obj~tL Tha at• of I record of type nco,d(ld1: T 1, -,_ ldn: T nl 
is • "'4~····'Tt.J~h :c11111onel\t·« ...,_;_.1t·•f~l1- .,_ .......... nt~ le alao celled the 

kirtOfflPOMl'it -~ tt1Wl\l(lcttl"1',j;-'~,-·l·Y,J-,.,rrw..~ . . ; ' .. 
' , ' .. · ' .. . 

ere~!•: prtJC!1,"'""" TJ_•,~.::rn>,~~ . ,,; • ·• .. -~;,; ,.,._ .. · .. ;~•.r• ~•l;~~u•·.,,_~,., . .,..:<T,> 
. . . . '.· . ·' ,. <' ' 

. , 
. . -. - . 4·· •~. , .;s: l ,; , 

This c,pe;ation ret~ns I new record wtth the tuple <aral~ ..., qN> •· it1 1taie. It UNI 
. . 

:r,1copy to copy ••t· Cr•~• ts not IY~,Wt-.-v.W.,'f• ;IM, t. ifnplkltl in the · 
' ' , ·. . . . 

This operation- set.ct, the ldf ·COlliponeft' of As .. ~. -ri.,.· it ·• I~ oper1tion for 

.. 
Put~;: pt~tJ,pe(Yt,; ff,!;, .t T1)~ ., ... · 0;, ,,. • 

· . whtnT1llueotr-.,.11•••'T-,._._~J~. 

equal: 

This operation "'..., the tip·"'"~- '-'~"'•f~-~ dlffe• ~,_. tbtlt okl,ln that 
tts ld1-component ii .• copy ·of .,,2 ..... ttllni ·T~. , ... it I putJdf operation 
for~ft.·klt·. )., ''.'°:'·• ,;,.· .,0, :: 0,, ;,,~'.-~ •• • • 

proctype(eea1t RT, RT) nt■fllt (liool) 

where each. Ti ltu 9ql.tal: p,ICtJPICODlllt ~It T1) ret11ra1 (boot) 
';t•:t~Y)1.; ·:~ - _., · ·:r: ; l ~---(_? -~-! :·r. · "'!, ... · ~ ~.-

Thfs -OPfHlfQc, 1~~-t~~~ lf,,.ls_W'lct- "'""'nent by COtWpOMnt usina 
T1lequ1J for'. the ldr-coniponent. If II the COMpllrieons return retur:n true. the result is 
,;tfal °'1lllalwtll ...,,...,.. .• j,.·_\,··.. n '-l''FW·'·~,-;: :;·:; ; ~- ._,. '· 

copy: proc:type(con1r RT) retlll'III (RT) . 

where ucih J1 llu eopy: p,octyiWMWf.'T,''f.,_,_ (t~ • · 

• This operation returns • record. whose ,tate 11 a copy of the state of the arsument • 

.,..,,(lOp}' .......... ~-~ ~-•t:" ... ·~ ,· 
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11.8. Oneof1 

. , . . ·, 'l;· . . '. • 

:T~.~,.~;,...,..tQr, .. def~ .,,.tr;tf,-. ._,el,~ ·fo,;•~~luple ,of .id/type 

pairs <Od1, T1>, ... , Uc:1,.,,,TJ►,·,.._. tff the ~•~·-•-•lalalt~, ... ,9t._e is• 

type oneof{ldt: T 1, .. ., ldn: TnJ. ffhi ar NY wrh lt'lit .type with the.,..._ permuted.) ()neof 

objects are hmnutable. Each ~f object, Is ~1:'ulilaAiby"W~'IX'~ )( itdtffype T;. 

The Jd1 pert of '.:the>',pait:;fs ':e ... (tN''~fia:·1.Wi:1f7l.lf•~ -..._ .. W. abbreviate 

~neof(ld 1: T 1, ~., ldn: T nl t~ OT. below. __ _ 
, '. ; :, .. '• .,-.,:. , ·, 11'." •. .; !\ ;¥,.,: ~f'.· ", <· ~ ':·' 

Mttkt(;,;Jdi:'f)Hiit~l'l'fi) .. 11¥·ffl') ·_ · 1
• • 

where T1 ~ to,y: ,-.,,eece111t T1) ,e•AlaWf':;,, .. 

This operation returns the OfteOf ~- for the Pitt'~ -.i),..,. TfkoPy. Ttiere is 

. a m_ake.:..Id1 operat~ ~ •~.lc:Ji., _ . 
·;; , ' ~.~ . 

is_lc;fi: · proctype(con•t OT) ntvnu (Nol) 

This operation returns tnae lff the tea of .,a fl ldj. Ill die i.:~11 t,,,tt,e tajcue 

statement. The,.,lt 1m 6aJdf'""•~10r-~-.if 

If the arsument has taa ldt, thit Mleet1 the v .. ,art of ;tile:lflt.n9rlt. Wrona_ta1 

occurs I~ ·the tag Is not ld1; · . Thil operation Is Uli9d 4MpldUy by the ·tapue statement. 
There Is a vatueJdf for each Jd

1
• ;• ~,, ·- ":i' · · "" ;• n}~> ' • ' · 

equal: proctype(con1t OT, OT) ret.,.., (NOi) 

· _...,... Trflal,_,af: pt.ty~:.Yt''\)' ....... ._.) . 
• If. , 

· If the tass of the Mlumenh are diff--.~ta_.n,_...,-111 l!lal• 1111t ;16ttbe taa1 are both 

Id;, then the resutt -. T1tequat -,pNed to the yalue "''' of U. qumenta. . . 

copy: proctype(C®~~T>ftWttt,1.«)T) <' .- >, -. 

· where udt r1 hu copy: pt'CJCIJpe(.,..;. ,Tt> nhlnll· (T1> 

Thls oper•tlons returqa.~~~-~ ~:». J-, Hl~)~~-•nt, ..ct • value 

part a copy of the vtlult pert of. the ............. If .tM tc ti w..· t~ the cc,s,y it made 
using T11copy. 
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11..9. Pointers 

The pointer type 1enerator defines ,n Infinite cl111 of type1. -For each area A,. a.,ct #'Kh 
. . , , . ; . . ' ., -• .• ~- r· : ,. . ?';_ .~ 

type T, ptr[A, Tl is a type. The repre1ent.tlon of~• if riot a.lined explicitly, but Implicitly 

t_hrough the _behavior of pointer object1. Pointer object, _,, ~~ •. W. .-..-late ptr[A, TJ 
··' • ' " ·.!· ' .:;. , 'jt -,• -,_,;. ' 

·; to PT betow. 

nilptr: 

. alloc: 

proctypeO retar• (f>T)· 

This ope_r~1i<:>!1. rt.tvrns • ~l~JJ"-\·,Mf•, t~flO object. -Tberetore, tt fs equ1I only to 
.. o.ther null ~i~ter~ of the same type, and c••M•,.._fatenced. . 

proctype(con1t T) returns (PT) 1ignalf (fatture(nrla,)) 

where T ha1 copy: proctype(conat T) ,:etura, (T) 

This !)peratio!' creates a copy of 1r1l fn ••• A, returnina. • pointer to the newty 

t:reated object.- The copy ts made Ulffll Ttcopy •. Faihn occur• tf the are• c.annot 
contain the new obje~t; the atrina starutlled Is"••• out of memory".· 

deref: seltype() of T from PT 1l1nall (bed-"lnter) 

equal: 

This operatiort "follows" a poi"ter .to the •Ject pointed at. S.cl_.,polnter occur• if the 

null pointer· Is dereferenced. 

proctype<const PT, PT) return• (bool) 

This operation returns false unle•~ aral end q2 polftt to the same object, or ar1l and 

ar12 ere both null pointers. 

copy: proctype(conat PT) return• (PT) 
j 
(' 

This 9peratiort returns a polnte_r equal to It• ·araument. That ii, the result points to t'

same object as the ar1ument. 

II .I 0. A.reaa 

An ·area object Is used for the dynamic allocation of other objects. 

new: proctype("con1t string, Int) returns (area) lignall (b~_.,..ument1) 
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This operation returns • • new area. A,sl ft. ..,..._ to, d11 N • whe sort of are• 

manageMef1t sct.ne, Is ~ and q2 t.. for aia. The 11 :,a..._......,.._ is 

implementation •pendent. 

. . 

,, For-'nch' p~ itentor, ai!ld:.1et•ctor tyf:ie thefe,i .. , .... _11111■1"utiit.Q+1CRtllhl.ifOP)', 
and equaf. Create is not ........... to. U•· tlleJ';· its use t.. , ..... : ta, •tt.· ca1p:tillr MJd run--tiffle 

system. Copy preeumably--. not copy Itta objed _.,..,,.-. ..,,,.,ii,fllilf§I • ~or. 

Equ~ does not '""""~ ..-,....r. TW' ........... twfnllr, ......... .....,.. 
,t wit~. the s.,._ ••..,. (ffi-,t•--t:llltbMM11id:1._;.,,-.jii•~·,1 ;Aita,.'...,,...,_ of,• . ·; 

clu.ter are con~••..,_• a1d"'11illlfa• 
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