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Abstract 

III dC'!-dJ!,lIillJ!, colllpil<'rs fol' Iriglr-IH'I fOI'lI1<1I1(,(, cOlllputel'S, the devclopment of progl'am 
"II.dyM·~ alld optillli;t,atiolls al'<' of f\llldilllH'lIta! importance. In order to perform so
phi~l,i( ilt.C·d ('od('-illlprovilig opt.imizatiolls, it is ('ssential to: (i) design appropriate 
ill\.I·1I1I<'diat.(· J'(·pIPS(·IIt.at.ionH, alld (ii) devclop advanccd program analyses on thcse 
1 lit (·l'I\l<'diat.(· J'(·pn·s(·lItat.iolls. This tlwsi1> deals \Vith the devclopmcnt of strndured 
illtl·t'Il1('cli"t.P lI'pn·S(·IIt.atiol1s fol' the progl'éllllllling language C, and the development 
of <1 rl'étlll('work fol' t.!w illlpl('JllC'nt.atioll of new and sophisticated fiow analysis tcch

lIi(pll's which h,l\'c' \)('<'11 incol'porat.cd ill t.he' I\lcCAT (McCill Compiler Architecture 
Tc·~II)(·d) (,olllpr!n. 

III t h(· lil'~1, part. 01 t.his t.lresis wc' di~rll~s t.he design and implementation of FIRST 
<llId SI ~1 P LE . t lu' st ruct.ured interllledia\'e program representations used in the fl'Ont
l'IId of U\(' Î\!r( ~AT compiler. Furtlrcrnlor(', \\'e illust.ratc how SIMPLE forms a natmal 
pl.1I 1'01'111 to 1H'l'fol'lll soplristi(,élted allaly'ic's and high-Ievel program transformations, 

1" t IH' ~('(,()I\(I part. of t.lris t.hcsis \\'(' desnibe the development of an analyzer
J!,c'III'ratol 1001 which works 011 SI1\IPLE t.o pl'oduce both intra- and intcrprocedural 
all.d\'ZI'rH q1\illl~' and dliciPI\\,ly in a st l'urt un'd, l'ule-based manner. We illustra.te the 
1II'III'Iits of 0111' 1001 hy éltltolllatically g(·II(·rat.illg analy2cl' modules for interpl'Occdural 
li,,· \ill'iahk alléll,\ ... i~. n'élchillg ddinitillll~ alld COIl1>trmt propagation, 
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Résumé 

Dalls la conccpt iOIl dE' compilat.clll's pOUl' 01 dllllltPlIl'S de' hallt.<' IH'rforlllllll<'(', 1(, <1<',\,('
loppenwn t d'ana lys('s et cl 'optimih;lt, iOlls dt, p!'ogréllll IlH'S ('st. d 'Illle' illl port.1I11('(' fOlld.1 

IlH'n{,al('. 

Afin d'c,fr('ct l1<'r des optimisatiolls sophist iqll<"l's, il ('st. ('ss('IIt.i('1 : (i) dl' (Oll( ('voil 

d('h l'C'présPlltat.iolls int.prmédiair('s élppropri<"('s ('1. (ii) d" <1("Vl'lol'p('r d,'s PI()(·("dlll't's 

d'allalyses avallc('('s sur ces r('pl'l'S('lItatioIlS, ('<'1.1.1' I.I.('S(' 1'01'1.(' sm 1(, cl ("vplop 1 H'II It'Ilt 

dl' représent.at.iolls int.ermédiail'('s struct.UI '~('S pour 1(, lélll1!,ag(' dl' progrrlllllllil\.ioll (: d 

Sllr 1" dévcloPP<'l1l('1It. (rUile infrast.l'lldlll't, pour l'illlplantat.ioli dt' 110\1 v('l ks kclllliqllt's 
sophistiqué('s (l'rmalys('s de flux qui Ollt, {,t.(, illcol'\)()r('('s dans 1(" 0111 pi Jaklll' d" pl'ojd 

dC' 1'<'cherche ~Id !AT (McGill COlllpikr A!'chil.(·ct,IIl'(' 'l'('s\.I)('<I), 

Dans la pl'<'lIlihe partie de la tb(~se, lIoUS discut.ons dl' la (,OIH'(·pt.ioll d. dl' l'illlplall

t.a t.iOlI de FIUS'J' et. SI M PL E : la repd'sc'lIt atioll i Il \.('l'IlI('d ia i rc' st.l'Ild Il ri·(· (1(, proA' .111111 li' 

ut.ilis(;(' dans la phrUie init.iale dll compilat.eul' ~IcCi\T, 1)(. pll1s, 1I0llS illust.roJl:' ('(1111 

ll\('II1. SIM l'LE forme' une plate-forme p01l1' c-r['(,( t 11<'1' d('s illlalys('s sophi:.tiqld·(':, f't d(· ... 
t ra llsforma tiollS a \'allcées de progra Il III }(':" 

Dans la sewllde partie de la thèse, IIOIIS d{'crivolJs le d{'V<'lopJ>(·IIJ('IIt. d'IIII ollt.il dt· 
g{·wSrat.ion d'analyseul's s'exécutant SIII' SIM PLI-: pOUl' prodllil'<' à la ff,is d('s ""i1ly 

s('lIr~ intra- ct illterpl'Ocedurals, et ce l'élpid('IJl('IIt., dfica('(~nlellt" d'11I1(' rnallii'l'(' ri·gll·,· 

et structurée, Nous ilIustrolls l<'s aVfllllag('s dl' lIotre outil ('11 plOduisallt. all1.olllil

tiqlll'ment les Illodllles d'analys(' illt<'1'I)JoC/'dllJ'éll l'om h'''i val'ial,I(·~ ('1. I('s dNjlli1.i()ll~ 

cI( ('('~sible:. ainsi <JIJ(' pOlir la pl'()pagat.ioll d(':, (·Oll~t.allt.<'s, 

III 
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Chapter 1 

Introduction 

Rapid advanc('~ in VLSI tcchnology ha\"(' plOvided IH'W chal\l'up,('s 1.0 COlllpile·1' alld 

arlhitecturc de~igucrs in the develoPIlIC'II\' of both lIuipr<)('c'sSOI' éllld lIIult.ipwC'C·ssol 

S~·st(,I11S. In 01'<1('1 1.0 effectively exploit. t1H' élillpl(' J'('~()llrlC'S pl'Ovide'd hy thc'se' IIC'W 

al'chitecturl's, aggrcssivc compilcüion IC'c1l11iq\l('~ alld inllovatÎvc' archit,c·('t.llrp c1c'sip,lIs 

aJ'(' essential. Nc'\\' approaclws in cOlllpile'l \'('( huology are requin'c1 t.o suit t.hc· difre'I'PIII 
archit.ecture' design philosophic", clIlcrgillg t.OdiIY, fl'olll \tISC lIIi1c·hiIlC·S t.o IIIl1ltipr()('('s

sors 1.0 mult.ithrt'acled architectures. ft i~ ('ssc'utial that. cOlllpilatioll I.(·chlliqu(·s and 

archit.ecture mod('ls arc dcve!oped t.ogelll<'l'. so t.hal. t.1l<' errc·('t.s of ()JIC' 011 t.11C' otllf'l' 

cali he studi(·d. 

The dcr,ign of a good opti llli~ing 01' péll'all(·1 i~i IIg COI 1\ pi 1(·1' is ('J'lwial i Il I.h(· c1c'

vp!opmenl of high pC'rfol'mallce single alld 1IIIIIti-J>J'O('('sSOI' al'dlÎt.c·c·t.Uf(· systC·IIIS. Ali 
optimizillg cOlllpilel' pel'fol'Ills a series of ('od('-illlpl'ovillp; tl',lw,fOl Jllal.iom" slldl clS 

COllstant pl'opagatioll [\VZ85], ('0111111011 ~lIl)('xpl('s~ioll (·Iilllillatioll [ASIJSn], illld ill

stl'lIction sclwdulillg [Alt.90, UE1I91, GM8G, Lél1I190, Mllk91], I)('fol'(' pl'odu( illg (·ffi

cicnt. machinC' cod(·. In 01'<1(.1' to )H'rfol'lll ally ~()rt of optillli;r,illl!, I.l'éIllSfoflllat.ioll, il, 

il'> esscntial 1,0 coll('cI, élccura!.e inforlllai iOIl about Uw val iabl(·s 1I~('d ill thc' prog/'éllll. 

Data-flow allal.\'~i~ il'> cl pl'Oces!o> of coll(·( 1 illg illforlllatioli alwllt (It·fillit.iolls alld II~('!> 

or variableb in ct »l'Ogram. Typical ('''=,lIllpl(·~ of I.ladit.iollcdly 1H'lfol'lllf'd d"t.a-f1ow 

al\aly~('s arC' rcachillg dcfinitions, live-\'clrial,l(' ,lIlidy~i'i, alld liI~t.-IJ!>(· illfol/flcüioll. A 
difrcrent kind of allalysi~ t.hat is re('('i\'illg élll ill('J('a~illg at.t.(·lItioli i!o> alHl!o> alld ill'J'ély 

dep(,lldcncy allalysis[Ba1'78, Ban79, CooX!), CI\~!J, LWn, Lall!n, JI J)(~ I-!n, Ellld!)ll. 

,\Iias analYl'>is det,('l'llIill<'s whetll<'1' 01' Ilot t wu vétrial)les l'(·f(·I· t.o t11f' Sitlf\(· J/WIII()/'y 



1 
IO('cll,iOIl at ally poillt during program execlltion. Optimi~ing compilers make use of 
dal a-flow alld alias information to producc efficient cO\.Je. Furthermore, parallelizing 
( 0111 pi 1('1 s Iw(·d t.h is i Il formation to extract. pm aile! threads from a sequential program. 

IIlI l'it-pl O('(·dlll al data-flow analysi::., i ,('" rlnalyzing one procedure at a time [ASU86], 
Il''~ 1)('('11 wid(·I,\ ~t.lldi('d and illlplclllcl,!.(·d in cxisting compilers. Gathering informa-
I iOIl a\'olll. III ail y illteracting proC('dllJ('~, knowlI as interprocedural analysis, is es
~(·IIt.ial 1.0 cH (1IIat(·ly analyze 1 tlg(' p)'()glams. Performing interprocedural analysis is 
Il,,wh Illon' dl<llh'lIging, esp('cially in t.he pn'scnce of recursioll, Allalysis of pointer 
dlld :-.1 1 IIct.III(· vclliahl('s [IIN8!', Dcu!)2, IIDG+92, LR92, Lan92, Ema92] is critical too, 
pdl t.i( lIlarly wl)(,11 011(' wanb t,o hall(lI(' 1I01l-~( ient.ific programs. 

Whil<· 1.11<' 11('(·<1 t.o prodllc(' highly ('fficient code is generally on the increase in 

ail ilppliealioll ill<'dS, 1I10d('1I1 BiSe arcllit('ct.llrcs demand much more from the com
prl('1 d(·~iglJ('l'. III pdl t.ielllcll', )'(·gist.(·1' allocat.ion and instruction scheduling are vital 
fol' higl. 1)('11'01111.111('(' in HISC-IJcls(·d proc(':-.sor syst(,ll1s. Further, with ail the other 

soplll:-.tieal('d éllld 110\'('1 éIIchit,(·ct.IIJ'(· de:-.iglls C'1lH'rging today, likc supcrscalar and mul
I.Jlh)(·.I(I('<I ilJ'( Ilitt'dlln's, wc' ne('d II('W coll1J>ilillg techniques for these as weil. Thus, 

,1<·\'(·lopill~ t 1)(' II(·('(':-.sary franJ('work alld lools for analyzing programs to produce ef
fi, i('111 ('od(' for a vari('j,y of arehit,('ctllJ'('s is cl'llcial in compiler design and forms the 
II1al11 goal of this th('sis. 

1.1 The McGill COlupiler Architecture Testbed 

Th,· dl'sip,1l or éllI,\' high perforlllélll(,(' prOCt'SSOI' syst(,ll1 requircs architectural designers 
alld cOlllpiler wrilt'rs 1.0 e()al('s('(~ 1.1H'ir (,rforts and work hand-in-hand. To study quan-
1 il êI 1 i \'I.J.\' 1 II<' <'ff('cf of va l'iOIlS compi la 1 iOIl t ('chniques on sophisticated architectures, it 
is Il(·('('ssar.,' t.o d('\',,'lop a cOlllpld(' compilc'r-al'chit('cture testbed. The first compon.~nt 
of ~lId. éI 1t'~1 I)('d iS t 1)(' cOlllpilt'r t hal support.s both high-lcvcI and intermediate-!evel 

111111 pi 1(·1' t l'.III:-.folllial iOlls 1 ha t 1 rall~la 1<' high-lt'vcI programs to low-level programs 
~lIil ,,"1(' for <III .11 (hilt'ct un' silllulatm TI\(' ~t'l()lId ('Ompon<.'lIt consists of architec-
111)(' :-.illllrl.llioll lo()l~ tl II pIOCC",~ tb· oulput of' the compiler to produce a variety of 

)11'1'1'01111,111\'(' n':-lIll~. TI\(' l\1< Gill COlllpik'r r\lchitcdure Tcstbcd(McCAT) is being 
d(·~i,!!,ll<'d alld dl'\'('II)lwd ",it h II\(' aho\'I' obj('ctives in mind. 

FigllJ'l' 1.1 pH'M'nls ail 0\('1'\')('\\' of ~IcC:\T and its major components. As shown 
in 1 ht' fi,L!,III'I'. t II<' inplII progralll pass('s 1 hrollgh t hree phases before it is converted into 

.) 
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machine code. For each of the till'ec int(,l'lllediale phases, diff('J"{'Ilt. killds of Ahsl.l'élcl 

Syntax Trces (ASTs) are lIsed 1.0 repn's('1I1. IIIf' program. Ail AST \Vas chosell 1.0 he' 
t.he intermediat.e representat.iün sinn' il n'taill~ ail t.he illfol'llldi iOIl ahout. t.llt' illPllt 
J}l'ogram in a st l'lIct.ul'ed manne\'. 

The pl'ogl'alllll1ing language C was choscil to hl' t.h(' 80\ll'('t' lallguagt' for 0\11 cOIll

piler because of il.s wide-spread use. Fmt.h('l', C is v('ry powt'I'fu) alld SUppOl'I.s a wid.' 

variety of progral1lll1ing language COllst.rllct.s ,wei us('r defilU'd dat.a I.yp,'s. W" d,'citl"t1 

to t.akc an pxisting C compiler and l110dify il s fl"OlIl.-('Jld t.o IIWt't. OUI' goals. 'l'II<' l't'a

sons for this choice are: (i) il. re!i('vcs us rl'OlI1 t!H' lllUlHlant' task or Wl'il.illg t.Ilt' pars,'1' 

and t.he lexical analyz(\r; (ii) t.he rl'ont.-end of a pl'Odud.ioll cOlllpil('r is 11101'<' l'<'Iiahk 

a IId supports a Il (,Ollst.ructs or t.1lC' lallgllagt'; a 11<1 (ii i) il. g('lIt'l ally lias a Vt·I'Y goOtI 

e!Tor l'Pcovel'y. Fol' t.hese l'CaSOIlS, t.he fl'olll.-t'nd or Mc( ~i\T co III pi 11'1' is has(·t1 011 t.Ilt' 
GNl! ('-compil(·I'. 'l'II<' source cod(' fol' eNll ( .. cOlllpiler is fl'(·t'Iy availahl('. 

1.2 Thesis Contributions 

This t.hesis con cent l'a I.es 011 the devclopIlI('lIt of t!)(' com piler ('0111 POII('II1. or I.he kst.!H'd. 

ln t.he compiler cOlllponent, 0111' illtere:-,ts al'(' ill t.!)(' front.-elld of t.llt' (,olllpil('r, wilich 

parses tht' input. pl'Ogram and tl <lIlsl<t!cs il, 1.0 ail illt.(·l'IIlt'diat.(· 1'01'111, allt! t.llt' fllI.t1-

ysis compoll<'llb of t.1l<' compilt'I ",hi( Il o)l('ral(' 011 llH' illt.(·I'II1t'diat.(· 1'01'111, '1'1)(· filst. 

important. cOlltlihllt.ioll is the dc~igll c\lId d('vc·loplllt'Ilt. of illt.(·l'IIl<'cliatC' )'t·IH·(·S(·Ilt. .. 

tions suitahle fol' \'drioliS high-leV<'1 alléllys('s alld optillli;"a.tiolls. A major pOl't.ioll uf 

t.he allolyses élnd opt.imizatioll trallsfollllatiollS t.akc·s plan· 011 1.1)(' illt.(·I'IIH'cliat.(· cod(·. 

Thus the appropriaj,p choice of an intel Il IC'd iatl' ('(·IH(·S(·Ilt.atioll is vit.al ill t.IJ(' dC'sigll of 
an optimizillg compiler. Tradit.iollally, t.!w illt.c·l'IlH'dial,(· cod(' (,oll~ist.s or t.hn·(·-éulcllf·ss 

statements and cOlllrol f10w gl'aphs[ASlT~()l. '1'1)(' »l'Ogréllll repJ'(~:-'(·IIt.(·d by t.lws(' t.hl'f·(· 

addrcss statt>lIH'nt.s if> partitioll('d illt.o 1J<I:-'ic IJlocb, wlwl(' (·élf·h l,asie block cOllsist.s of 

a sequence of (,OIl~('CIJtlve statenlC'llb Wlt Il 110 brilllclws ill l)('t.w(·(·11. 'l'1)('opt.illlizat.iolls 

arc peIfornwd 011 (,ollt.lOl flow-graphs, ill ",lli( Il 1,/)(' (~dg('s J('J)/'(':-'('Ilt. flow or ('0111./01 .llId 

tlw lIodes rC'prc'S('Il< basic-blocks. '1'1)(' IIlaill dl <lwIJéld; of t.IIIS IC·J)/·(·S(·IIt.at.ioll is t.bat. 

Hw types of loops alld the sl.mctll)(· of tIlt' progrillli ill gell('J'cll i-; (,(J/llpl(·I.(·ly lo~t. 

III orcier 1.0 pel'form accl/Iat.(· optilllizillg l,J'éIlISfo/'lllat.iolls, il, is 1I('«'ssal'y 1.0 J'(·t.;lill 

1,1)(' structure of a pl'ogl'am alld high-lew'l illf()lIl1é1tioll ahollt tlw dat.a sI.l 1lC'l. Il J'('S Il~('(l. 

1 GNU C II> a productIOn t'olllpilf'r dcvelOJ>r'd àml dll>tributr'<1 by Frl'l' Soft warr' FeJlllldaLIOIlH Irt/' 
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For example, high-Ievel optimizatiol1s likl' 1(0» ullrolling [DII79] ,1Ild loop t.r,lIlSfOrlll,l

tiolls [P\V8G, ACK87, WoI8!l]I'l'qllire t.1)(' !>truclu\"(' of the plOp,r,lIl1 and 1.11l' idt'lIt.il,r of 

1'<'col'd and aITa)' r<'ferenc('s 1.0 \)(' rdailll'd ill tilt' int.el m<,diall' l'l'IH'.'St'llt.at.ioll. TIIII!> 

the first part. of this thcsis conccrns t.1l<' dl'!>ip,1I alld dewloplIIt'nt. of t.11t' frolll.-t'IIII of 
a compiler which translat.cs C prop,ralll!> 10 a st.rllctllred int.('rlIH'dial.t' l"t'I)J·.'S('lItatioll 

that is suitablC' fol' performing variOllS bip,h-I("'('I opt.illlit:illg transforlllatiolls. 

We modificd the GNV C Compiler front-end signifkalltly t.o cn'at,., tilt' FIHST Ah

st ract Synt.ax Trec (hmcefort.h caJlcd FInST) for t Il(' ('nt.ire pl'Op,ralll. Nt'xt., li s('ric's of 

trf'e transformat.ions are p{'rfonl1ct! 011 FmST 1.0 ('l'cal.e SIMPLE, which is a silllplilit'd 

AST and fOl'lll!> t.h(' int.el'l11<'diclte I.J'('(' 1(·Jll('~('IIt.,\l.ioll 1'01' opt.illlit:i"A t.léIlISfol'lllilt.10IlS 

ill OHr te&tbcd. Tht' graIlll11ar of SIM PLI: i:-. pO\\'('rflll ('IIOUgh t.o ilH orporat..' ail of t.11C' 

(' lallguag(' (,ollstrl\ct.s '!, yet simpl(' and Iq~l\lcIl' ('llollgll so t.h"t t.1\C' Opt.illlillclt.ioll alld 
analyscs rHIf's ('an he sJ>cfified ill cl St.IU('/ 1\\'('<1 ,\I\(I straightJol wilrd IlHlIlIlt'r. 

The second important cOlltributioll or t.his t!t<':,is is Ut<' d('v(·loP"H'llt. or a illlillyt:('r 

g('ll('rating tool called McGill Tlc{'-baM·d Ânalyllc'r G(,lIerat.or (MeTAG) whiclt ('ail 

Jl(' used to produc(' various illl.<'l')>l'oc<'dllral dat.a-f1ow analyt:c'r lllodlll.'s, Sl\ch 1'1'0-

gréll1l gClleratillg t.ools an' popl\lar 1)(,(,(IIl!>C' t.llt,y (i) Silllplify t.11t' t..lsk of a ('Olllpil('1 

writC'r and (ii) produce cert.aill w(·II-ddllll'd and st.raiglttforwmd part.s 01 cl ('Olllpil('1 

quickly ami l'<'liably. Autolllélt.illg t.1lt' g('lwrat iOll or C olllpilatioll Illodlll('s bas llWt. 

\Vit h rea.sollélbh' sucees:;. Progralll-gel)('1 atillg t.ools Iik(· LEX [LS7.r>], YACC [,Job7:)] 

and nUHG [FIIP9~l are llscd cxtc'llsiVt'ly to éHltolllat.(· pl'Odllcillg t.J\(' Ic·xi(·".! allalyt:('I, 

t.1lt' parscr, alJ(I t.ll<' code gelterél t.or !'(·sJH·ct.i vdy. 'l'1t(, opt.i" lilla t.iOll pllas(', ltoW('vc'J', is 

complica.tc'd and callnot be aut.oll1é\L<'d so (~asily. OIlC' J'<'asoll fo/' t.ltis is t.ltat. t.J\('J'(' is a 

\Vide variety of optimizations and progl'éI Il 1 trélllSfol'/IIatiolls J'(·poII.('<I ill UU' lit.(·I'i1tllJ'(·; 

SOIllf> of t]wse optilllir.atiollS lllay iut.c'l'ft'I (' \Vil It 0/1(' allot.\\('r alld t.!w (Jll<'st.iolls of wllidl 

sllhf,et of tlws(' optillli7,ations t.o apply éllld ill wilat ord('r an' :,tillllllsolV<'d. lIow('v('I', 

t.lw diffC'rent. dat a-llow analyse':' (ail 1)(' (léI!>~iri(·d illto ('C'l taill (',IU'gol i(·~; tlJ('sc' ('(jllld 

t.IWll be aut.olllatc'd giVCll a ('('l'tai/l sc·t 01 ~J)('cirjcatiolls. For (·xalllplc·, t,/w allaly~('!> 

could be c1a:,sific'd as ('it.!tel fOl'\Vélrd or IJ(tck\\'éll'd O/lC'S alld 1.11<' /lWIW' (1)(,J'at.ol IOI",I 
b(' eitllC'l' union or illlelscct.ioll. 

TIIC' fralllework for McTAG is has(·d 011 SIi\1 PLE, and tll<' dat.a-f1ow analyt:('l ;\11-

t.olllatica.lly gC'llC'l'éll.c·d hy t.he tool dlso \\'orks (Hl SIMPLE. St.I'lId.IIl'c·-basc·d algorit.ltlll'> 

are t1spd to implen1C'llt the data-flow allaly~('s; t.ltis bas the lilllit.atio/l t.hilt il. ('(11/1101 

2HestrurI.UI'IIIg, of progralll'> cali 1)(' 1)('1'1'01'111<'<1 10 1'1 111111 1 a 1.1' arlHtrary ~f)IIJ'~ [Ero!nJ 
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..,IIPPO!t arbit l'a l'y goto's, but Ital' the advantage that the rules for the different kinds 
0/ larrj!,lIap,(' (O!rhtl \lets Célli be specifi(·d il) a lIe'at, compositional and elegant manncl'. 

III .,lIl1ll11aI'Y, the' main cOlltributiolls of Lhis thesis are: 

• TIIf' cJ'(·al.ioll of a high-I(·vd AST l'('prc'selltation of the program, FIRST; 

• TIIf' de'sigll and ilTlplell)('ntation of SIMPLE, a simplified intermediate tree repre
S('lIl.éll.ioll, which retains the program structure so that high-Ievel data analyses 
alld pl'Op,ralll t.rélllsforlllatiollS ('ould he perfornwd in a rclatively straightforward 
IIlilll 1)('1; 

• 'l'II(' de'sigll 01 a g(,lIC'réd frallH'work fol' st.ructuraI interproceduraI data-ftow anal
y~is, \\' Ir icll Iralldl(·s J'('clII'siol); 

• TIH' desigll éI ml de·v(·loJ>IIJ('1l1. of éI tooI which automatically generates differ
(·lIt. illt.raprocc·dural and int,C'q>ro('('dural data-flow analyzers for a set 01 input 
~pe'( i fi('éll.iollh. 

1.3 Thesis Organization 

'l'It,, l'l'sI. of t.hi~ t.JlC'sis is orgélllil':ed a~ follow:... In Chapter 2 we describe the major 
Illodificat,iolls lIIade' t,o the GNU (,olllpil(·1' front-end to create FIRST and the series of 
t,l'éIlISforlllat.iolls illlpl(·lIlcllt.cd to Cl'catl' snIPLE. In Chapter 3 we present our data

lIo\\' allalyz('J' t.ool amI the fral1H'work 011 which the data-flow analyzer 1.001 is based. 
WC' dillst rat C' tif(' drc'diVC'lwss of our tool using con crete examplcs of different data-
110\\' tilla ly;'.('l's élll t.Olllél t.ica lIy gC'llc'l'a f,('d Cha pters 4 and 5. Our case st udies incl ude 
(Ollst.lllt-pl'Opélgat iOll, J'('é\chillg ddinitiolls and live-variable allalysis. FinaIly, we put 
1'01 wal'd SOli\(' c'olldl1:..iollS é\nd gi\'(' sugg('st ions fol' future work aft.er discussing related 
1C'~c'(II('h ill t "('~c' éll't'c1S, 

(j 
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Chapter 2 

Design and Development of 
SIMPLE 

... _- ._------

The pl'Opél' choice of int('rmediate l'('PI'('8('1I1 at.ioll8 is <TucÎal ill t.\w d('sip,1I of Hlly op 

timizing 01' parall<'li;"illg colllpil('l. As showlI ill Figul'(' 1.1, ill OUI' ('Olllpil('I', W(' hilVl' 
designC'd a family of thl'<'C inLPl'IIH'dia1<' l'<'I)(·('~(,IIt.at.iolls, FIHST, SIM PLE mul Li\ST. 

TIlC'sC inlernwdiate repl'csent;ülons rallg(' frolll a Itigh-I(·vd ahst.l'ad 1'(·lu·('S('lItat.lolI, 

FIHST, that a(,Clll'ately captlll ~':-' the ol'igillal progl'am, t.o a low-I('v<'1 r(·lu·(·s(,lIt.at.ioll, 
L\ST, that is suit.ahle fol' r('gisler a 110('(11 iOIl, iJlSt.l'lIctioll sc\wd1lIillg, alld ('odf' P,("I('I'

atioll. The dc'sign of ('ach internwdiat(' 1'<'!>I'(·s('lIl.atioll is dl'Îv('11 by I.IH' J'(·(I"il'<'IIwlIl.:-. 

of the allalyses and t.ransformatiolls t.hat wc' ('ollsiden·d IJlOsl. illlport.allt.. III addit.ioll, 

wc rOllsidcrcd ho\\' t>ach intel'lnediat.c J'('(ln'Sclltéltioll rdat('d 1.0 Uw 'l('xt low('1' h·V<'1 
so t.hat tll(' rcsllits of t1w étllalysis 1)('l'fol'llJ('d al, a higlH'I'-I(·VI'll(·IU·(·:-'(·lIl.tLl.ioll ('011 Id 1)(' 
IIs('cl al 100\'c·r-k\'(·1 r<'pr('s(·llt.atiolls. 

III titis chaptl'r, wc dcscl'ibC' t1H' d('sigll f('atlll'('s of FIHST alld SIMPLE. S(·ct.ioll ~.I 
d('MTil)('s the Cl'('atioll of FIHST. FIHS'!' l'et.aills pl'Ogralll éHul data SI.1"1I('1.III·(·S iI:-' i:-. 

W!"it.1,Œ by the' progl'amll)(,l'. Âllalyzing il pl'ogl éllll with sudl ail iIlU·I'IJ)('dial.(· J'('PI<' 

:-'('ntation would b(· more jnvolved in tll(' J>\'('~('II('e of (,olllpl(·x s1.I'II<'1.1I/,(·S, (·sJH·(·jitlly 

if the programlller has lcsortecl to variolls I.ricks allow(·d hy t.J1(' bigll-I('Vf'llallp;lIilp,(" 

In order to makc tlJ(' analysis ~imple éllid reglllar, wC! t.lall~f{JII/1 FIHST 1.0 SIMPLE. 
III SIMPLE, cOlllplex progralll alld clal éI :-,tl'll( 1, Il \'('S aJ'(' \'(·I)I(·:-'(·I11.('d iJl a silllphfi('(1 

forlll. Sectioll ~.~ di~clls~es the clesigll CI il.eria of SIM PLE. As 1.11(' lIal/1(' slIgg(':-'1,:-" t./w 
g,rélllllllar of SHI P LE is sim pIc', yC't po\\'('J'flll ("J()lIglt to 1('1)1'(':-'('11 t ail (,()Jlstrlld~ of c:. 

ï 
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III S('dioll 1.1, wc' <!(!scribc tlte vari{)l1~ lJ(!(' lraJJ~fol'lllations used in the creation of 

SI!\I P LE. III (Iarlp\.(·I'~ tl and 5, wc illuslrate how the design of SIMPLE is eminently 

!-IlIil('c1 fol' hip;lI-I<'vcl analyses and optilJJizat.ions. 

2.1 Design of FIRST 

/\!-I !-IC'C'll l'rolll FiglliP 1.1, the first t.rallslatioll ste)) con verts a C program to FIRST, 

il Il Igh-II'\'I'I ,d '!-II l'a el. !-Iyllt.ax t,l'{'(' !'('IH (·!-I('ntrltion. The main purpose of tpe FIRST 

11I1(·I'IIH'dia\.1' l(ï)I(,~(·lIlrll.ioll is 10 cI(·éllIl.,· sl'llél/<lte tlte front-elld processing namely, 
pdl!-lillp' '11111 \..VIH·-dJ(·( killg fl'OIII t.J1(' hack-('IHI p:ocessing viz. analysis, t.ransformat.ion, 

dlld (od(·-gl'Il<'r<lt.ioll. Silln' t.ltis t,l'alll.;\at iOIl !-IL('p ')riginat.cd from the ONU C compiler, 

1.1/1'/'1' w,'s il liaI m,.! ab~t.J'act. sylllax tl'<'(' forlll that already existed at the expression 
1(,,'('1. WC' Itave' ('x\.cl/(lpd t.ltis 1'01'111 so 1 Itat it capt.ures completely and accurately the 

!-II 1 Il cl. 11 J'(' of' élll ('nl ire' llIodul(' 01 progl,1I11. An important charactcrÎstic of FIRST is 
t hill ail i/lfol'lIli1t.ioll about d(·c1arat.io/l!-l. tyP('s, and type castillg is completcly and 
.1('("1/" 1 ({y ('IH udl'( 1. III t.his ~('ct.ion, W(' fin,t, gi\'C' a bricf dcscri pt.ion of the origi liaI 

(:N 1 J (' (,ollll'il(·I'. éI/ld t.1)('1I d(,M'I'ilw t II(' lIIajo!' lIIodificatiolls made to it to create 

FIHS'!'. 

2.1.1 The Original G NU C Compiler 

Th(· 1'1'0111 -('/ld of t.1)(' I\IcCAT compil(,!' is based 011 the ONU C compiler( version 1.37.1). 

111 1 h i!-l ~('ct iOIl. W(' pn·sl'Ilt. SOI1\(' asp('ct s of the frol1 t end of the original a NU C C0111-

pill'I (;(,C). Ih,,1 a/'(' J'(,It'vallt. 10 flll'tl)('1' discu:;,siolls ill this and in the following 

!'\\c'p1<'l!'> \If III(' t IU·!-lis. 

III 1 II(' Ol'i).!,ill,d (a 'e ('olllpikr [St.a!HJ]. 1 !te intermediatc l'cpresentation employed 

i ... 1 11(· H('gi~1<'J 'l'l'a/lsf(·1' Languag('( HTL). ill which each statement has almost a one

IU-OIII' lIIappillp, to a llIélchilH'-I(·\·(·1 illstl'Udioll. The parsel' pal'ses each statement of 

t III' Pl'ogl',lIl1. hllild~ a sylltélX 1 J'('(' fol' it alld tl)(,11 COl1\'Cl'ts it. illtO HTL. Once the RTL 
fOI .\ statl'IIl('llt is /1,('IIt'l'élt<'<1, t II(' storag(' u:-.(·d for t.he syntax tl'<'e is reclaimf'd. In 
IlIi:-. III,HIII('!. 1 II<' HTL int('l'IIwdirll(' cod(' fol' tllI ('lltire functiol1 is generated. Sevc'ral 

IIltraplOn·tllll',d oplilllizatioll!-l ,\J'(' »('J'fOlllll'tl 011 the HTL to produœ the target code 

fOI lllll' fll/lcl illll. 111.1 silllilal' \\',I~. 1 he <I:-:-'('lIlhly cod(' for a plOgl'am is generated, on<> 
1'11111 1 HlIl al .\ 1 illlt'. 
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Storclg(' for tyP(·s. decléllat.ions. and tilt' J'l'IH'('s('nlat iOIl of "indin~ ("()Jlloms ,Ind 

ho\\' they Ij('~t relllains until th(' complet ion of 1 hl' cOlllpilat.ion of a fllndioll. Aftc'I 
g(·I)(,l'at.ing code fol' a [unel ion 01' a t op-le\'('1 dl'clarat.ion. a Il st.orcl~(· lIs('d h)' IIIC' 
fllllction d('finit ion is fl'eed completely Illlkss 1 ht' funet iOIl is 'inlill(·d'. As a re'slIlt, 
illt!'rproc('dllral opt imizat.ions cannot. 1)(' perfo\'llw<1 h.v t.h(' orip,illal GCC. 

Tree Node Structure: 
WC'ln'iefly d('~C\ il)(' the ge\l('\ëll st.ructu('(· of a t 1('('_110<1(· IIs('d in t.h!' synt.ax I.re·c· of t 1\1' 

original GC'('. 'l'II(' syntax ln'!' is built fwm ddl'c·\'('nt. killds of t re'('_lIod('s; t.hC'l'c· .... c· 
dist.inct t.\,(·(,_lIod('s to \'ej>I'('sPIJt vclriol\s dat.a tyP('s and ('xprt'ssiolls in C. A t.\,(·C·_lIo<l(· 
cOlIsi~t.!-I (JI' l ,,'() ha~ic part.s: 

• A COIllIIIOII part., which is pr('s('nl III ail t rl'c' noel(·s. Tltc' IIlé1jor fi('lds 1'01111(1 Itc'rc' 

Tr(>('_llid : Ev('ry t.n·(· no<1(' i~ ilss()ciat(·<1 wit.h illI IllliqlU' ill\.c>g(·1' ,IS pal t. of 

ib id('nt ificatioll. 

'1'1'('('-",\'1)(': This poillb to t.11<' t.\'P(· of t.11t' 1I0dc·. 

TI'(·(·_cotl(·: This cOllt.aills ail ('111111\('1 at.(·d t.yP(· illt,('g('I', wl\lrh (·ss(·IIt.ially 

gi\'('~ tll<' lIame of t1H' 110<1(·. 

Tn'('_cltaill: This fi('ld is I\!-I('d to cltaill lIo<l('S t.ogd.l\t'I'. 

Tr(·('_bitJiclds: Thel'(' art' a 1I111111}('\, of hit. fi('lds, t.o illdicat,(· variolls I\od .. 

cita ra cl.('l'i st. i cs. 

F'iglll'(' 2.1 illllst.rat.(·s t.he macros 1I~('d t.o a( ('('ss t1\('~:{' vélriolls fic·lds. Tlt<' TI'('c'_i Il 10 

fipld is clll ('xtra field t.hat ltas 1)('('11 add('d wltilc' ('J'('étl,illg FIHST t.o st.ore· d.tI,a-f1ow 

allaly~c's infol'lIIr1tion. \Vc' shall ~('(' IIClw 1 his fi('ld is w.;('(1 ill Ut(' II<'Xt. ~ hapt.c·1'. 

• A ln'(' s)('cific part., wher(' diff('J'('lIt 1I0d(· tYP($ltav<' difl'c'J'('IIt, fi('hls ill t./IC'!I1. FOI 

('Xhlll pie, tlJ(' PL liS_EX P Il 110<1(· ha'i t wu slwci fic fi('lds 1.0 hold i t.s t. wu Op(·\'illld~. 

A TH ELLIS'!' 1I0de, which b a gC'lwréll pllrpo~e 1I0dc~ Il!-1(·d fOI cltaillill):!, III/dt·!,> 
togdlH'l'. hél~ III<' slwcific fi(·ld~ THELPIJHPOSE alld THEE_VALUE, 

2.1.2 Creation of FIRST 

TIH' 1 \\'0 major disadvalltagC's of WOI kill):!, with tll<' freJllt-('lId of CCC an': 

!J 
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Common Fields 

Special Fields Tree Node 

Bit Fields 

Figul'<' ~.I: Basi( '1'1'('(' Nod(' Structure 

1. Ilip,h-It'\'I'1 cOlllpil('1' optillli~éltioll~ ~lI("h as loop transformations and array op-
1 iIlW~.It.i()IlS al"(' ('xt,\"('lIIely difficlIlt t,o pCl'fol"m on the RTL code becausf' 1.1](' 
id('111 ily of loop st.rllct,lIl"('S alld HlTa)' rd('r<'llces are completely lost at. this low 

Il'\"d. FOI l':-'illllple, éllTél)' d<,\wlld(,Il("{, élnalysis is difficult to perform as array 
J'(.fI'\"('IICI'S ,\l"(' hrok('11 c10WIl 10 10\\'('r-I('\'('1 stalclJwllt'i. Similarly, since loops are 
ll'illlsfol"llwd illlo hlocks wit h golo"s alld lahel:.-, high-Icvel loop transformations 
"J'(' diflicult. 10 p('l'forlll. Hdclillillg III<' idellt.it.y of loop st. ru ct ures and array ref-
1'J't'Il< l'S l'IIi1hlc' liS 1.0 IH'rfol"lll cl l'lllllher of" high-Ievelloop transformations which 
èlJ'(' IcII" IIlort' diffiCI\\t 10 p(')"fol'Ill nt lJ<'r\\"iM' . 

. ) Silln' 1.1)(' ill!t'I"IIH'diclt.(' ('od<-' for 1 Il<' ('Ill ire pl'Ogram is Bot available, high-If'vel 

illll'l-pl"Ocl'dl\l"al alwlysis alld d('tailc'd alias analysis techniques cannot be pf'r-
1'0 I"Illt'd . 

\\"1' Illodilil'd 1 hl' frollt-elld of 1 he (;('(' compiler significantly to create FIRST. 

l'Il1'~l' 11Iodilil'ilI iOIl ... éll'l' highlighll'd heln\\" . 

• III II\(' ol'igill"l (;NlI (' cOlllpiler, il ... 1IK'lItiollCd abovc, the syntax tree is createù 
1\ plo Il)(' l" pll'S~i()11 I('\"('\. 'l'II<' 1 Il'(' lIod('s rcprcsent,ing these expressions arC' 
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l'rt't'd OIlC(' t.he statcllH'lIt. Iléls 1)('('11 P,\I'S('<I. Sin('(' \V(' ,H(' IlO\V illtt'I'<'slt'd ill 

buildillg t.he syntax tr('(' for tl\(' ('Ill in' »mgl'alll, W(' lIlodili('d 1 h(' pal'~('1' so ilS 10 

rdaill IIH' 11'('C no<les. 

~ \Vc flll'th('1 lllodiftcd lh(' 1><\I'S('I' to (,ollt.illllt' buildillg t.llt' AST fol' t.llt' ('Oll1pldl' 

progralll. N('\\' Ilodl's to col1strucl di 11'('\'('111 kinds of lou» sI luet 111'<'S, surh .IS, 

\\'hil('-Ioop, for-Ioop, alld <10-1(0» (Oll~ll'Il('\s, hav(' 1)l'('lI adelt'd. Th(· t.\,(·C'_llod .. 

struct.l\l'(' us('d in the lllodifi"d frolll-('IHI is hmwd 011 Ih.,t. of t.h(· orip;ill.ll <;('{'. 
'l'hl' pal'S('I' now builds the FmST 11'('(' 101' 1 hl' t'llt.in' »l'Ogl'éllll . 

• Ali élddil iOllal li(·ld, t.he TH EEJN 1-'0 fi('ld, has I)('C'lI ill('orpol'at.(·cl III 1 lit' hasil 

In'e_l1od(' ~Irll('tllrt' Lo sI 01'<' délta-IIO\\' allalysis illformat.ioll. 

Notation: 

B('l'on' W(' pro(·(·(·<1 éllI)' 1'111'1.11<'1, n'rI aill (011 \'('111 iOllS 1.hat. ,Il (' IIst'cl ill 1.11<' diélg\'fl\II~ ,11'1' 

c'xplailwd 1)('\'(,. Box('s 1'(·pn·S(·lll. 1 H'(' 1I0d('s, ,llId tlH' ftoxl, wil.hill t.Ilt'lll \('I)\·(·S(·lIl.s 1 lit' 

Il 0 II\(' of 1 lit' noel('. Arcs frolll Oll(' 1I0dc' (~a,\' 'H') 1.0 élllol.lwr (say lb') lIIC'aliS t.hat ,1 
pé\l'liclllar fic'Id ill III<' st.é\rl.illg nod(' 'a' point.s 1.0 1I0d(· 'h'. Arcs an' I,"wh'cl witll tilt' 

Ill,H'\'O~ wlll('h lII<lj' hc' IIS(·<1 1.0 é\('('('~S tl\(' paIl ic \lIaI' fi(·ld of t\\(' lIod{·. SOIl\('l.illws 1 lit' 

1<llwb 011 tlw lI()d(·~ 01' alcs al(' shortc'I)('d fol' III<' sakI' of darily; t11<' fllll lIalll('S ,II«' 

li~l('d a:-. a kgclld ill the' diagralll. Cc'l'lrlill slIbtIC'('S \vhich an' 11'\'(·I(·valll. 1.0 t.11(' (1I1'1t'1I1 

di~CII:-.:-.jOIl ilJ'(' <I(·llOt(·d hy ellip:-.(':-. élll<l 1 lit' d('1 ails or I.h(·M· :-'1I1)1.1(·(·s al'(' 1101. show Il ill 

t II<' figlll'<': t \t(·s(· aH' lal)('led wit.h UH' J('~I)('ct i \'(' (' t'X 1)1 ('ssiolls 1 Ital. 1.111' slIbl.\(·(·:-, :-.1 illld 

for. 

2.1.3 Representation of Statements in FIRST 

W(, illustrale' the' cOlIslrt\ctioll of FIHST IIsillg, t.1l<' followillg (·Xillllpl(·s. 

1 1 
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\, 1).',1111' 1.1 dppicb 1.\)(' AS'!' for the above example. Every slalemenl is headed by a 
'1 HEEJ,/ST lIod(·. The THEL VALUE fi('ld of this node points to the tree for that 
,,1,11 ('/11<'111. 'l'III' !-.t.a\(·llH'lIts are conllect(·d togethcr by the THEE_CHAIN field in the 

'II! EEJ,/ST lIodl' . 

. \l'X!', WI' ilillstl'at(· IIOW il :,«'1. of COIIII)()lIIld staternents are representcd in the AST 
dlld how 1 II«' v<ll'i,d,I(· IlC'stillgs al (' tak('11 (<II (' of. Consider the lollowing examplc: 

{ 

} 

int i; 

stmtl ; 
{ 

.. , .......... , .. (1) 

float j; ............ (2) 

stmt2; 
} 

stmt3; 

{ 

int j; .............. (3) 

{ 

} 

stmt5; 
} 

float i.k 

stmt4; 

..... (4) 

'l'II(' :\ ":-.1 1',1l'1 Sy Il t a x '1'1'('(' comt rucll'd for t Il<' a bove exam pIc is gi ven in Figl\l'e 2.:3 . 

. \ li:-.!. 01 s!.(lI('llIt'lIts cOllsis!.:; of a S('qll('IH'(' of THELLIST Ilodes cOllnected by the 
Tln:I':_('II:\IN li(·hl alld tl'l'llIinat('d hy a NULL pointer, Every statement is headed 
Il,\' <1 TH ELLIS'!'. \11 t.he case of simpl(' statel11ents, the TUEE_PURPOSE field of a 

TiŒI':_L1ST Ilot!(· i:-. NllLL, alld tlH' THELVALVE field points to the bodJ - of the state
Il)('111. 'l'Il!' THELPlIHPOSE field for compound Mèttements points to the LET_STMT 

IIUc!C" ",hich l'OltldillS !.he s('opillg illfol'lllatioll. 'l'Il<! LET_STr..IT is lIsed to hold the 

'·.II'lelhll'S dc'd"I'('t! ill t hat hlock. 

,\ \,,\IU)E( '1. 110<1(· )'('I)I'('s{'lIb a ulliq~I(, vélriable, and has fields pointing to the 
Il.IItIl' \)1' t Ile' ,ari"hh' (J) ECLN :UI E) .HI<: t hl' t YP<' of the variable ('fR EE_TYPE). Note 
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( 
TREE_LlST )- --------f TREE_LlST }-

.... __ .,, __ .. TREE_CHAIN ~""'-"'i--" TREE_CHAIN. NULL 

TREE VALUE TREE VALUE 

( EXPR;S'MT ) ( EXP~STMT ) 

STMT_BODV STMT_BODV 

TREE_ OPERAND(node,O) 

TREE_OPERAND(node,l) ( ADDR~EX:) TREE_OPERANDI_." 

TREE_OPERAND(node,O) 

TREE_OPERANO(node,O) 

\ 
TREE_OPERANO(node,1) 

EXAMPLE : Iwo consecutive simple slalements 
a 1: b + c, 
f ( a ) ; 



sv 

r~p 
lP TV 

'\ 

(~nTC~~~)TC {T~ 1TC {1~? ~NUlL 
TV TV 

TP TV ~ TPTV 

slmU ~ (:J ___ 
~ NULL ___ tr TC { ~~ ).. NULL 

"- .... ; 

w TV 

TC è é , 

TV:: TREE_V~LUE 

TC = TREE_CHAIN 
TP = TREE_PURPOSE 
ON :: OECL_NAME 

SC = STMT_SUPERCONTEXT 
SB = STMT_SUBBLOCKS 
SV = STMT_VARS 

TYPE = TREE3YPE 

l·'i!?un' 2.3: Exampl('s of Compound St.atements 

II 
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that two variables which are in t,wo diffl'I'l'nl Sl'O»<'S but havt' t Ill' salll(' nall\(' .H·(' J't'p

rescnted by twodifferent VAILDECL llodt's, though tl\(' nECLNAME fh'ld in hot.1! uf 
them point to the saille IDENTIFIEILNODE. For ('xamplc" t.he vitl'iabl(' 'i' in t.ht' dc'<, 
laration (1) and the variable 'i' in declal'éll ion (:3) have th<,ir OWIl unique D ECLNO nE, 
but the DECLNAME in both of them point. t.o t.he saIHe IDENTIFIEILNODE having 
the st.ring "i" .Thus, every logically diff('I'('nt. variable has it.s own VAILDECL lIodt', 
and an IDENTIFIER_NODE is ('l'eat('d for ('\'('l'y unique' varia bic' nalll(' st. ri nI!, iu 1 ht' 
progra1l1. 

The LI'::'LSTMT blocks at. nested I('wb iII'(' rOllllect.cd hy t.ht' STM'LSlJ PEU

('ONTEXT clnd t.he STMT_S LTBBLOCI\S lields. 'l'Il(' STMT_Slf PEHCONTEXT poillt. 
pr~ are back\\'éll'd pOllltcl's and art' l'('!>rc'senlc'd hy dash('d lill('s in t.l1(' fig\ll'(·. 'l'Ile' 

LE'LSTMT blocks al. t.he saille 1(\\'(·1 an' ('olllH'c!.t·d hy THEE_CHAIN fi('lds. 

2.1.4 Global Functions and Variables 

\Vf' now iilusl,l'at.e how top-lcvel declal'élt.iolls éllld definit.ions of global variahlc's élIltl 
fUIlct.ions are 1'('p)'('s<.'llt.ed in ail AST via 1.11<' following t'xélllIJ>le. 

int ij 

int funel (int p) { 

int x.y j 
body _funel j 

} 

typedef struet mm { 

} nnj 

void fune2(int q) { 

int a. b; 

body _fune2 j 

} 

The ASTs const.ructed for the above pl'Ograrn are shown iu Figuf'(! 2..1. 

In general, each fllnction dcfinit.ioll ill C cOIlr,tituteH Oll(! AST, The nHllplel,t- AST 
for a fUllction i!> hcaded by ail AS'LDECLNODE. TIlt' AS'LDFCLPTH fidcl poillt.s 

to the function decl<ll'atioll, and tlJe AS'LDECLBODY field poillt.!> t.u the ('OIllI)()lIl1d 

stat(,I1H'llt \\'hi('1t i" tlte body of the l'lIl1diulI. III the car,(' of glolJal valiahl('~, t.Jw 

IG 



dacUist 

TC 

1 AST DECL BODY AST_DECL_BODY 
- \ AS'r_DECL_PTR ,..-_-0&._", 

"-.... -. NULL 

Figl\l'{' 2..1: Hl'pwsentation or Global Variables and Functions 
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AST_DECLPTH field point.s to the VAILDECL 01' the TYPE_I>ECL Bodt', éllld flIC' 

AS'LDECLDODY field points to NULL. Ali thes(' ASTs fol' glohal f\ludions, "êlri
ables ônd types are chain<,d togrther into cl linked list struduJ'(' in t.h" ord('r in 
which they an' pôrs<.'d. Thus, global \'éll'iahks art' found in t his top-tt'vt'I lisf of 

AST_DECLNODEs, wherC'as local varidhles art· aUacll('d to t.1)(' LE'LSTMT lIotll·. 
Note that decl-li~1 is a global pointel' which pl'Ovidt's acC('ss t.o tilt' list. of ASTs. '1'1111:', 
FIHST relains program and data st,\'u('t 1\1'('S a~ is writ.t,<'11 hy tilt' prograllllllt·\'. Fol' 

more dctails about t.h<, workiug of the C:~lJ (' p<lrS('r and tllC' (,\t',ttioll of FIHST, J'(·f('r 
to [Sri91]. 

III 01'(\('1' te :'lIl'plify t.he analysis of <1 (,OlllpltCc\It'<! progralll, Wt· IIt·t·<I t.o Im'ak dowlI 
(,olllplcx st l'U ct 111'('<; into simplet' OIl('S, t.o cl 1('\,t·1 t hat is most. slIit,(·d t.o high-lt·vl'l ,1I1.lly 
si:. <\\Id t.ransforlllat ions. Thct'do\'(', W(' t 1 dllSfo\'l1l FIHST t.o SIM PLE, t.l\t' int.t·I'IIWdiafl· 
\'t'pt'csentat.ion t.hat. has b<.'('n design{'d to SlIl>pOI t. alias ami al'ray d('I)('lId('JI('Y illl,t1y
s{'~, and high-levelloop and parall{'li~at iOIl t.rallsforlllations. In t.11t' followillg S('d.iolls, 
we discus~ the dc'sigll and implcnlC'nt.élt ion of Sn.I PLE. 

2.2 Design of SIMPLE 

The [,econd int<'\'Illf'diatc rep\"f'sC'ntal.ioll, SIMPLE, !tas heen clesigllt·(ll.o 1)(' 1II0St. sllit.
able for high-lC'vcl analyses like accllra(.(· alias élllalysis and d('IH'luJell(,(' alJalysis. Th(· 
following criteria have infhJ<>nced Ut<' choi('t·s lIlad(· in t.11C' dt·sigll of SIM PLE. 

COlupositional Representation: TI J(' inf ('1'Il wc! ia 1.(' \'('pl'('sl'lIl a tioll shol\ Icllw ,1 ( 0111-

positional rept'('scllt,üioll of t.ll(' pI'U).!,l'alll, wht·J'(· tilt' (,01lt.1'01 f10w Îs 11'p"lIlal' illld 
(·xplicit.. For ('xalllplC', il. ~"ollid 1H' \,ossil)!c· t.u illl<llyZt! ,1 whilt· loop byallilly;,,
illg only its cOlllpollellt~: lit(' cOlldit.iollal ('XIH'('ssion alld t/)(' body. Tlti~ killd 
of cOlllposit.ional repres(·nt.atioll hél:' thl(,(' .Hlvallt.agc·s: (i) t11C' f10w of ('(JIIf.rol i:. 

structure'c1 cllld i., explicit in the progralll \'(·IH·(·S(·/It.at.ioll, (ii) sl.mcf.1\J'(·d allilly
ses tCc!'lliqllC'S and toob ~l\PP()I't.ÎlIg I->lIch t(·chllicJ1u's nUI 1)(· IIs(·d t.u allaly~(' ail 

the contJ'ol-fiow constructs, and (iii) il. i~ silllple tu filld élllcl t,/'illlsforlll gJ'OlJp~ 
of loop '}('sb. It should he not(·cI thal. ÎII addif.ÎolI t.o oldillill'y cOIII\lositiOlIilI 
construcf.:.. 1:>1Iclt as condit.iollal:; éllld I()op~, 0111' COIllIH)l->it.Îollal .1PI"0i1l Il ~h(J"ld 
directly SlIppOl t the cOllllllonly U~t·d break and contlnue st.af.(·lJlC'lJts fol' 1(J(Jp~, 

and the re turn r,tatelllell t fol' pl (H ('(h" ( . ., éllHI flllJctioll~. J (OW('V('I, 11/1 J'('I->t 1 if tc·c1 
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1I~(' of goto i~ lIol compositiollal alld cannol be supported direct)y. Any program 

wit.h IIllst.l'lIduJ(·d conlrol flow llIUf,l hc converted into an equivalent program 

wit.h St.llI(tIlIPd control f10w [WOi5, Bakï7, Amm921. 

ExpJicit Array and Structure R~ferences: The identity of array and structure 

f('f('J('I)(,('~ shollid he rd.aillcd i.e., the arr './ and structure references should not 

/)(' IJrol\(,/l c10WII illto a ~eries of lo\\'cr-lcvd statements that perform address cal

('lIlal iOlls. This is rcquirc'd 80 thal wC' cali lIlake full use of high- !.:!vel information 

:-lIdJ rl:- al ray di/ll{~lIsjoll, all'ay siz(', poilll.cr types, and recursive structure types. 

Typt's and Typccasting: The eXilet Iype illformation and type casting should also 

/)(' rd rlilll'd. Ofl.(·11 alirls allaly:..i:- Célll take advantage of type information to 

pl'Ov/(I(' IIlO/(' èH'Cural(' J(·slilt:... Fol' ('xéll1lplc, it can be inferred that a variable of 

Oll{' t.YP(· (,ri Il ilOt. h(· alias<,d 1,0 él val'iable of another type using type information 

if t11f'J'(' ,II (' 110 t.ype· cast.s. AillOli' advanced example is the use of recursivc 

t )'P('S fol' d.\'llrllllicrllly-allocal('d poinl,<'r :..lnlcturcs [HN89, Deu921. 

Pt.'rvasive Data-flow Information: II. should be possible to transmit important 

da t.<I-lIow i Il forllla 1. iOIl ('ollec1.ed al higll<'I'-lcvcl intermediate representations to 

tilt· 10\\'('1-1('\'(,1 J'(·pn·s(·Ilt,at.ions, cllld thus improve the effectiveness of the low

l('v(·1 t 1 (lIl:..fol'lIIat.iolls. For ('xaIllpl(', alias analysis information collected at a 

lIigh-I(·v('1 ('(\1\ 1)(' lIS('" 1.0 !><,rfol'll) bC'tt,(·1' dependence analysis and thercforc 

1)('1.t(·r illst l'lIcl iOIl sd)('duling al. cl 10\\'<>I'-lc\'c1. 

Simple to Allalyze: The illt.(,l'lJ1<'dial(· l'epresentation ShOllld be simple enollgh so 

t IIrll, il. (,old,l 1)(' allaly~('d in a st.raightfc)r\VaHI manner. A proficient programmer 

willus(' ('olllpl(·x st.l'lIct.I\I'(·S éllld ail the tri('ks allowed by the language (especially 

('!) t 0 <1("'(,101> his/ 11<'1' ~Oft,\Véll e. To sim plify accurate analysis of su ch a progl'am 

\\'(' lu·(·d to hl't'ak dowlI cOlllpl(·x :-tructllJ'('S and statelnents into simpler ones. 

'l'1r(·I'(· shollid 1)(' a l'('strirt,<,d nUllllwl' of basic statemcnts so that the structured 

rlllaly:-.(·s 1'111(,,,; could Le sp('cific(l t'asily and in a regular fashion. Further, we 

shollid 1)(' "bic· to l('pJ'('~('nt. élll,)' (,olllplicat.cd C statement or expression as a 

M'(I\I('IU'(' of tlu'st' stat<'llH'nts. Silllilarly, the conditional parts of while-loops, 

for-loups, d()-Ioop:.. alld if-stat,ellH'llts should be simple ('x pressions. Any com

plicclt('d explession shollid he' silllplified whell represented in the intermcdiate 

1'('(>I'('s('1I1 rIt 1011. FlIl t.IH'l'll1o},{" in (', sidc-dfed.s can crcur in many places where 

011(' (':\1)('( 1:-. cil 1 (·xpl'cl'o:-.ioll. III OUI' l'oilllplC'r form we wOllld like to clearly sep

al"II,· sta1cIlH'lIts that CéllI ha\'(> :-.id(·-eff(·cts l'rom expression.:; that cannot have 

si« l''-t .:1'('('\:-'. 
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Clear Semantics: The intertlwdiate l<'I>I'<,s<'1I1 at iOIl should ha\'t'il cl t'.\!' alld oh\'ious 

semantics, One part of this proces:-. is c1é1rif,ving SOIllC of tilt' implidt. IIlt'élllillgs ill 
C programs. The example progrélll1 in Figllrt, 2,5 iIIust.rilt.(·s Ollt' of t.h(· Îlllpli('il 

meanings in C. Let us first, cOllsidt'r t.!l<' st,at.el1lt'nt., b '" a. Sillc(' (,llt'l'c' is ,1 

special correspondence b<:,tw(,<'1l poilltel's and an"IYs ill C, t.ltis st,at.c'lIlt·nt. J't'é1l1y 
means "assign to b, the addr<,ss or 1 he' first it,elll of a", alld Ilot "assigll 1.0 b 1 lit' 

value of a"' as one wOlild ('xp<,ct, fol' cl scala!' as:-.igllll\(·IIt.. TIIt'sc' illlplicit. sC·llIallt.ic 

l'Ules in C must be made explicit. in the illt.el'ml'diatc \'('IH'C·St'lIt.at.ioll, Silllilmly, 
the mcaning of the two arra.y rf'ft'\'('lICt's b [2] and a[2] a\'(' quit.t' diffC'I'('IIt., 111 

t.he first case there is a.n implicit. d<'r<'l'<'\'('lI(,(' of b, whil<' ill t.11t' st't'ond ('ast' a 
dpl1ot,(,S 1 !J(, addrcss of the' al'ray, 

{ int a[10] , 
a(9) 

*b, p, q; 

b = a; 

p = b[2] j 
alOI 

q = a[2] j 
_1 

} b 

Figure 2,5: An Exalllpl<' of C AlTay and Poillt.(,l's 

Interprocedural Analysis: Tlw ill(,('I'IIJ('diélt.C' l'epn'selltat.io/l shollld l't't.aill ail t.Iw 
informatioll about the cOlllplet(, pl'Ogl'éllIl 01' module, so t.hat. illt.(~1'J)J'o('('dll!'al 

data-f1ow and alias analyses cali 1)(' pel'fOl'lIIed. This is pal't.iclllarly illl port.a/l l, 

wlwll wc have lloJl-scielltific cod(' Ihelt, is ('olllpos('d of III,PIY slllall and possibly 

l'cclll'sive prOCt·ollres. 

Standard Representation: Silllilal' 10 t.he spirit of DIANA[HosHG], wc' al'(' ilirllill~ 

at a standard intermediatf' rC'pI'C':-'('/ltatio/l fol' progralTls, so tlwt. il larg(' 11111111)('1' 

of rescéll'chcrs éllld studcllt.s cali have a ('0111111011 glOlllld 1,0 illd('lwIHlellt.ly d('VI'lo/, 
allaly:~,Js and optimi7.atioll t<'c1l1liqll(,~, 'l'lti-; alw allow~ a 11111111)('1' of 1I~('r~ t,o 

shan' a c1a~~ of :-.oftwéllc tooli'>, 

Automating the Analysis and Optimization Ph::ses: The intel'Illediatf' )'(.p,...

sentation shollid he able tu ~IIPP()l't Il)(' automatic geTleratiofl of t.he alliLl'ysi~ 

1 !) 



1 
fllld optilllizatioll phasefi of the compiler. 

SIMPLE to C: ACter perCorming certain high-level transformations and program 
J"('fit.I'Uc1.lIl ing, there should 1)(' a stl'aight-forward translation from the interme
<Iiat(' 1(~IH'('s(,lItatioll back to C. This will hclp in two ways: (i) wc can verify the 
:-'yllt.flctic ,lIId :,elllalltic (,OITC'ctll('S~ of our tlallsformations by testing the output 
C pl'Og,réllll wit.h a slallcléud C cOlllpiler, and (ii) wc can checl; the effectiveness 
or high-k\'(" t.raIlSfOI'l!lat.iolls wit.hout l'equil"ing a complete back-end for every 
a 1'(' Il i t.C'c1.u r('. 

2.2.1 Overview of SIMPLE 

III thi:-, :·;('Ct.iOIl, w(' giv(' ail oV<'l'vi('w of thC' :-,alient. fcat.ures oC SIMPLE. As illustrated 
ill I·'ig,lll·(· 1 l, t III' .... illlplify t.r,lIIslatioll 1 ak('s a high-lwvcl FIRST representation of a 
progl,1I1l alld produ('('s élll output )'('1>1 ('''('lJtatioll at the (:)lMPLE level. As its name 
:ilIgg(·St,:.i, t.l1<' SIÎ\IPLE illtcl'Ill<'diat.(· f01'l1l is a simplificd forn. of FIRSTj control flow is 
st J'lwt uJ"('d, cOlllplc'x St.rIÜ·I!l<'Ilt.s arc' brok('11 dowll illto a series of simpler statements, 
C'OllIplicat(·d véll'iabl(' lIalJl('s ;\1'(' split. wl)('lI('ver possible and aIl 100[1s, switches and 
(·olldit.iollals al (' lIIodifi('d t.o adh('l'<' 10 1 II<' J'('strictcd SIMPLE format. 

'l'II(' rollowillg suhs(·rt.iolls d('scribe 1 he' special features found in SIMPLE, while a 
l oillpl('j,(· p,rilIlIIIlCII' is giveJl in Appendix A, aJld a complete description of SIMPLE is 

gi"('11 ill [Sl'i9~]. Whill' t.l'ansformillg FIHST Lü SIlVIPLE, simplifications are performed 
III tllt':-,C' thl'<'(' IIlrl.ior areéls: (i) in th(' J'{'I)J'C's('lItation of variables, (ii) in the format of 
hasic :-.tat.(·lllt'lIt S only é\ restrict.ed lIullllwr of opcrands are allowed, and (iii) in the 
1 ('PI (':-'('111..11 iOIl or cOllt 1'01 flow COIISt.l'llct:-, t IIcse are simplified. 

Vm'iables 

III higlt·II·\·pl PIO,!!,l'rllllllling langllrlg('s :-,\Ich as C and Pascal which allow user defined 
t.\ 1)(' st l'lIct 111 (':-'. cll'bit rarily COlllp)('X 1.."1>(\8 can be dcfincd by the programmer. One 
nutld ha\'(' II(·:-.I<·d arrn)' alld structure' ref"('l'l'lIces, with pointers in them to further 
cOlllplinll<' lI\,lI tl'IS. '1'0 perform a(,("lII'al(' analyses of the variables of these types, we 
111·(·<1 to hn·.lk t 1\('111 IIp in a 8yslt'lllatic lIlanner. 

.\:-, illdicdt,('d hy the grallllllar l'nIes in Figure 2.6, we define a varname 1.0 he 
.1 :-.implt· yari,lhlt· lIallW (c.g., 'myname'). a pure structure rcference(e.g., 'a.b.c' ), 
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a pure anay .. cfercnce (e.g., 'a[5] [7] '), or il poillt.t'I' to a st,mdun' l'('f('I'<'II('(' ('.g., 
'C*a) . b.c'). Any otl1('r cOl1lplkat.cd aIT<lyjslmctlll't' r{'f('I'('II('(' is hrok(,11 t!O\\'1I 10 t II(' 
a hO\·(,lllel1t.iollcd forl11. 

val ID 
CONST 

varname arrayref 
compref 
ID 

arrayref : ID reflist 

reflist 

idlist 

compref 

' (J val '] J 

reflist ' [1 val 

idlist ' J ID 
ID 

' ( J '* J ID 1) J 

idlist 

Figlll'c :U): SIl\IPLE Grélllllllélr for a varname 

'] J 

, J idlist. 

For examp)(', the anay jstructUlc rden'II('(' S!aOWII on tilt' Idt.-hall(1 sidc' of Fig
ure 2. ï is tl'ansformed into tlH' sc'qU('lIn' of St.étt.('IIH'lIts showlI 011 Olt' 1 ight.-halld sidc' 
of Figure 2.7. Thc variables templ through temp4 alc tCIlI»orary variahl(' lIiUII('S g('l1-

erated by the ~lIl1phJY translation. TIlt' trallslatioll cllsures tlwt. 1.11('8(' II{'W variahl(·s 
are creatcd \Vith proper declarations eUHI tYJ>c's which an' fully rc·pnoM·lIt(·cI ill tlJ(' 
transformed SIMPLE trce. By stalldardizill~ I.h(· variabl(' l'(·fc·I'(·II(,(·s ill t.his way wc' 
cali reduce t.he Ilumber and complcxity of étdvall('{·d aliili-> illlalysis rul .. s that. IIII1SI. lU' 

d('fined. 'l'hus, structlll'c and array lIélllH'S are kept al. the right Ic'v(') for high-I(·vc'I 

an" lyses alJ(l t ransfol'mations. 

f = a.b(3] .c.d(2] (5].e 

templ = ta.bi 
temp2 = ttempl(3]; 
temp3 = 1(*temp2).c.d 
temp4 = &temp3(2] [5] ; 
f = (*temp4) .e; 

FigUlc 2.7: Variablc' TI él w,fol'l Il at. iOIl 

Dct.ailcd trees for arl'ay rcfel'cllce anel stl'llC ture l'eferenCC' /Iodes an' SIIOWII i/l Fig
lll'C'~ 2.8 and 2.9. 

A COMPONEN'LREF' nodc dCllotcs a structure refewflce. It lIas two maiu fic·ldh, 
THEE_OPEHAND(node,O), and TIŒE_OPEHAND(node,l) (where node point:-i 1.0 t./H' 

::!l 



• 
('OMI)ONEN'LItEF node), which pOÎllls lo the two pa.rts of a structure reference. 

F(JI ('Xitlllpl(!, ill Figure 2.8, the topmost COMPONEN'LREF node which denotes 

t.11!' strlld. 111 (' n{('reJl('(' e. a. d poillts 1.0 e. a and d. The variable e is represented 

hy il VAILDECL lJode. and ils TRELTYPE field points to a RECORD_TYPE. The 

H E( 'OU D_TYPE 110<1(' has pointers lo t.he name of the record, and also points to a Iist 

or FII':LILDECL lIo<l('S <:orJ('~pülldillg tü ail the fields in that record. Each of these 

FIELIU>ECL lIod<'s have point.ers lo thc'ir P 'llCS and types; for example, the field 

a or t.!w ~1.rllrt.lIl(' bb is itsclf a record -- - S-".L uct cc. Notice too that the type of 

tll!' fi(·ld d ill )"('corel cc is a point.er to lhe lecord cc; this is denoted by the node 

POINTEILTYPE, whosf' type is the J'('cord cc. 

A Il AH H A Y Jl EF lIode dC'lIotes an arl'ay rcfcrenee. The two main fields of this 

/lodc' poillt.s t.o Ut<' hos(' alld t.he illd('x of the array reference. A two-dimensional 

,\l'IclY is t,f(·clt.t'd ill cl hic'rarchicol fashio/l, as an anay of arrays. In the example shown 

ill Fi~lIl'(' ~.!), t.he ëlll'<ly refcre'Jl(,c a[3] [4] is tr('at.ed as (a[3]) [4]. The reason for 

1.11<' addit.io/l,,1 ADJ)ILEXPH 0l)('réltor is 10 di~t.illguish between pure array references, 

cilld poi 1I1.(·I"S t.r<·a t.(·d as anays. 

1"111'1.1\('1", t.IH' s(·llIant.ics of C is made obviolls wherever possible. In the example 

shoWII ill FiguJ'(' ~.5, spccial ADDILEXPR nod('s are inscrted in the SIMPLE t.ree to 

c lal'lfy wlt('l'c' t.1\(' ,, .. \l'iables sltould he' dc'rcfcrellced. Figure 2.10 shows the differences 

IlI't W('C'II t.IH' j,n'('s hllilt. for a pure <\ITay l'<'I"e1"<>lIc(" and fol' an array reference when a 

poilltc'I' is t J('alc'd .. I~ ail é\I ra)'. 

1·'i~\II't· :!.II shows t!)(' tlee wlH'1l al'!"ays arc assigncd 1.0 pointers. Since a is defined 

to 1)(' ail al ra)' of illtC'gc'l's, all(\ b is 0 poillkr Lo an integel', the statement b = a has 

"II ADDILEXPH lIocl(· ill frolll of t.he Ilode' fol' a t.o clarify t.hat the address of ais 

ilssigl\('d t 0 b. 

Basic SIMPLE Statements 

III II\(' dt·sip,n of SIl\IPLE, wc have id(,lItified fourteen basic statements. Any other 

l olllpliratt'd stalc·IlH'IIt. ill C ('an be bl"Okell <lowlI into a sequence of these statements. 

Fip,II\"(' ~.I:! girc's ail C'Xéllllplt' of ail assiglllllent slatement which is broken down into a 

St'l'iC's or si III pkr st a t ('IIIC'lIt s. 111 Figure :.U:J, wc list. the set of basic simple statements. 1 

~()tc' 1 h,It varia hie:.. 'x' alld 'y' dellot.t' varnames, whereas the variables 'a', 'b', and 

'c' dt'lIolt, vals. Bdc\" t.o Figure 2.6 for 1 he dcfinition of a varname. 

1 TIIt"l' ha",\(' slalt'lllt'lIls art' rormally hlH'rilil'd III t he SIMPLE grammar included in Appendix A 
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,~ , 

ri!f"RANO(nod8.0) 

~ TREE_OPERANO(node.1) 

ON TI 

"a" 

ON 

"a" 

ON 

• b· 
TT 

ON. OECL_NAME TT • TREE_ TYPE 
TF • TYPEflELOS TC. TREE_CHAIN 

EXAMPLE: the structure refarence a.a.c 
where the structuras are deflned as : 

struct bb { 
struct cc a. 
,nt b; 

e; 

struct cc { 
intc; 
struct cc • d. 

Figure 2.8: Representatioll of a Structure Heferellce 



• 
~A_VREF:t-

- TREE TYPE J 
TREE_OPERANO(node,O) TREE_OPERAND(node,l) 

ARRAV REF INTEGER eST 
- TREE_TVPE -

TREE_ OPERAND(node,l) 
TREE_OPERANO(node,O) 4 

TREE TYPE 3 

- 't~""NTER_TVPE } 
TREE_OPERAND(node,O) l.. _----- TREE_TYPE ---IIw 

"a" 

10 

TYPE_NAX_VALUE( 
TVPE_DOMAIN(node)) 

20 

EXAMPlE : a [3][4] when a is declared as int a[10](20] 

Figure' '2.9: HeprC':'<'lltatioll of an Array Reference 



1 

TREE_OPERAND(node.\ ) 

4 

EXAMPLE: a[4] when a is declared as int a[10]; 

TREE_OPERANO(node.O) 
TREE_OPERAND(node.l ) 

4 

EXAMPLE. t [4] wh en t is declared as mt • t. 

Figure ~.l 0: Differences ill Poillt('r and !\rray Hep)'(!~eJltati()nH 



l 

~ ""DIFY_EXP" l 
TREE_OPERAND(node,O) 

EXAMPLE. ml' t, a [101: 

1 = a; 

TREE_ OPERAND(node, 1) 

~UDR_EXPR ) 

i 
TREE_OPERAND(node,O) 

TREE_ OPERAND(node,O) TREE_OPERAND(node,1 ) 

6 
TREE_OPERAND(node,O) 

EXAMPLE char· t ; 

1 = • howdc.) you do"; 
"howdo you do· 

Figul'<:' 2.11: .\ssigIlIlH'1l1. of Array Addresses 
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1. 
2. 
:l. 
,1. 

5. 
(i. 
Î. 

8. 
9. 

10. 
11. 
12. 
1 :l. 

1·1. 
15. 

... 

a = b * c + (*d) / e; * 
t ernp 1 = b * c; 
ternp2 = *d; 
ternp3 = ternp2 1 e; 
a = ternpl + temp3; 

Figu re 2.12: Basic St a /.<'IJWllt s Trallsforma t.iolJ 

x = a op b wIn 1'(' op i ... fi II Y ln /l(17"!J Opf' ml iolt 

*p = a op b 
x = op a Il,I/( /'( op , .. fi 11.11 III /fll'Y oJHTal /() 1/ 

*p = op a 
x = a 

*p = a 
x = f(args) w/io'( args i ... fi j)(J,';.<izlJly f'1IITJly lzsl of fl1·!JllllU'1tI.'i 

*p = f(args) 
x = (cast)b ll1hc/'(' cast 1.<; (lit Y llll)('('(lsl 

*p = (cast)b 
x = &y 

*p = &y 
x = *q 

*p = *q 
f(args) 

Figlll'e 2. 1:1: Li~t of BasiC' Stéll,(·II)(,IIt.~ 
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expr : rhs 1 modify_expr 

arglist arglist 
val 

, , 
• val 

modify_expr varname (=' rhs 
, *' ID '=' rhs 

rhs binary_expr 
unary_expr 

unary_expr : simp_expr 
l '*' ID 
l '&:' varname 
IcalLexpr 
1 un op val 
l '(' cast ')' varname 

/* cast here stands for aIl */ 
/* val id C typecasts */ 

call_expr : ID le' arglist ')' 

binary_expr : val binop val 

unop : ' + ' l ' - , , !' l ,-, 

binop : relop 
1 ,-, 1 ,+ ' , /' '* ' 
1 ' Y. ' 1 ' " J , 1 J '«, 
1 '»' 1 ( ~ J 

relop : '(' l ,(= JI') JI' )=' 
l '::= JI' ! = J 

condexpr val 
val relop val 

simp_expr varname 
CONS! 

Figll\,(' ~.I·I: SI~IPLE (;rlllllll1ar for an expr 

c = *(a.b); 
d = I:(a.b); 

templ = a. b; 
c = *templ; 
d = &:(a.b); 

Figure ~.15: Tilt' '.' llnd 'i' opcrators 

--_ .. _-----------



As seell t'rom the gralllll1ar of Sl~l PLE p\'('sc'n ted in Figu re :l.I·', ail IlIIar,\' _<,xpn·M.ioll 
could be either a varnarne 01' a ('onstant. II could also lw an illdirect. r{'fc,I't'lIcC' Olll,\' 

a ~imple \'ariahl(' namc is allowed c\fkr Ih(' ':j.' 0l)(.'ralor. COlllple·x varnarnes .\ftc'I' IIIC' 

* opel'ator arc trallslated as showll in Figun' ~.15. On t.he ot.llt'r hand, il varname 
is allo\Vcd 10 appeilr arter ail '&,' opentlor. Thus the ('xpJ'('ssion t • ct (a. b) will 

he kept. as il i~, and will not be silllplified 1111 t.her. The int.uit.ion is that. whl'II W(' 

apply the address operator, wc arc t,akillg t.hl' rlddrt'ss of a variahle' (which ('(>IIld h., il 

complex Olle), and t.ltis should ilOt. he sllllplified illto a t.elllpol'élry varia hic', otlu'rwisc' 
wC' will get. t.!}(' addr('ss of th<, t.('I11j>oral,\' vilriahlt" which is iIlC'Orrc'c!.. 

\Ve halldl(· caslillg of expl'('s~ion~ .11 \(1 fUllet iOIl ('ails ill ,1 silllilar lII'III1I(·\', III ,\ 

function (,él11, ail Il)(' cOll1pl('x argu\llcllt ('xpr(':-.~ions ,1\" silllplifie'd t.o vals. Casl.illp, 

of ('X prcssions i~ J'C'I)J·(·sent.<,d Ily sj>c'cial ~ OP J·:X PH 1I0<l('S, t.1H' TH EI'~_T\' PE fic'Id of 

\\'hich points 1.0 t \1<' type to whi< Il t II(' C'Xpl('!-IsiolJ is I)('illg (·c\st.. Fol' 11101'(' d.,tail!-l, Id"r 
t () ,1'1. ~ . [S 'C),)] 

Certain special kinds of expressiolls aIIO\\,(,<I hy C, IIclllH'ly ('OlllpOUIHI alld ('011 

ditional exprcs~iolls, art' abo tlall!-lfolll\('d ill!,o ('<Juivalc'lIt. SIM PLE st.at,('IIlt'Ilt.S. Fol' 

<,xample, condit iO\lal expressions are t,rélllsro\'llJ('d illto if-else-st.r\t.('IIU·IIt.S, and ('0111-

pound exprf'SSJOIIS are t.rallsfOlllled to cl !-I('<jIl('IIC(' of silllple' stat,('IIlt'lIts of t,1J(' abovc' 

1'01'111 a!-l sho\\'1l ill Figllres 2.1G alld 2.1ï. 

(a>b)? a b = c; 

if (a>b) 

a = c; 
else 

b = c; 

Figure 2.Hi: COlldit.iolléll Expr('ssiolls 

c = z = x + y, z > p; :=:;:> 
z = x + y; 
c = z > p; 

Figur(' 2.17: C'ollll)()ll1ld Exp\'('ssiolls 

As illust.rated by the cxample ill FigllJ'(' 2.1~, sl)('cial ca\(' JJ('ecls t,{) "c' t.ilk(·11 1.0 

handle expre:o.siolls involvillg the logiud 0IH'l'éllol:-' && and Il. TItis is h('('allse', ill C, 
the second opcralld i Il tlH' followill,!!, ('X élIll ph, j~ ('vaillated ollly if t.1H' fi l'St. OIH'I'it/ld 
(>\·aluat(·s to t Ill('. 
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c = exprl tt expr2; 

templ = exprl; 
if (templ) 

templ = expr2; 
c = templj 

Figure 2.18: Logicéli Operators 

Compositional Control Statements 

TIJ(' (oillpositiollai COli 1. roi ~t.at,c'Illent. rOllllS slIpported dirC'ctly by SIMPLE are re

~11''' 1<'d (silliplifi!'d) V('l'siOIlS of stat<'lIlC'lIt ::;C'qUClICCS, for-loops, whlle-loùps, do
loups, SWl tch/ case ~t.élt.('nJ('lIt:" illid If-else statclllents. In addition, return is 

sllppor1.<·d for (·'\it.ing a »1'0«'<\111'(' or l'II Il et iOIl, alld break and continue are sup

port('d 1'01 (·'\it.llI).!, il 1(0». 

III ('cleli or t.1l(' silllple cOlltlO1 COlIst.rllcts t.he complexity of the conditional expres

si()l1~ is l'('dll('('d. Fol' ('xéllllple, Figure 2.19 l'ihows how the conditional expression in a 

whlle-Ioop is :-.illlplifi(·(1. 'l'Il<' condit.iollc\1 peUt:, in do-Ioops, and If/else-statements 

af(' Il,IIHII('<I ill <1 l'iilllilar fashiol' For-loups c1J'(~ givclI special treatment becam;e com

pOlllld ('xpJ'('s~i()lIs cl\'(' po:,sihh' ill tif(' for-Ioop he'éldeJ'. 

while (a + b > c) 
{ 

} 

templ = a+ bj 
while (templ > c) 

{ 

templ = a + b; 
} 

1·'ip,III(' 2.1 !): Simplificat.ion of CI \\"lIILE Loop Conditional Expression 

III l'iilllplil\ill/!, SWl tch/case-slélt('J/l<'lItS. spccial care must be taken. In C, the 

case IdlH'ls d\'(' illiplirit gotos élild t.hc'I'dore a swi teh/case statement may havc a 

Illls11'Ilctlll'l'd contl'OI flo\\'. III rad, t.h(' sWltch/case statement may Ilot even have 
~t l'lIrt \IJ'('d hhH k IIt':-.t in/!, l)('camw a blod~ may begin in olle branch of the swi tch 

<ln.\ ('\HI ill (\lIot IIl'I' hl'anch of the swi tch. As illustrated in the grammar detailed in 

\pP('lIdi'\ .\. t 1\1' hod~' of a simplifil'd SWl tch/case statement. consists of a sequence 
of case st.,II'lIh'III~. lillally C'lIdillg ",it h cl defaul t statC'lI1ent. Each case statement is 

:w 

, 
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made up of one or 1110re case expressions, followC'd by a st.atelll('nt.list, and t'nding wit.h 

a stop stat.ement, which could be eitlH'1' a break, a continue or il return st.at.t'IIU'lIt. 

Varions transformations arc perfornU'd on FInS'!' to hring it 1.0 t.he "hov(' forlllat.. 

If a default statement is llIissillg, 01)(' is ('J'('dted alld apP<'lult'd 1.0 t.1,(' ('lui of tIlt' 
switch st.at('J)}(,Ilt. If a case does Ilot elld wit.h il :-.I.op sttlt.('II\('lIt. (a return, break or 

a contl.nue), thC'n code is replicat.ed so t.hat. tht' clhovc form is achi('v('(!. If t.ht'\'t' éll't' 

lInstructurcd block nestings, t.h('se are I.tll\('1I cart' of hy a pwn'ss callet! ail 1I111U'St.illg 

transformat.ion where block ncstings are n'IIIO\'e<1 hy yanking variahles t.u tilt' fllllrt.ioll 
l<,v('I[Sre92], Berc, renaming of variablt,s is p('rforlllC'd wh('Il<'v('r 1I('('('SSil\'y, Figl\l'(' ~.:m 
shows an t'xamplC' of sorne of t,hese trallsformat iOlls. 

switch (a) 
{ 

} 

case 12: 
default: 
case 13: 
{ 

} 

int i; 
stmtl ; 
case 14: 
stmt2; 

break; 

switch Ca) 
{ 

} 

int i; 
case 12: 
case 13: 

stmtl ; 
stmt2 ; 
break; 

case 14: 
stmt2 ; 
break; 

default: 
stmt 1 ; 
stmt2 ; 
break; 

Figure 2,20: A Switch Stat,('J)\(,lIt Trallsforlllat.ioll 

2.3 Conclusions 

DifferC'nt. t.ypes of compiler analyses alld optilllizat.ioW'i ('ail he pel'fol'llwd 011 SIMPLE. 
The main advantagf' of workillg wit.h SIM l'LE ratllC'l' thall with FIRST is t.hat ally 

variahle in SIM PLE is either a !>calal, ri -.implt! alTa.y l'den'lIce, a st,rudlll'(! Hof('n'II(,(' 

O\' a structu\'e re[c'rf'llce throllgh a poillter. Silllilarly, t.be t.YJH' of éI st,at,f!IIH'IIt. i:-. 
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1 
0111' of a fix(·d HUlllher of types discus~.;('d in Section 2.2. The SIMPLE gram mal' is 
pow('rrlll ('lIollgb t,o illcorporate ail or the C Language constl'ucts, yet simple and 
l'I'/!,II Iii 1 etIollgh :'0 tllilt the optimization alld analyses rules can be specified in a 
~11'I1ct.III('d alld strcligllt.forward mamwl'. 

Fil 1 t.JJ('I, wc' have a dev<'lopcd il dump-C-routlne which produces C code by per
fOl'lllillg a t J'('c'-walk oVC'!' SIMPLE. Thus, artel' perfol'ming simplifying transformations 
011 1.I1C' 1.rc·c· fi/Id ('J'('ating SIMPLE, wc cali dump the C code corresponding to the SIM
l'LE !,J'('e. TI.il'i (: dump pl'Ogl'am collid be rccompiled and executed to vel'ify the 
(,()l'J'('C!.JWSS of t.JJ(' !.rilllSrOrll1atioHs uscd to cJ'c>é1~e SIMPLE. 
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Chapter 3 

The Analyser Generator 

3.1 Introduction 

Thel'c are stl'OlIg similarities alllong difr('n·nt. dat.a-flo\\' allaly~ ... s probl(,lIIs[ASIlH(i]. 
TIl<' dat.a-flow pl'OhlC'l1ls arc dist.illguisll<'d hy 

• 'l'Ile dilcction of 1~I'OJ>agatioll of illforIllat.ioll: il. is l'it.lJ('I' fOI'WilJ(1 or backwald. 

• The abst.ractioll and t.\w opcl'atol's IIs(·d t.0 llIalliplllat.(· t.1l<' abst.ractioll. 

• The t.yp<' of analysis: it is citl)(·1' illt,rapl'Oc('dural 01' illt,el'pJ'O("('d1ll'al. 

Since flow allalysis pl'oblcms arc wdl-struct.III'(·cI, it. ShOllld 1)(' possibl(' t.o t.1'<'iLt. ,dl 

of t.hem ill an IInified way. Devclopillg a Looi wllicll 1l('lps ill t.!1<' illlpl('JI)(·IIt.at.iolJ 
of differcnt datct-flow élnéllys('s by tl'cat illg t 11<'111 ail ill ail llllifi(·d fashioll will IU'lp .1 

compiler wl'il.(·r \.0 pl'Oduce dat(l·flow allalyi:('I'~ «lIickly alld dficÎ(·/It.1y, 

Tl'aditional!y, dat.a-f1ow éllutiy';;('s \\'('1'(' illlpl(·IJI(·III.(·d 011 flow-gl aplls alld mally (Jf 

\.1)(' analysef> w('re intraprocedural. A/)()t)H'r way of illlpl(,III(~/Iti/lg data-rlow iIIlitly' 
S('S when t.he illput is structured and «)lIlj)()~it.iollal, is 1.0 lise a stIll( tll/'(·-Im . .'wd ap
proach and t.o spccify tlle anélly~is r\lI('8 fol' ('ach progl'arn ('ompO/IC'IIt, '1 his killd of 
implement.at.ion if> c10ser to how 011(' ~p('('ifies cUlaly:..es I/sillg a\,:..l,rad iut.(·rprdat.iol/ 
tC'chnique:.., III thif> approélch olle sp('('ifÎ('s 1,11<' dat.a l'.bst/ ad.Îo/l, t1H' ojwratÎo/l:-' 011 



t11f' étl)stl'étct.iou, étlHI mies 01' functions fol' each kind of pl'Ogram component incJud
illp., silllpip stat('IIH'uts, conditiollals, alld loops. This sort of approach has been used 
~IIC «'~sflllly fol' lIléllly complex allalysc~ plOblulls including a variety of alias analysis 
plOl)h'IIIS [II NS!), ))c'u!)2, Eman]. Pel'forJlliug these sophisticated analyses as weIl as 
tilt' I.ltIIlit.iollal HllelÎyS('S ill a rulc-has('d alld stl'lIcturcd manner has two advantages: 
(i) i t. ilia k('~ t.h(' illl pl(,llIelltatioll c1ear ('WIl whcn the abstraction is very complex, and 
(ii) il. simpl ifi('~ proving the COl'rcctness of the implementation. Furthermore, having a 
sI ruc1.IlI('d éilld ('olllpositiollal rcpl'esentation of the program (like SIMPLE) makes the 
jo" of impl('III('lItillg thcs(' sophisticat.('d analyses more straightforward and elegant.. 

III t.hi~ ( l)(Ipll'l, W(' d('scrihc th(' illlpl('lllclltatioll of ail analyzer-gcnerator, McTAG 
(J\1 .. Cill TJ('('-h,,~('d Allaly:œl' GeIlCl'at,OI'), which takcs advalltage of the stl'uctured 
illici (OlllIH):-'ll.iollrll lIat.ure' of t!w SIMPLE illtcl'lIIcdiate fOl'm to provide a stl'aight
lOI \ViII cl Wct.\' 01 ~I)('('ifyillg II('W alléllys('~. Thi~ tool allows us 1.0 quickly implemcnt 
t.1H' t radit.iollcd /low clllalyses, élS weil éiS providillg the backbone for the development 
of J('lat.iwly adVe\l1< ('d é\llalysis t,('c1l11i<jllf's like alias analysis. McTAG takes a set of 
:·iJ)('("ificclt.ioll~ which d('sclihc th(' dat.a-now prohlcm as input, and the output is the 

dal,l /low amdy,œr 1II0duJe which opt'I'al ps on SI:MPLE. The following section describes 
1.1)(' o\'('I'all HI 111("(\11"(' of t.he gell('l"rlt.or, éllld gives examples of the generator input and 
Ollt l'lit,. 0111 clpprodch t.o gCllcral,e délt,él-flow alléily~ers has an additional advantage in 
1 hdl J1,\l'édlc'li:--1lI (",III b(' ('asily cxploiled ill ('"\('cuting these analyzers. In Section 3.:3, 
\r(' Il Iii k(' i\ bri('f 1'<'111.11 k 011 J>éll"élll('lJ:t,illg tlt('M' élllélly~ers. 

3.2 The Tooi 

'l'h(· O\'('l"clll st.rud lIrt' of MeTAG is shown in Figure 3.1. The generator takes as 
illplll ,\ sl'1 of ~I)('rificé\tiolls for t.he ab:-.lraction beillg comput.ed (sets, stack matrices, 
pa t Il Ilia t rire:--, l'I.e.) for a pa rI inda r da 1 a- no,," pl'Oblcl11, and a set of pattern-action 
11111':-', 1)Jl(' mit' for l'cu:h ('xplt':-.sioll élnd ~tatell1l'llt type supported by SIMPLE The 
0111 pul is cl dclta-How ,1I1cdYi:('r proglcllll \\"hidl Ira\'ClSCS the SIMPLE tree applying the 
clJ)propriat<· rlllc's élud roll<'et.ing the sp('cified dclta-Oow information al. each program 
IH)ill1. The élnalp('r specificat.ions al·(· completely independent of the SIMPLE tree 
char"("\I'rist il:-': 1 III')' ollly specify preci:-.ely how to collect the particular data-flow 
IllIorlllalioll. 'l'Il<' ,!.!,('ll<'rator gelwral('H ail the ext.ra infol"mation pertaining 1.0 t.he 
SI~II'I.E 1 n'(' êlnd ~('I\('ré\l('s the tH'{' \\'"Ik élutomcttically. 
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Figme :J,I: OV('lall St.l'uct.UI'e of McTt\G: I\IcC:ill 'l'I'('('-hélspd Allaly~',('1' (;(·II(·l'at.ol' 

3.2.1 Input for McTAG 

Th(' input. specificat.ioll file is Illade> Ill' of I.hl'<·(· lItaill part.s: 

• él C code sc'ct ion, which has ail th .. l'Outillc's Lo illlpl<'llIelit. t.11(' ahst.ractioll, 

• t.he charéldcl'izat.ion section, whÏc'h sl)('cifips t11e gencral chanlctPI'ist.i('s of t11C' 
dat.a-flow probl('ITI, and 

• the main scdion, which has a lis\' of patt.eJ'll-actioll pail's, 011(' fol' ('W'I'Y st,II,(·· 
mcntjexplcssion t.ype fOlllld in SIi\II'LE. 

TllIls, t.IlC' inpllt spc·cificôt.ioll filc' has tlle' g(·llc·n.! stl'llctllr<' shown ill FigllJ'(' :J.~, 

The complet.e gl'amlllar ill BNF Ilot.al.ioll fol' t.he above Sl)('cificatioll is illcltHI(·d ill 
Appendix B, \\1c· shallilow descl'ibe ('adl of the' above sections ill ddail by illllstJat.illg 

t.h(' sl)('cifica t.ion fi 1(' fol' t.he followi ng da t (t- flow élilalysis !>JOhlml, 

Lf't 118 (,o/Jsidel' the »lOhlclll of dct.el'lllillilig t.Iw ~et of availahl('('xpn':,siolls al. c'v('ry 

point. in a progralll. An cxpl'es~iolJ x+y is availablc at a jJoillt p ill the progl'ilill if 

('\'('1')' path 1'1'0111 the initialllod(' to p ('\'étl liaI (':, x+y, élll<l aftel t./J(' las!. sll('11 evaillilticlii 



X{ 
C code to implement the abstraction being approximated. 
X} 

<characteristics of the data-flow problem> 

PROCEDURE analyzer_name(parameters):returntype 
<pattern> {action} 
<pattern> {action} 

Fi/!.III(· :l,:!: (;('I]('I'al Structllre of t Il(' Illput Speciflcation for McTAG 

!l!'!O!' 1.0 J'('il( lIillg p, 1.11(')'(' al'<' 110 subsequPllt assignments to x or y [ASU86]. The 
fI"~t.rad.ioll in t IlÎs case' is a spt of CXPI'('ssioIlS, Since we want the expression to be 
"",tilah/(- 011 ('V('r)' pat.h, t.he II1crge opt\l'éüioll is an intersection. A sample C-code 
St·('t iOIl of t.l1(' ~1H'cifi('atioll file for tl\(' above flow problem is shown in Figure 3.3. 
1\101'(' ddaih'd (''\i-llllpips ar(' pn·s(·nt.(·d in Chapters 4 and 5. 

:\~ showlI ill Figure :1.3, the C roUtilH'S arc inserted between the delimiters Y,{ and 
Y.} illld t.lH·~(· ill'(' u~(·d ill 1.11<' art iOI! part of t he specifications. These are the rout.ines 
t ",11 \\' i Il 1)(' IIM·t! 1.0 III <1 Il i pul / e the a b~t radlOI!. Silice the abstraction here is a set of 
',l'JJ/,,,'',''WI/I'i, t.lwJ(· êll'(' l'Out illt ... 10 add (·:-.pr(·ssiolls to the set, delete expressions from 

t III' M·t, 1.0 cllt'ck if t \\'0 set.s élJ'(' the' SélllH', ,-\IId, of COUl'::>C, the mel'ge operation has to be 
dl'lll)(·d lH't \\'t'('11 t ,,'0 s('j,~. TIH'M' will 1)(' copicd vcrbatim to the output file. It should 
1)(' 1101.<'<1 1 hall 1)(' pl'Ogl'amllH'1' lIlight lI~C a 1lI11ch more complicated abst.raction Iike 
!l,lib lIIalrin's for il difr('l'cllt »l'Obl('11l [IIN89]. 

Th(· charite! ('l'i~1 ifS of t.he sp('cine <laI a-flow probleTll are specified next. A sample 

("dI'dt It'I'ist.ics M'ct iOIl fOl tht' aho\'e a\ailable expressions data-flow problem is given 
l,do\\, ,lIld 11((' \ dl'ioll~ pos"lhilil j(·s t.hat l'ail aris(' ar(~ discussed subsequently. 

,Hl 



1.{ 
typedef struct { 

} • SET_TYPE; 
/ •• This merges set1 and set2 and returns the nev merged set •• / 
static SET_TYPE merge_availCSET_TYPE setl, SET_TYPE set2) { ... } 

/ •• This returns a copy of the set set1 
static SET_TYPE copy_availCSET_TYPE seti) { ... } 

/ •• This prints set1 
static void prlnt_avaiICSET_TYPE seti) { ... } 

/u This is a rO'J-tine to build the call graph 
static void build_cgCSET_TYPE set1) { ... } 

/ •• This deI etes aIl the expressions 
/ •• set1 and returns the nev set. 
static SET_TYPE delete_expr(SET_TYPE 

in exprlist from •• / 
**/ 

exprlist, SET_TYPE seti) { ... } 

/*. This adds expr to set1 and returns the nev set •• / 
static SET_TYPE add_expr(SET_TYPE expr, SET_TYPE set1) { ... } 

/ •• This returns aIl the expressions that have the 
/ •• variable var in them. 
static SET_TYPE get_exprCtree var) { '" } 

/ •• given the variables and the operators, it creates and ~./ 

/.. returns expressions •• / 
static SET_TYPE create_expr(tree op, tree vari, tree var2) { } 

/** given two sets, this routine returns a 1 if they are •• / 
/u both the sarne; 0 otherwise. u/ 
static int same_sets(SET_TYPE seti, SET_TYPE set2) { ... } 
1.} 

Fi~ure :CJ: C-codp illclll..,ioll iJl the Specificatioll File 

:n 
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ANALYSIS : FORWARD 
STOREOPTION: STORE 
PROCTYPE : INTER 
DATANAHE: set 
DATATYPE: SET_TYPE 
TREEINDEX: TREE_AVAIL_INDEX 
CGINDEX: CG_AVAIL_INDEX 
MERGER: merge_avail 
COPIER: copy_avail 
PRINTER: print_avail 
CGBUILDER: build_cg 

• ANALYSIS' Thi:-. is sp('cifi('d as ('itlwl' FORWARD 01' BACKWARD, depending on 
\\'11<'1.11<'1' il is fi fOl'wéll'd 01' a hack\\'é\I'd allalysis, This information wiII be used 
\\'11<'11 \\'(' glOIl(> 1.1)(' allalysl~s 1.0 l'lIli a lIulllber of analyses in parallel. 

• STOREOPTION: If t.his opt.ion is sl)('cified as STORE, then ext.ra code is generated 
Il.\' t.I\(' 1.001 10 sl.OI'<' the dat.a-f1o\\' illfol'mation in the tree, Otherwise, if the 

opt.ioll i:-, NO_STORE, t.ht' (,OIlII>III.<'d dal.él-f1ow illformation is not stored in the 
1 1 P(', 

• PROCTYPE: This oJ>t.ioll specifies \\'het.hel' t.he analysis is illterprocedural 01' in
IlapIO('(,dllral. If t.h(' éllléllysis is illt.l'apl'occdUl'al, then ail the procedures are 

ll'av('l's('d 011('(' ill randolll OI'd('I', If it. i:, illtcl'procedmal, then a call-graph IS 

(Ollsl l'II el ('<1 alld t.rélV('I'S('<I, (,011('('1 illg informat.ioll across procedure calls, 

• TREEINDE),: This sl.ollld he spt'cifi('d ollly if the STORE_OPTION option is specified 
as STORE. This is IIs('c1 t.o sp('cify élll ullique field ill t.he AST the computed data
lIu\\' illfollllill iOIl is sl,oJ('d, 

• CG INDEX : Thi:-, is silllilar 10 the TREEINDEX, This specifies éI unique index in the 
(,dl p,l'dph \\'h('J'(' t hl' ('01111>111('<1 illfol'mal iOIl is st.orcd, 

• DATANAME: Tht' lia 111(' of t hl.' ::.('( 01' CI bsl l'action is specifiecl here, This is used 
".r 1 hl' p,(,I\('rrllor 1.0 allt.omat icall,\ g('llerate a default action when the pat.tcrn
<le( jOli pail' fOI' a parI jClllal' st.atC'IIH'1I1 IYI)(' is ilOt. given, 

• DATATYPE: TI\(' tYPl' lIéllllt' of t.Il<' :-.t'I or abstraction is specified here. 
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.,. 

• fJIERGER: The nallle of the nl<'rgillg rolltilll' (t.o llH'rg(' t\\'o sds of inforlllat.ion) 

is spccifi('d hC're. This is reqllin'd if tlH' STORE_OPTION is sd. to STORE. 'l'hl' 
merging l'out inc has to have the fUllet iOIl protot.ypl' as showll 1)I'lo\\': 

That is, it. t.akes in two sets or "hst.rad iOlls and rl'tuills " 1IH'l'g('d st'!.. This 
l'Outil1f' has 1.0 Le defiIwd pr('violl~ly ill t.11t' C ('od(' s('cI ion, 

• COPIER: The lIanle of the copyillg l'OUt.illl' (to copy t.wo sd,s of inforlllat.ion) is 
specified herc. This is also rt>qllil('d if 1.11<' STORE_OPTION is sl'\, t.o STORE. 'l'III' 
(opiel l'Ollt il\(' has t.o hm'I' t.!1I' ftlll( t iOIl pl'otot.ypl· ,IS show Il Ilt'Iow: 

Tha1. is, it Lakes in a sel. or ahst l'actioll alld rd III'IIS a copy of t.hat. spt.. This 
l'Outille also has t.o be d('fil\('(1 J>J'(,,·iou:.ly ill t.h(' (: (>oel(' s(·d.ion. 

• PRINTER: This is ~,he nalIIe of t1l<' 1'01It.ilH' that. is IIS('<1 to print. t.!J(' inforlllatioll 
collecl.ed. Thp rout.ille has t.o ha "(' t III' ftllldion pl ot.ot.y 1)(' as showli hl'Iow: 

VOId prlnt_avall (SET_TYPE set, FILE * fIlename); 

Thal. is, il. t.akes ill a sd alld pl'illts 1.111' s"t. illfol'llI(lt.ioli ill t.lw fill' giv('11 by 
'fiIenaIlH", J)('fallit file lIs('d is 'st.<l1'1'I '. 

• BUILDCG: This is an opt.iollall'Out.ill(· that could 1)(' sp('cifi('d hy t.lw wwr if I)('/sll(' 

wants lo build t.he call-graph ill his/h('r OWII way. Ot,Jl('rwis(', t.ll<' st.alldal'fl 

built-in rout.ine to build a cali gl'HJ>h i:. (alhl. This opt.ioll has ilOt. yd, lW/'II 
i III pl ('mell t,('d. 

\V(, 1I0W disclIl>s t.he lIIaill part of t111' ~1)(·(·i[i<'é1t.ioll file. This st.<II't.s witll 1.11(' /1(11111' 

of t h(' main l'out ill(' which illlpl('llu'lIt:. t II(' délt..\-flow 1>1'0"1('111, follow(·d by t.11<' IIst. of 

illpllts and output. t.o this l'outille, éllld t11C' patte'nl-actioll pairs. 'l'II<' gl'iLllllllill 1'01 

t.his part of t.he ~I)('('ifi('atioll file is sp('cifi('d ill Fi,l!,lIre :IA. We :.t.é1I't. wit.h t.\w k('yw(Jl'f1 

PROCEDURE, foll()\\'('d by t.he llamc of t.he plO('('<Iure', alld ,',{'ro or Illon' IMl'itlllf'tI>I':', 
'1'1)(' hody of the pattern-actioll pairs st art.:. wit.h 1.11(' k(·ywo/ cl CASE, follow(,d l,y tilt' 
idellt.ifier nanl(' which rcprcscllts the tJ'('('-lIod(" fol;owed by OF ct/Hl il Ii:.t. of p(Üf.(·/1i 

oct iOIl pairs. E\'(,1'~1 pattern cOlllcl ha\'(' 011(' or /lIOIC t(·lIIplat.(·~, wlH'J'(' l'éU'h t.f·III"I;.t .• · 

J'('pr('~('nb éI ~téltellJ('lIt tYPc/f'xpressioll typl' fOlllld ill SIMPLE, a/ld t/I<'y ail (ail shalf' 

t he ""Ille actioll. Fol' ('xélmplc', we could Iiav(' 



<[Idl: WHILE cond DO strnt] [ld2: DO strnt WHILE cond]> 
{ 

process_loop(stmt)j 
} 

'l'liaI. is, fol' bot" t.Ilf~ WHILE and the DO loops, wc want a common action to be executed. 
Ev('l'y I.I'/IIpl.II,(· wlli( Il l'('pr('seuts a stat('IIH'lItjcxpression type has the following format 

[ strntld: stmt-template J. 

A s(lIl1pl(' of t.h/' llIain s(·('\.ioll fol' t.llC' a ho\'(' av::tilable' expressions data-flow pl'oblcm 
1 ... ~h()wlI ill Fi.f.!,IIJ(· :J.!j, 

Tllllh, 1 II(' 11<11111' of t hl' maill lOut.ilw is avalLexpr, and it takes in the input set 
Indata alld Cl poilll.(·1' 1.0 t.he tl'<'('_lIo(lc, éllld, depcnding on the type of tree_node, 

(OIIl(>Ut.(·S t.Il1' out.put. set outdata, TIlC' pat.t.prn part of cach mIe matches a pal'ticular 
hl.II('III(·lIt. t.YP(· ill SIMPLE, Fol' cxalllpl(', if you consider the fil'st pattern, it matches 
il whil('-Ioo\>, 'l'II<' words ill capit.aJ:, li!-(' WHILE and DO are the keywords used to 

<li~1 ill,!.',lIish il ah .1 \\'hil('-Ioop, The words ill slllall lelters are any identifier names 
whidl r('»I'(,h('11I tiH' difrPI(·lIt. part.s of t.he ",hile-Ioop, The generator maps these 
Icll'lIlih('r Il.\III<'S 10 tll<' adual peuth of tll(' SII\IPLI': tree they repre:,ent. In the action 
1'.11 t, t.llI's(, id(·IIt.ili,,!' Il a III es an' lIs('d to )H'rfol'lll an operation on that part of the 

whill' 100J>' 01 lH'r lira)) t.his, ill the actioll, we ran use' any other variables which wc 

<ll'/ill(' l'il !WI' ill 1 III' C-('o<l(> IlPad('l' 01' as a. parallletcr, or defincd wit.hin the action 

parl il S('I/', Fol' ('Xéllllpl<" in tlte mie fol' li 'while-loop', the action part uses f:()ITlC 

\'dri.lbl('s lik(' '/I('xLapprox' whidt is d('fillf'd l'ight thel'e, 'indata' which cornes in as a 
p.ll'ill 1 1<'1 ('1 , il\ld ':-,11111.' whiclr is él lIse<! ill t 1](' pattern t.o represent the statement part 
III t h(' '\\'lIilt- 1001", 

3.2.2 Output of McTAG 

l'I\l' (' (od(' OHt pllt of .. \r(. gl'Il<'l'ator tool just fol' the lf- statcment ru le is given in 
l''I!!.IIJ(· :Ui, 

TIlt' g(')H'!'atOl' \\'orks ill I,\\'u plIas('h, Silice SII\IPLE has a fixed number of state-

1lI!'llt /('XIH'('hhioll t~ï}('h, the gellerator bah cl table cOllsisting of one eutry fol' every 

~1.III'IlH·lIt/(·\I)\l'so.;ioll tyP(' rOlllld ill SD.IPLE. In the first phase, as the generator 
p.II ... \· ... 11\1' ~p\·cilkcllioll filt', il Iills up 1 Ill' tabl(' ('lItries with the variable names uscd 
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routine: PROCEDURE identifier '(' pararnlist 
paramlist: pararn 1 paramlist 'J' param 1 
param identifier ':' type 
type identifier 
body CASE identifier OF cases 
cases case 1 cases case 
case '<' caseheadlist '>' C_CODE 

') , 

caseheadlist : caseheadlist casehead 1 casehead 
casehead : '[' identifier ':' stmttype 'J' 
stmttype : WHILE identifier DO identifier 

DO identifier WHILE identifier 

'. , type body 

FOR identifier identifier identifier DO identifier 
RETURN 
BREAK 
CONTINUE 
BREAK identifier 
RETURN identifier 
SWITCH identifier DO identifier 
CASE identifier DO identifier 
DEFAULT DO identifier 
IF identifier THEN identIfIer ELSE identifier 
IF identifier THEN identifier 
CALL '(' identifier' J'identifier ')' 
identifier '=' identifier identifier identifier 
'.' identifier '=' identifier identifier identifier 
identifier '=' identifier 
identifier '= ' 
identifier '=' 
identifier ' =' 
identifier ' =' 
identifier '= J 

'* ' identifier 
'.' identifier 
'.' identifier 
'.' identifier 

'*' identifier 

'.' identifier 

'.' identifier 
'&' identifier 
identifier identifier 
CALL '(' identifier',' identifier ')' 
CAST '(' identifier 
'=' identifler 
'=' '.' identifier 
'=' '&' identifier 

, , 
J identifier ')' 

'=' identifier identifier 
'=' CALL ,(, identifier 'J'identifier ')J 
'=' CAST '(' identifier 'J'identifier ')' 

identifier '. , J identifier 
identifier identifier identifier 
identifier 
DEFAULTACTION 

Figlll'(' 3.4: Grélll1T1li-1i fol' the Spc'cification Fil(! 
Il 



PROCEDURE avail_expr (node:tree, indata:SET_TYPE) :SET_TYPE 
CASE node OF 
< [stmtid: WHILE cond DO stmt]> { 

SET_TYPE next_approx,out2j 
SET_TYPE outl,last_approxj 

} 

next_approx = avail_expr(cond,indata); 
do { 

last_approx = next_approxj 
outl = avail_e~pr(stmt,last_approx); 
out2 = avail_expr(cond,outl); 
next_approx = merge_avail(last_approx,Qut2)j 

} while (next_approx !=last_approx); 
return next_approx; 

<[stmtid: IF cond THEN thenpart ELSE elsepart]> { 
SET_TYPE outl, out2; 

} 

outl = avall_expr(thenpart, indata); 
out2 = avall_9xpr(elsepart, indata); 
out = merge_avail(outl, out2); 
return out; 

< [stmtid: varl = vall binop va12]> { 

} 

indata = delete_expr(get_exprs(varl), indata); 
indata = add_expr(create_expr(binop,vall,va12), indata); 
return indata; 

<[stmtid: varl = un op val]> { 

} 

Indata = delete_expr(get_exprs(varl), indata)j 
indata = add_expr(create_expr(unop, val), indata); 
return indata; 

<[stmtid: stmtl ; stmt2]> { 
SET_TYPE outl,out2j 

} 

outl = avail_expr(stmtl, indata); 
out2 = avail_expr(stmt2, outl), 
return out2; 

FlglII'I' :t,i: .\ Sill11J>l(' Specifie,l! iOIl Fil(\ fol' the Allalyzcr Generator 
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case IF _STHT: { 

/*. extra code generated to declare variables 
/** pattern part of the specification 

used in the **/ 
**/ 

tree fi = node 
tree cond = STMT_COND( node ); 
tree thenpart = STHT _ THEN (node ) ; 
tree elsepart = STHT _ELSE( node ) ; 

if (STHT_ELSE{node) != NULL) { 

'** '** 
Extra Code g~nerated to store the output in the 
tree, because the STORE option is specified 
if «TREE_O_INFO(node»[O_TREE_FIELD_INDEX] == 

(TREE_O_INFO(node»[O_TREE_FIELD_INDEX] = 
copy_avail(indata) ; 

else 

**/ 
.*/ 

NULL) 

(TREE_O_INFO(node»[O_TREE_FIELD_INDEX] = 
merge_avail(copy_avail(indata), 

(TREE_O_INFO(node»[O_TREE_FIELD_INDEX]); 

/.* code that is a part of the specification input .*/ 

} 
} 

{ 

O_SET_TYPE outl, out2,out; 
out1 = avail_expr(thenpart, indata); 
out2 = avail_expr(elsepart, indata); 
out = merge_avail(outl, out2); 
return out; 
} 

Fig\lle :3.G; A pétrt of t 1)(' C('/H'1'é11.01' Ollt.plll. 
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III 1,11(' \,('llIpl,II,('s illld t.he actiolls cOl'm .. polldillg to every statementjexpression type. 
III 1 1 If" !-IC'('{Jlld plrcl~(', it makes olle full pas~ ovc'1' the table and spits out C-code. 

TIH' g('IH'l'at 01' has built-ill illformatioll a1JOut the structure of SIMPLE. In order to 
('1'(';11.(' Uw dilt<l-flow itllaly:l('1' l'OutiIU', additiollal code has to be added to traverse and 
,1('('(':":" t.lJ(' l'i~llt. :"IIIJ-part.s of tlrp SIMPLE t.lce. The generator defines and initializes 
1,111' Vil ria!>!.' IIdllH'S IIS(·<I ill t.lre patt('I'II-tl'lIlplates (which it has stored in the table), 
\Vit.h t.!w ;11 tuai parts of tire SIMPLE tl('(' t.lrey l'epresent. For example, in the case 
or 1,111' lf -:-.\"11 ('111('111., t.he varia.bles 'tl)(,11 part' éllld 'elsepart' used in the patterns are 
illil i,diz('d 1.0 1)(' tlll' 1,1 ('C l'('pres('ntillg t 1)(' t 1wlI-part of the if-statement and else-part 
of Il)(' l f -sta 1.('111('111 1 ('S J)(·ct.i V(·ly. 

Sill(,(' t.!J(' STOREOPTION is spccifi('d to be STORE in the specification input, addi-

1 iOlla 1 cod(' !tel:" t 0 1)(' gell('rate'd t.o :-.tOI (' t.JJ(' <ollect.ed informat.ion in the tree. The 
TI/EE_<LJNFO fll'Id !telS d poillte· .. t.o 1,11(' illfollllat.ion stored. TREE...AVAILINDEX is the 
IIl1iqlH' illd(';": 01 t II(' IlIlollllal.ioll ail cl,)' ",llie h poillt.s to the list of available expressions. 

Thi~ i:.. c!(·:-.nil)('c! ill 1II0l'(' d<'tc\il ill t he' IJ('Xt s(·ctioJl. Notice that t.he actions performcd 
dlC' dlfr('J'('1I1 if t 1)(' t 1'1'(' aln'ady lias SOIl\(' informat.ioll stored in it. If thc information 
ilJ IIJ(' t 1'1'(' is N (1 LL, wlrich lIl<'élllS I.lIat t his is t.he fil'st time wc are analyzing that. 
Sil 1>1. 1'1'(" W(' just sl.or(· Ul<' I\('W i1lfOl'IlIat 1011. Othcrwise, (t.his means wc are in a loop 
or ill il J'('(,lII'sh'(' pl 0('('<1 111'(' cali whel'e \\ (' aIC' computing the fixed point), we merge 

1 hi~ IIC'W illfOl'lllélt.ioll \Vit.h t.!J(' inforlllat iOIl alr('ady prcsent. in the tree. 

'l'IIC' (' ('od" ~i\'('11 i1l t.he cldioll part of tll<' l'ules is inserted as it is in the output.. If 
" 1111(· fol' " pal t iculill' t.yP(· of :-.t.at.ellH'1I1 is 1Iot givcll, then the table entl'y correspond
ill/!, lot iraI pal t ('III-h'lIlplak is (,lIlpt,)' mlcl the dcfault, action specified in the input 
~p(·('ifr(,é1t iOIl i:-. wiI'd. 110\\,(,\'('1', if t.I)('J'(· is 110 dcfault action in the specification file, 
1 h(· id('lIt it~· fUll et iOIl is 1)(,J'folllH'd. i.t· .. 1 he' daia-set which cOllles in as a parametC'r is 
IdlllllC'd ,IS IIJ(' oulpllt. 

'l'lu' ('lIt in' Ollt put élllclly:l('1' proc!II('('d hy the gCllcrator fol' the specification input 
1'01 re',,('hill,!!, d('fillitiolls is sho\\'11 ill AplH'IHlix C. 

3.2.3 St.orillg the Data-Flow Infornlation in the Tree-Node 

\" illd iCè,lI'd ill 1·'i!!,uJ'(· :l.l. t'arh éllléll.\'sis is specified illdepcndently, and a unique 
illill" i:- 11I('llId('d in ('(\ch sl)('('ificcltioli \\'hich is us('d to specify a unique position JJ1 

I·t 
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a tr('c-node for storing the appropriatt' ("Ollll>lIt('<I vaIlles (l't'ft'r 1.0 Figul't, :1. i). This 

provides a way of ('nsuring that. ea('11 allaly::.is lias an appropriat.t' plil(,(' fol' st.()rill~ its 

re~mlts. Thrre is a field in ail relevilnt. t It'l'-nodes t.hat. point.s 1.0 ail ilITay of pointt-rs. 
Each elcment of this al1'ay poillt.s to t II<' inforlllat.ioll ('omplltt-d hy dilrt,I't'lIt. .1,11,1-

f10w analyzers. 'l'hl' array-index fol' a pent kilim dat.a-f1ow élllalysis is spt'cific,t1 ill 1 lit' 

input specificat.ion file. Similarly, ill 1.11<' case of illt.t'I'J)J·o('t'dlll'dl illlalysis, \\'c.' slort' 1 lit' 
additional informaI iOIl in t.he call-gl'aph. 

1 ~~LI~S-=IN~~ -
i CONST INFO 

! 
-------- -=---- ----
LIVE INFO 

--~- ----- - - ------

1 AVAIL INFO 
1 

FiguI'(' :1.7: Data-flow illfol'lIlé1t.ioll stol'(·d in il ')'n·(·-notl(· 

3.3 Parallelizing the Data-Flow Analyzers 

III gf'l)('rat.ing délt.a-flow alJaIY"-('1 S ill il si 11I('\,1I1(,d IIleUlIl('r, p,u',dlt·lislJI t'illt 1)(· (·xpluil.('(1 

al. t wo lewls: 011(' !>('t.w('elJ variotls dat.a-llow illlaly"-el's alld 011(' illsith· a ~I)('('ifi(' dat ,1-

flo\\' analy/lC'l'. 

• As 8ho\\'11 i Il Figure 3.1, a n 111111)('1'01' da ta- flow élllalyiwi ~ (ollld 1)(' pl'ot! ll('(·d lI~i III!, 

the g<'lIerélt,OI' too\. 'l'II(' pla('('s tu :-.lf)J'(· tll<' 1(,~lIlb of t.Il('o,c· allaly:..(·~ il/CO IIl1iqlll' 

to 1 II(' part.iculal clllalysis. Titis pl ()vid(·~ ail UppOJ t.lllli\'y to ('xploit tilt' ('WII ~f' 

gldill palallelislll cxistillp., étlllOllg 1 1)('..,(' illI,dy~(·~. lIow('V('I, «'J'taill illlilJy:..(·~ Il,tV(' 

!-oOIlW killd or depelld('lIcy witll WIII(' otlJ('1' amdyo,('~ alld t,lwrdoJ(' ('lIfo/l(' (III 

o .. <Iel' in tl)(' ('x(!clltioll of the~(' illlaly~(':-" Fol' (·xaJllpl(·, alia;, iflfollllatioll JH'(·d~ 
to 1)(' colllplltC'd !J('fol'(' (,olllpllting li\'(· vill'ial,I('s 01' JC'achillg d(·fillit,i()fJS {",·f(·J' \'0 
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(:hapl.(·1' '1). Titus, cxcept for tl)(' partial order enforced by the dependencies 
illIIOII!!, allalys('s, pal'allelisll1 al a (,(MI'S(' graillievel can be exploited byexecuting 
tllI' (1Ilaly,wl's ill pal'alld . 

• SllIn> W(~ ,II'(> building stl'lIftll1(·d dat(t-flow analyzel's to work on SIMPLE, which 
it.s(·)f i:. a ~t.I'IIct.lll'ed cOlllposit.iolla) l't'prescntation of the pl'ogram, it is guaran
l(·('d 1.11<11. din'('n'lIt sllbt.J'(>e~ will Ilot illterfcre. As a consequence, they could be 
,"wly:œd ill pal'allc·1. Fol' examplf', the two conditional parts of an if-statement 
('oulcl IH' é1l1aly:wd in pflralld. Silllilarly, ail branches of a switch-statement 
(ould !>C' allélly:œd ill parallpl. 

3.4 Summary 

III 1 Ilis chapl.(·I', W(' have 1)I'('s('lItc<l a tool which helps us build structured, sophisticated 
,lllillyz('l's ill él Idat.ivc·ly st.raight.lè>l'ward alld ("Icgant manner. The fl'a.mewol'k of the 
I\kTA<: is bds('cl 011 SIMPLE, whicIJ is él strllctured and compositionall'epresentat,ion 
of 1 III' ('111 in' prop,rillll. 
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Chapter 4 

Introductory Exarnples 

III t his chapt.('I', wC' desclibe two allalyz('l's t.hat. htlve 1>('('11 g(·IH'rat.(·d IIsillg t.h(· allalyz(" 

t.ool dil'clIssed in ('haptcr 3. The fin.;\. allalysi~ pn·l'(·IIt.(·d is il fOl'wal'd alralysis fol' 

r('achillg dc'finitiolls wlrile t.he secolld allillysis is fi hackwanl 011(' fol' IiV(' variithl(·~. Fol' 

('ach of the analyl'('s, W(' first defillc t1w 1>1'01>1<'111, t.IH' abst.rad,ioll IIsC'd, t.lH' ()1)('l'ati()lI~ 
Iwrforllled 011 the abstraction, and the" d('sn ilJ<' how t.!H' dat.a-flow <lIlalysil' PI'OI''''1I1 

il' ~olvcd using the analyzcr tool. FUI't.IIt'J', wp ext.(·lId the éllla.lyS(·s t.o hilllt'''· tilt' 

break and contlnue COlIstrllcts in a ~I 1'11('1 III pd IIHUII)('J'. Fillitlly, i" ord('1' t.o III a kt' 

our analys('~ illlcrproc('dllral, we COIISt.III('t a ~I)('cial cali graph t.hat. is ('lIlploY('d t.o 

a"al~'~c' bot h ol'dillary and l'<'cllr::.ive 1)I·{)('(·dlll (' ndls. 

4.1 Reaching Definitions 

R('aclrillg defillitioll analysis 1J('lps liS t.o dd('rllli,H' wlral. d('fi"it.iolls reach.l Pill't.in"ar 

poillt. in a pl'Ogl'alII. This is a fOl'\vard êlllalysis, as dis('lIsspd ill [ASIJH(;), wlwl'f' Wc' 

analy~(' a progralll from top t.o l,oUm\l. 

4.1.1 Problem Definition 

Heaclring dC'fi"it iOlls ha\'c IWeIl fOl'lnally dc·fillc·d ill [ASIJSn] as: /\ deflni tion of a 
var~able x i~ él ~tat('nwnt tlrat assigll~. or Illay assigll a va.hl(! I.u x; A ,ldillil.ioll d 

li 
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reaches a poillt P, if therc is an execllt ion path immediately following d to P, such 
t hitt. d is Ilot 'killl'd' along tltat path, 

Fol' tlJ(' 1>lII'POS('S of 0111' analysis, we extcnd this to define definilely-reachmg and 
/IIt1,1jfu-I'f'(l('fllfl,fj, A d('finit.ioll d of a valiable x i~ said to definzlelY-1'each a point p if 
d i~ tlu' ollly d('fillit.ion of the variable x that n'aches the point p, The definition d of 
" \'dl iable- x is said t,o 1I!aybc-1'f(lC!t the poillt pif thcre is more than one definition of 
t.Il(' variClbl(' x 1 /tilt. (('aclU's point p, TIIC' following picce of code illustrates the above 
dl'fillit.iolls, 

(1) y = 3; 

(-------- Definition (i) of y definitely-reaches. (A) 
(H) x=4; 

(-------- Definition (i) of y definitely-reaches, 
Definition (H) of x defini tely-reaches. (B) 

if (cond) 
x = 2; 

(-------- After the if-statement, 
the definition (i) of y definitely-reaches, 
definition (ii) of x maybe-reaches, 
definition (iii) of x maybe-reaches. (C) 

WI' ('XI,('I1<1 t Il is de·finit.ion 1.0 illcllld(' :-.1 ruel lire refcrences. Rather than computing 

t II«' 1 ('(I( hill/!, dl'fi"it iOlls of St. 1'11('( III'<' ('('fc'1'('I1(,(,s by cllumerating ail the 'Iubfields in 
t IH' :-t 1'11('\,\1('(', \\'(' IISI' 1 hl' followillg COIISl'I'\'illi,'C' approximation. The definition of 
fi ~11\l(11I(,(' s tItJilll/(I!J-I'('a('h(,~ ê\ poilll p ill the' pl'Ogl'am if the definition of ail the 
sllhlil'Ids of s ddillil('IY-I'('acll<'s tlletl point p in the program. If the definition of any 
li(,ld of s is r('d('filwd on ê\lIy palh stal'llIlg al point p in the program, the definition 
of S II/o,ljln-/'to('hf., II\(' poillt p. 

\\'1' i II11s1 r(tic' t his ",it h ('Xé\lllpl<'s. 

EXéllllple l' 

(1) a,b.c = '.' 

(-- a. b. c defined in (i) defini tely-reaches here (A) 

(ii) a,b = 

(-- a.b defined in (ii) definitely-reaches here (B) 

l8 



As we allalyze t.he progl'am frolll top to bOt.t.OIll, Wt' first. (,J\count,('1' sl,at.('IIl('IlI, (i). 

'l'Il(' definit.ioJ1 (i) of a.b.c l'eaches point (A). III (ii), w(' an' tlt'fining a larg('r part of 
t.he same stl'l\ct.ul'e, therefol'e, only (ii), dt·fining a. b, <!(·finit.dY-I't'adU's point. (H). 

Example 2: 

(i) a.b= ... 

(-- a.b defined in Ci) definitely-reaches here (A) 

(ii) a.b.c= ... 

(-- a.b defined in Ci) maybe-reaches, and that defined 

in (ii) defini tely-reaches (8) 

The complet.e <kfiui t.ion of ail tlJ(' Sil hfield~ of t.!J(' st.rlld lII'(' a. b d('fillt'd il t. (i) do('s 
not rcach point (B), hccause ddinit.ioll (i i) kills a part. of il.. 'l'11t'1'('('O\'(' W(' say (i) 
IIIHyl)('-reac!U's poilll. (H), hlll. (ii) (lt'fillit(-!.r-I'I'aclws (H). 

This is whert.' wc make tlH' choicc 1)('1.\\'('('11 bcillg, as a('('llrat.(~ ilS possihl(' alld lH'illv, 

tinH' and :,pH('e ('trident. VVe could ha\'(' élnalyz('d alld ('()uld IlitV<' h('('\1 mor(' éU'('mat<

regHrding which part of the definitioll (i) of a.b d('finit.('IY-I'('adws (H). 'l'II<' followillv, 
('xéllIlple brillgs out thc diffcrclI(,(' bd \\,('('1\ t II<' t wo appr()ach('~. 

struct { 

int a; 

int b; 

} c, t; 

c = t; (i) 

c.a = 1; (ii) 

c.b = 2; (iii) 

(------------ The definition Ci) of c does not reach here, 

because the structure c is completely defined 

by (ii) and (iii). But our conservative analysis 

will say defimtion Ci) ot c maybe-reaches. 

19 



Example 3. 

Ci) t.b = 
(-- t, b defined in (i) definitely-reaches here (A) 

(H) t,c = 
(-- t defined in (i) maybe-reaches, and that defined 

in (ii) definitely-reaches (B) 

This is also a ('ollscrvative approxilllation, bccause we say definition (i) maybe-
1'<'.\('ll('s poillt. (II). This iH a sarp appl'o'\illlat iOll, 

IDxnJl1ple 4, 

lf (cond) 

x,a = (i) 

else 
x,b = (H) 

(-- Here, x defined in (i) maybe-reaches, and that 

defined in (ii) also maybe-reaches. (A) 

Siu('(' (h·fillitiolls (i) and (ii) al'(' 011 ('ithcl' bl'anclH's of an If-statement, they both 
IllcI,\'IH'-I('(1( h poillt (A), 

!lO\\'('\'("" ill t IJ(' ('élS(' of j>Oilll(,IS, W(' Illélke lise of alias informat.ion to be as accurate 
,,~ possihl(·. ('ollsidt'I' t IJ(' following ('XéIlIlPIc: 

*t = 3; (i) 

(----- (A) 

\\'111'11 W(' \'('acll t Ill' st a 1<'1I\('lIt (i), \\'(' look at ail the aliases of *t. If *t is aliased 

\0 cl l'>ill~I(· sral,11' \'clriahlP, Scly a, \\"p say tht> definitioll (i) of a dcfinitely-reaches (A). 
If *t i~ aliil~(·d lu 11101'(' tltat. on(' sCcllar \cll'iable (these arc 'maybe' aliases), say a and 

b. \ h('11 wc ~è\~' t IlCIt ddinitioll (i) of bol Il a alld b maybe-reach (A), If *t is aliascd 1.0 

... \ l'lIrtlll'(' ('(. 1'('('('11 ('('S , th('n t.hey han' to 1)(' dealt. wit.h in a similar fashion, Lastl)', if 

W(' ha\'(' the' 1'1'1'('\'('11('(' (*t). b.c, W(' gt'\ tll<' aliases of *t, say a, and then deal with 
1 Ill' l'd('n'lIl'(' a, b. c ill ail appropriat(· 1I1anll('I', 
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4.1.2 Data Structure Abstraction 

TIH' dat.a structure abst.raction us(·d t.o captuJ'(' t.he infol'lllatioll "hout. l't'adling t1d
init.ions is a S('( of l.tems, wht'I'(' ('ach item is of t.he f01'1ll (varname, list), wht'\'t, 

Ilst is a Iist of deflnltion palrs of tll(' 1'0\'111 (deflnltlon, fIag), and flag is 

<>it,hC'1' may-reach or def-reach. Thus at l'\'t'I'Y point. in tilt' plOgram wc' associatt' il 

set. of Items containing ail t.he defillit.iolls that. III "Y or <lefinikIY-l'c'adl t.hat, point.. 

4.1.3 Operations on the Abstraction 

\V(· dcfillf' tlH' following t.erllls: Th(' 1)(/.~t'-II(IIIIt' of a varname (d(·finc·d in Figlll'c' :U;) 

i:-. ddiJwd as: 

1. Tlw baSC-llal\lf' of a scalal' \,al'iablc' of t.IH' 1'01'111 x is x. 

~. The basc-Ilamf' of a St.I'II('t.III'(· l'd'c'I'('II<'C' of t,he 1'01'111 a. b . c . . .. IS a. 

:J. The basc-Ilallw of a structulC'-poilltC'1' n·f('J'e·Jlu· of the 1'0\'111 (*t) .b.c ... is t. 

l. The baSC-IIéIlIH' of ail al'I'ay l'dc'l'C'II('c' of t\\(' 1'01'111 a [l] [J] . .. IS a. 

Tlw ('Olllllloll-jJn'1i.l'of t,\\,O varnames is Uu' Sélllle IJasc'-lIéullc' as t.!w larg('sl, pJ'('lix 

of t IH'l-If' varnames. Fol' cxalllpl(·, the' ('(JIIIIIIO" prc~fix of t,wo scalal' variablc's x aut! x 

is x, of a.b.c <tlld a.b.d is a.b, of (*t) .y.z éllld (*t).y is (*t) .y. Wc' t,rc·a1. ,III 

cntil'e array as a l-!ingle scalal' e1C'Ill('ll": tl\(' (OlllllIOIl-pr<'fix of t,wo al'l'ily l'c·fc·I'C·IJ('c·s of 
the f01'1ll a [1] [J] and a[i] [J] is jUl-It a, UIC' COllllJlOIl basc'-IIé1I1IC' of t.!1C' twu élJ'J'ély 

r('f('l'('n('e~. 

WC' dcfilH' th(' fUlIctioll common_preflx (a,b) 1,0 r/~t.I"'1I t/J(' COllllIIoll-prc'lix 01 

t wo varnames ha\'illg the sali\(' l''':-'C·-II'IIII(·. Tlj(~ 1I1C'1'gc' O/H'I éltioll 0/1 t.wo ~..t,:-. of 

l t ems (d('fi W'eI abo\'(') i~ ddi lied i Il Figll J'C' ,1.1. 'l'II(' JOli t.i Ile merge...reach ( ft Ils fil III' 
t.iOII merge_ltem to IIWl'ge two Items with t.IH' SéllllC' base-name. Thc~ opc·Jtlt.ioll 

concatJlsts (,ollcat(,lI<lt.c-s two li~t.s or dc·fillit iOIl pail S togdlwr. If t.llC' sallw dc·" 
initioll is prest'Ilt. ill IJoth the Iisls, it COIIIC'S Ollt éI~ il is; if il ddillit.ioll appC'iU'l-! 011 ollly 
011<' of t.h(· li~t.s. it i~ always cOIlv(~ltcd to Cl IIIftybe-l'eaC'h. The J'ollt,i,\(' change_fIag 

chang('s tll(' f1ag of ail the e1c'fJlC'lIts ill fi li~t 1.0 IIltlyl){'-l'(·acJ.. 

,il 



, 
... 

merge_i tem ({varl, listl },(var2, list2}) =(prefix(varl, var2), concatJ.ists 
(hstl, list2)} 

concat_lists(listA.listB):listC 
{ 

} 

listC = Ü; 
For aIl pairs (def, flag) of listA do { 

if (pair (def, flag) exists in listB) { 
listA = listA - {(def, flag)}; 

listB = listB - {(def, flag)}; 
liste = listC U {(def, flag)}; 

} 

} 

For aIl remalnlng pairs (def, flag) of listA and listB do 
listC = listC U {(def, maybe-reach)}; 

return listC; 

merge_reach(setA, setB) setC 
{ 

} 

setC = {}; 
For all items itemA of the form <nameA, listA> of setA do { 

} 

1** get corresponding item from setB and merge them **1 
itemB = get_item_vith_sarne_base_narne(itemA, setB); 
if (itemB != NULL) { 

sete = sete U {merge_item (itemA, itemB)}; 
setB = setB - {itemB}; 1** Delete itemB from setB **1 

} 

else { 
1** setB does not have a item vith the sarne basename as itemA **1 

sete = sete U {<nameA. change_flag(llstA. maybe_reach»}; 
} 

For all remaining items itemB of the forro <nameB, listB> of setB do { 
setC = setC U {<narneB, change_flag(listB, maybe-reach»}; 

} 

return sete; 

Fip,lIl"l' 1.1: l\1l'rge OJ>('J.ltioll for H{'aching Definitions 
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4.1.4 Specification to the Generator Tooi to Create the Au
alyzer Module 

r..IcTAG, dcscribcd in Chaptcr 3 takcs cl sd, ni' spt'(·ilirat.iolls tlt'scrihing tilt' dal.d-llow 
problclll and ('\'('al('s an analyzcl' module t.hal. O»(,l'dt<,S 011 SIMPLE. TIlt' Il\aill pmI 

of the input. to t.hc \.001 is a scrics of pat I.P\'II-dCt.iOIl pairs fol' t'Vt'I'Y kilH\ of sl.al.('III('1I1 

t.ype found in SIM PLE. Wc list the pat kl'II-action pail'.~ for soIl\(' i lIust.1 at.i V(' st.a!.t'lIIt'lIt. 

types for mm pu ting reaching dcfini tions. This t'xilmpl(' é\ Iso illllsl.r,\l.t's how stl'lId\ll't'd 

flow élnalyses arc implementcd in SC'II('I,t!. Wt' star!. wit.h writ.ing t.ht' 1'1I1('s fol' hasiC' 
~tatl'n}(·IIt. t."pl'~. clllc! 1 h(,11 1110\'(' 011 to ,>('qU('IIU'" élud ot.lll'I' ('(llItrol (,ollst.l'lIds. 

PROCEDURE reach_def(node:tree. indata:SET_TYPE) :SET_TYPE 
CASE node OF 
< [strntid: val = varl op var2]> { 

indata = delete_def (indata, val); 

) 

indata = add_def (indlta. stmtid. val, DEFINITELY_REACH); 
return indata; 

'l'lm descril)('s a pattcl'Il-actioll pail for a basic ~t.ate'IIII·IIt. Wt~ fil'st. dl'll'I,e' t.he' 

pl'("'iolls de'fillit iOlls of val frolll tlle' illpllt. sC't" alld add t.bis lIew d(·finit.ioll t.o it.. 

Let liS 1l0W wlIsid{'r a l'ule fol' a slight 1." 11101'(' cOlllplex stat.('IlH'Ilt., 0/1(' wit.h alias('s 

ill it.. 

< [strntid: *val = var1 op var2 ]> { 

} 

1** The routine 'get_alias' gets aIl the variables that are **1 
1** aliases of '*val' **1 
aliases = get_alias(val); 
indata = update_def (indata. strntid. aliases)j 
return indata; 

The routine update_def do('s the job of t.!J(' delete .. def a,ll(\ add_def. It. is 11101'(' 

complicated beCé\II~C aliascs élrc illvolve·d. It. fil ~t c!tecks jf val i:. <tJias('c1 1.0 11 ~illgJ(· 

scalar variable'. If it il>. tll<' previolls ddillit.ioll~ of tlli~ sc alar variable' ('ail \)(' e"·IC'1 .. d, 

.j'~ 
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illld 1.111' IH'W dpflllitioll call })(' added. If it is aliascd to more than one scalar, then 
t.!1(' IJ('W ddillitioll Îs added a:, a. maybe lC'aching definition for each scalar to which it 
Wil~ alia:-wcl. Silllilt,r1y, il. has to deal with the cases whcn val is aliased to structures. 

~"xt, 1,,1. ilS cOlIsidN a ~eqllell(,c of :-.t.atcll1cnts. 

<[stmtid: stmtl; stmt2 ]) { 

} 

SET _ TYPE outdatal, outdata2; 

outdatal = reach_def (stmtl, indata); 

outdata2 = reach_def (stmt2, outdataO; 

return outdata2; 

Si 11("(' thi~ i~ cl forward analysis, stmtl has to be analyzed first before stmt2. SO 
WI' ('ail the l'Olltil1<' reach_def 1'('('ursiv('ly first 011 stmtl, and then on stmt2. Notice 
I.hat t Ill' illpllt, inforlllrtt ion fol' stmt~ is 1 Il(' output information that is collected after 
,lIlit!.rif,illg, stmt 1. 

\VI' shdll 110\\' illllst.ral,c tl\(' 1'1I1(·s fOI ail lf-:;tatement. 

< [IF cond THEN chenpart EL SE elsepart ] > { 
SEL TYPE out 1, out2; 

} 

indata = reach_def(cond, indata); 

outl = reach_def(thenpart, indata); 

out2 = reach_def (elsepart, indata) j 

outdata = merge_reach (outl, out2) j 

return outdata; 

\\"'Iin,t (lJIal~'z(' t.1l(· cond part. of t.11(' lf-statement. Not.ice that for reaching defini

t iulI .... "lIcllyzill!!, 1 hl' cond pa rt. is Ilot J"('cllly ncccssary since all conditional expressions 
in SntPLE .\1(' \'t'dun'd to simpl(\ scalat \'ariables and cannot have any side-effects. 
1'1 lI'l't.fOJ't' , art(·J' 1 hi!"> st.(·p, lndata i~ 1I11changcd. We analyzp the thenpart and the 
elsepart of II\(' lf-statl'IlH.'llt in tum. ~otice that. the input information to both 
ul tllt·~(· Î:- the illformation t.!Jal ('nter!'> Ihe lf-~Iatclllcnt. Artel' this, we merge the 
Informatiol\ oht.IÎIlt'd l'rolll hotl! Ill<' hran<!\('!"> of the if-statement. 



1 
In t.he a hO\'(' act.iolls, wC' use a llumber of rollt ill('s 1 ike merge_reach alld update _def 

which should \)(' ddirl<'d in tht' ('-code sect iOIl of t,h(' specifkllt.ion filt'. 

SwitclH's an' analyzcd in a similar lllélllll('I. ,Just. as W(' hav(' <l t.wo-way IlI'élllch alld a 

Ill('rgl' in ail if-st.at,clllcllt, wc have anll-\\'''Y brandI alld Ill('rg<' in a swi tch-St.ëllt'IIH'III. 

We shallllow delllollstrate' how loops éll'(' analyz('d in éI st.l'lIct.IlI'('d IlIallllc'l. Wc' 

first look at loops t.hat do not. cont.ain break, contInue nI' return st.at.cnlC'lIt.s. Lool)S 

with breaks, continues or returns éllC' <1(',dt. \Vit.h ill Sc,ct.ioll .t.:l. 

('ollsidcl' the' whIle-loo)) c!epid{'<! ill Fig\ll'c' ·1.1. The' codc' t 0 allaly:/,(' t.11C' whIle-loup 

i~ éllso listed ill Fig ·1.2, The while-Ioop body, d('lwllding 011 t.11C' cOlldit.ioll cond, (ollici 

be (''(ccut.ed n tilll('S, where n = 0, 1, 2, ,., This Îs what. wc' arc' approxilllal ill!!, 

""lwll wc analyze the loop. That i~, \\'(' éllC applOxilllat.illg t.11C' illfol'lllat.ioll at. thc' 

point * in t.he' Figtll'C' 4.2. Thl' first. approxilllélt.ioll of 0111' Ollt.pUt. illformat.iol\ is whal 

wc have aftC'r élllalyzillg only cond. Wil h 1.his lirst. approxilllat.ioll, Wc' ilnalyzc' stmt, 

t.!H' body of t.1H' whIle-loop, illld cond, \-\Tc' IlO\\' oht.aill 0111' sC'colld apploxilllat.ioll, 

and \\'e cont.illll<' t.ill thl' last. appl'OXillwtioll ('qll,ds 1.11<' IlC'W applOxillla\.lClII ('OIIlIJlII(·d, 

i.e .. él fixcd poillt. i~ l'l'é\chcd. 

< [11: WHILE cond DO stmt] > { 
SET_TYPE next_approx.out2; 
SET_TYPE outl,last_approx; 

} 

next_approx :: reach_def(cond,indata); 
do { 

last_approx = next_approx; 
outl = reach_def(stmt,last_approx); 
out2 = reach_def(cond,outl); 
next_approx = merge_reach(last_approx,out2)i 

} while (next_approx !=last_approx); 
return next_approx; 

IodaI a 

serrl 

1 
ouI 1 

Figllre ,1.1: FOl'wéll'd :\lIalysi:-. of él WHILE LCJop 

.).) 



A :-.illliioi fix('d-point computation i:-. perfol'lned for do-loop and for for-loops. 
00-1001':-' 01'(' ilillst l'o\'('d in Figul'(' 1.:J. Wc HOW approximate the information at the 
poillt * ill UJ(' ligul(·. Silice the do-Ioop will be exeCllted at least once, the first 
(ipproxilllrll.ioll 1,0 t JI(' do-Ioop is what \\'(' have after analyzing stmt and cond once. 
Alte'l titi:" wc' do il fix('d-point cakulatioll ~illlilar to t.hat of the whlle-Ioop. 

< [Il: DO stmt WHILE cond]) 
{ 

Indata 

} 

SET_TYPE next_approx.out2; 
SET_TYPE outl.1ast_approx; 

out1 = reach_def(stmt.indata); 
next_approx = reach_def(cond.outl); 
do { 

last_approx = next_approx; 
outl = reach_def(stmt,last_approx); 
out2 = reach_def(cond,outl); 
next_approx = merge_reach(last_approx,out2); 

} while (next_approx !=last_approx); 
return next_approx; 

nex,-approx 

Figlll'C' '1.:J: FOl'ward Analysis of a DO Loop 

slml 

out1 

For-loup:, ;11(' Itéllldkd in il silllilar mallJwr, exccpt that the start, end and 
l teratlOn cOlldit intiS have to 1)(' handkd célrpfully . 

. \'(lt in' t Il,d t I\t'J'(' dl(' a 1I11l11l)('1' of \\'<lys to compute the fixed points of loops. \Ve 
hel\'(' (II'1':-.t'lIlt'd 011(' \'('l',\' g('IH'rill IIl<'t.llod. ~IcT:\G is flexible aild gcneral cnough to 
,dlu\\ thl' (·IICOdill).!, of ally of tl)(' 1II<'1ltod:-. to (omputc fixed points 

\\'!, :-.h,dl dt',d ",it Il pl'Oc('dul'(' l'ails ill ("'tail in Section 4.4. 

4.2 Live-Variable Analysis 

11\" \,ll'i,d'),· ,III,d~:-'IS 1H'lp:-. liS tl> dett'llllilll' II\(' live-ranges of \'ariahles used in tll<' 
pl \1.f.!,1 cl III. '1'111:-' i:- cl hclck\\'ard dllill~'sis (t h(' progralll is analyzed from bott.om 1,0 t.op) 
,11It! \ ... ,\h ... oll\l\'l~' l':-.:-.t·lItial for optimizatiolls lik(' r{'gister allocation. Our approach 

l() 
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h('r(' is similar to that of reaching ddillil iOIl"; 1 ht' nl<lin <lillt'n'net' is that t his 1:- ,1 

back\\'ard anal~'sis, 

4.2.1 Problem Definition 

A Yéuiable x il> //1'( at a point p in tlll' progr,lIl1 if tl\(' v.llIU' of x at. p collid III' m_c'd 

alollg, some ('xecutioll pa th in t II(' prog,l'tlllI sltlrl illg, at point p [ASll~()I, Thlls, tlurÎn)!. 

li"c'-\'éuiabl(' allaly~is, at ('very poillt. in t II(' plOgra III , wc' ('()lnputc' il sd. of \'HriélJ,lc'~ 

1 hal ,H(' li\'c' at t hal poillt in t II(' PW!!,I',III1, 

\Ve' HO\\' ('xtC'lId t his Hotioll of lirc'JI('s-; 10 df Jini/d!J-IIl'f alld lIlt/ylJl -liI'f, Wc' lir~1 

ddlJIP Il)('~(· fOI ~ralar variabl('~ alld 1,11('1 ('"t('ncl t.hc'llI for st.rlldllrc· allci POilllc'l 
r('f('re'Jlce's, ,\ ~(,dclr val iahlc' x is said 10 hc' ddlllil('ly-livc' al. il point p ill thc' pro~1 ,1111 

if II\(' \'altl<'of x Isdc·finit.c·I~·II:-.(·d aloll/-!, c'\c'ry c·:-..c·('utioll pal.h ill lite' pro)!.r,1I11 ~1i1llill,l!, 

,II poilll p, ('oll"idc'r 1 JI(' followill/-!, pic·( C' ur (odc', 

(-- nothing is live 
x = 3; 

(-- x is definitely-live 

z = 4; 

(C) 

(B) 

(-- x is definitely-live and z is maybe-live (A) 

if (cond) 
y = x + z; 

else 
y = x; 

,\ ... wc do a bcICk"'c\1 cl analy~i~ of lllC' plO,!!,1 éllIl, aftc'r é11laly;l.Ïnl!, 1.1)(' If-st."C·1I1C'1I1, 

al po III 1 (A) in tll<' progralll, wc' find x i ... <1c·flllit.(·ly-livc· élll<l z i~ IlIayl)('-liV(' 'l'lu-... i ... 

l)('nlll~(' x is 1I'-i(·(1 011 hoth tll(' hralldlc· ... of t!H' If-sta1.(·IIH'lIt, wlJ('J('ils Z i~ IIs/·d ollly 

ill ()JI(' I>ra Il cil , At poillt (B) ill thc' pI'O,!!,I'é1I1I, ollly x is ddillitc'ly-liV(', (z is 'killt'd' 

1)('Célll~C' il i~ dc·flllC'd). alld al poilll (C') ill Il)(' pIO,!!,léllIl, lIotltillg is liv(', 

\"(' IIO\\' ('xt c'lId Il)(' aho\'(' ddillii jOlI .... lOI ... 111)( 111)'('. illl .Iy .tIIc1 poiIl !.c·1 /l'fC'II'lIt t· .... 

Wc' dC'fil\(' a ~t 1'111'1111(' s 10 1)(' d,Jilli/'/IJ-/I/" .11 cl poilll P ill Il)(' pro,!!,lillll if 1./11' Vi.JIJ('''' 

of ail t 1)(' ~1I1)fic·I(ls of s al'e dc'fillit(·I)' Il,,c'd idoll,!!, C'V('ly c'xec IitiOIl patll ill 1./w l)log',IIII 

~téll'lillg al poilll p, Otlwl'",i ... c'. if .11 IC'<I"" OIlC' fi('ld of ~1 rudlllC' s is lI~c·d iLlolIg "",IIW 

,Ji 



('X('('lllioli /,<tlll :.titllillg at poillt p ill tlle pl'Ograrn, the structure S IS said to n(' 
/l1II!J/" -111)(. \-V(, illll:.tJ at.(> tll(> abov(> !'y :'(11)(, ('xalllplcs, 

<---nothing is live (B) 

(il) a = 
<---a.b is definitely-live (A) 

(1) = a.b 

.\" \\'C' ;III,.I\'/:c'IIIC' plOgrillll !,iH I\\\'illd:.. \\'(' ('I1(Olllltel' the statelllellt (i). Silice this 

'" cllI Il,,c'lIl a.h .• 11 poillt (A), III!' :.1111<1111't· a.b is dcfillit('ly li\'('. Statelllcllt (ii) 

1 11111 l'Id c·I.\· "l'lilI«':' Ille' l-ll'uctlll(·.1. Tllll'>. cll pOlllt (B). lIothillg is live. 

1'~XHmpll' 2. 

(11 ) 

<-- a.b is definitely-live 
... = a b 

(B) 

<--a.b.c is definitely-live (A) 

(i) = a.b.c 

!lc'It" :.illC'c' l-t.llc'IlIC'lIt (ii) Il:'C':''' :'111)1'1':'<'1 of the strllctlJl'(' lIscd in statcrnellt (i), 

III' "d.\ 1 h,' ~IIIH'1 ~C'\ ~I l'net lII'(' is lin', i.(' . a. b i:. liv(', 

<--a.b is definitely-live (B) 

(11 ) = a.b.c 
<--a.b is def ini tely-li ve (A) 

(1) = a.b 

Sllll'(' ~t.I\t'IlIl'1l1 (ii) IIM'S ouI,\' cl part of tlll' stl'lIctUl'(' lIsed in statcmcnt (i), \\'P say 
a b i ... d,'lilll1c'I~ -Ii\'!' nt poillt (Il) ,tS \\'1'11. 
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Example 4. 

<--a.b is maybe-live (B) 

(ii) a.b.c = 
<--a.b is definitely-live (A) 

(i) = a.b 

At poilll (A), a.b is dl'finitf'ly li\'('. JlOWI"'('\", at. point. (B), silln' fi l>flrt. of tIlt' 

stnlcl u\"(' is ddll1('d, wc say a. b is mayh('-li\'l" silln' \V(' ,HI' ilOt. ~IIJ"(', al. t.h.lI, p()illt. if 
Ill(' ~Iructlll'(' is cOlllpl<'t.dy <!('filled or Ilot. 

011(,(' agôill \\'(' lIlak(' a compIOlIliM' I)('t \\'('1'11 heillg as '\(,(,\lI'al." as possihle'. alld 

\)('illg 1 illH' .lIld SPd('(' ('ffki('lIt, This is dlll~1 l'all't! ill followillg l',,ampll'. 

Example 4a. 

struct { 
int b; 
int c; 
} a, t; 

(--- At this point, nothing is live, but our conservative analysis 
will say that a is maybe-live. 

a.b = 1; 
a,c = 2; 
t = a; 

J Il the CiIS(' of a rl'ays, Wl' I.rl'él t. (,(tch <liTa)' il:' 011(' ob j('ct. A ITrlY a is (It Jùu/dy-Ill" 
éli éI point p in t1l<' progralll if I.h<' véllllI' of .-lI, Il'a:.t ()JI(' 1'1<'111('111. or a is ddillil.f'ly lIS('" 

éllolIg ('\'('ry ('x('clIlioll path ill t.ll<' )J'O/!,Irllll ~Icllt.illg élt. poillt. p, Silllilarly, ail illTil,)' a 
i:. t!('fil)('d to \)(' 11It1.IJb('-li,'c al a poilll p ill 1111' plOgl<l1ll if t!w Vidll(' or al. 1('rl:.1 0111' 

1'1('111<'111 of a is Il ... ('<1011 "'OIlU' ('X('( lit iOIl l'ri 1 Il ill 1 II(' )l1(j~l'rllll ... 1;11 tlllP; al. poillt p 

For poi 1IIt'I'~. \\'(' ilia ke lI:'(':' of il 1 ia.,ill/!, i Il fOllllr" 1011 1 0 dd.('IIIIIIH' 1 i V('III'S:' rH ('111,111'1 Y 

('oll<;id(,J' 1 III' foJJ(J\\,illg ('xalllpl(': 

(--a is defini tely-live 
= *t; (i) 
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\VIH'II W.· "',\( It t1 ... ~lat('II\('nl (i), W(' look al, ail the aliases of *t. If *t is aliascd 
tu ,\ ~1I1J!,1(· ~(altll' variable, say a, W(' !-a,\' botlt t and a are definitely-Iive at that point. 
Il *t i~ r1li'l~f·d 101110 ... · that. 011(' S(alélr \'éII'iahle (tltese are 'maybe' aliases), say a and 
b, 1111'11 W.· .., .. y t.1t .. 1 a alld b éll'(' IlIaylH'-livc and t is definitcly-live. If *t is aliased to 
..,t IIIf 1 Illf' Jf'r(,"'lIf'f'~, t.lwy havI' 10 1)(' df·idt. wit.h in a similar fashion. Similarly, if wc 

Il,'\'{' 1 III' I('/"II'IIC" (*t). b.c \V(' g('t, 1 IJ{' alia~('s of *t, say a, and then deal with the 
J('I"I ('111 (' a, b. c ill (III app/'Opl iat<· IIléllllJ('I', 

4.2.2 Data Structure Abstraction 

\\,f' 111/\\' d"blU' Il ... ,1 .. la slnldm(' ah~tr,I('li{)1I lIs(·d t.o captmc the informat.ion about 

li\'f' \'dlial,lf'''', TIlt' l'C'pl'l·M·IIt.atioll """'d i~ a ~d of tuples of the fonTI (name. fIag). 

\\'11I'1f' na me 1'·I'If·~f·"I~ 1 1 ... \'.ll'ialll.· rl'/('I('II('(', illId flag is either definitely-Iive 01' 

IIld \ III' lirl', 'IIIII~, al ('\ ('l'Y poilll ill UJ(' l'logl'alll \Ve as~ociate a ~et of tuples contailling 
.dl 1 III' \',11 i.aI,lf·'" 1 Il,at .... (. (·il 111'1' (/t·lillil "1,\ -Ii\'(· 01 IlIayl)('-live al thdt point.. 

4.2.3 Operations on Sets 

l'lit' ,alp,ol'illllll /01 Il ... rgillg 1 \\'0 M'I ~ .11111 1 \\'0 1 uples is given in Figure 4,4, '1'11<' 
111111 illl' merge_tuple IIl1'l'g"~ 1 \\'0 1 upl.·.., ha\'illg Ihc saille bascname, It is callcd hy 
1 III' merge set, 10 IIIt'rg(' (,OIIt'~plJlldillg 1 IIph'~ The routine merge_set goes thl'Ough 
.d 1 1 II\' l,l, '1111 'II 1 ... ,,1 1 II(' 1 \\'0 st'! ~ il IId Il 11'1 g('!'1 1 II<' COI'I'('spolldi IIg e1elllcnts one by 0\1(', 

4.2.4 Specification to the Generator Tooi to Create the An
alyzcr Module 

l'hl'" I~ \1'1\ ~illlilar 10 wltat i~ d(,!'Icriht'd III Sectioll ,LIA, The main differellCP, of 
'11111 ... ,', i ... 1 Il,,1 1 IIi~ I~ .. hack\\'.lI'<! élll(\I,\ .... 1' .• This diffen'Ilce is l'specially seen wlH'/1 \\'(' 
dlldh l" ""qllt'lI' , .... ,I/HI IOtlp (,ol",II't1('t~, ",hi( h i" illtlstrat.ed Iwlow, 
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/** merging of two tuples •• / 
merge_tuple(tupA. tupS) : tupC 
{ 

} 

nameA = extract_name_from_tuple(tupA); 
nameB = extract_name_from_tuple(tupB); 
!lagA = extract_!lag_from_ tuple (tupA) ; 
flagB = extract_flag_from_tuple(tupB); 
if «flagA == definitely_live) tl (flagB == definitely_live» { 

/** same_narne is a routine vhich returns 1 if both nameA and •• / 
/** nameB are exactly the same. e.g., a.b and a.b *./ 
if (same_narne(nameA.nameB» 

tupC = <nameA. definitely_live>; 
else 

tupC = <common_prefix(nameA,narneB), maybe_live>; 
} else 

tupC = <cornmon_prefix(nameA,nameB). rnaybe_live>; 

/** merging of two sets of live variables 
merge_set(setA, setB) : setC 
{ 

} 

setC = {}; 
For aIl tuples tupA of setA do { 

} 

/** get corresponding tuple from setB and merge them .. / 
tupB = get_tuple_with_same_base_narne(tupA. setB); 
if (tupS != NULL) { 

setC = se-tC U {merge_ tuple (tupA, tupB)}; 
setB = setB - {tupB}; /** Delete tupB from setB .. / 

} 

eise { 
1.* setB does not have a tuple vith the sarne basename as tupA .*/ 

name = extract_name_from_tuple(tupA); 
setC = setC U {<name. maybe-li ve>}; 

} 

For aIl rernaining tuples tupB of setB do { 
narne = extract_narne_from_tuple(tupB); 
setC = setC U {<name, maybe-llve>}; 

} 

return sete; 

Figll r(' -1 A: M('rgf' Op(~1 (11 jOli fOI Li VI' Varial,l!' ;\ lIaly~is 
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PROCEDURE live_anal(node:tree, indata:SET_TYPE) :SET_TYPE 
CASE node OF 
<[stmtid: stmt1j stmt2]> 

{ 

SET_TYPE out1, out2j 

out1 = Ilve_anal(stmt2. indata)j 
out2 = live_anal(stmt1. out1)j 
return out2 j 
} 

:'\01 in' 1 liaI. 11('1'<', IIl1lik(· ill l'(·achillg (kfillitioIlS, wc analyzc stmt2 first, and t 1)('11 

.111,11\,;1,(' stmtl. This ord('rill~ i ... whilt tllcll drin's the hackward analysis. 

\\". illll ... 1 l ,tI,· 11\1' I,H( kWHI d clllctlysi ... of wh11e-Ioops and do-Ioops bclow. 

Fi!!,1JI(' 1.:) ill1J:-.I J'al('s 1.111' whlle-Ioop dll1'illg backward analysis. Notice here that 
Il ... dir('('IIOII of ,dl t III' allOW:-' ha\'(' 1)('('11 r('\,('rs('d when compared to Figure 4.2 . 

. \J!.tlill. \\'(' 1 J'y lu appl'Oxilllat(· t.1:1' inforlllat.ion at point ... in the figure. The first. 
dppro'\illlilt iOIl \\'t' IIS(' 1)('1'(' is the out pul w(' gel after analyzinp- the conditional part, 

cond. Figllll' ,Ui illll:-.t ral('s (1)(' do-Ioop \\'hich is al1alyzcd in a Slmltal fashion. 

< [11: WHILE cond DO stmt] > 
{ 

} 

SET_TYPE next_approx,out2j 
SET_TYPE out1,last_approxj 

next_approx = live_anal(cond,indata)j 
do { 

last_approx = next_approx; 
out1 = live_anal(stmt,last_approx); 
out2 = live_anal(cond,out1); 
next_approx = merge(last_approx,out2) j 

} while (next_approx !=last_approx); 
return next_approx; 

slml 

Fi,l!.lIJ't, 1.5: BilCk\\',lId .\lIaly:-.is of a \VHILE Loo)) 

nexLapprox 

Indata 

\\'t' shall di:-.t'II:-':-' pro('(·<lII1'(, alld fu Il et iOIl calls in dctail separatcly in Section -1.-1. 
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<[11: DO stmt WHILE cond]> 
{ 

} 

SET_TYPE next_approx.out2; 
SET_TYPE outl.last_approx; 

outl = live_anal(cond.indata); 
next_approx = live_anal(stmt.outl); 
do { 

last_approx = next_approx; 
outl = live_anal(cond.last_approx); 
out2 = live_anal(stmt.outl); 
next_approx = merge(last_approx.out2); 

} while (next_approx !=last_approx); 
return next_approx; 

nex'-approx 

* 0012 

slml 

oui 1 

Indata 

Fig\ll'c' ·I.G: Be\( k\\',11 d A lia Iysis of a DO Loop 

4.3 Analyzing Break and Continue Constructs 

Thi~ sC'clioll d('snil)(·s ho\\' w(' alléllyzc' break alld contlnue nHlst.l'lId.s of (: ill .1 

sI 1'11 et III'(·d lllélllll('l', \Ve shall c'XI.<·IH\ hol!t 0111' fOl'witl'd alld IliI('kwtll'c\ allalysis I.c'c la 

nic(llC's 10 !talldl(' break and contlnue C ()lIslrllct~, WC' slactll cio tllIs lIy c·xt.c·llClillp, 0111 

é1h~1 l'éict iOIl to illcllld(' Ilot OIdv tll<' illfol'llliltiOIl 'ic·t, hllt. abo illfol'lllat.ioll ahollt. lIte' 

dedct cll III(' break alld contlnue poilll~ of III<' plOp,I.11I1. 

FOl'ward Analysis: 

\\'(' ~ltéill fir~t di~c 1I~~ fOl'wétrd élllétlysis 01 a whlle-\oop, As S!tOWII III Figlll'(' ~,ï, wlH'1I 

wc' C'I)('O\llllc'l' éi break in III<' hody of a Joop, t11C' nmt.101 gOC'S 1.0 t.IlC' c'IIII of t.11I' 100Jl, 

1I('I1( (', 011(' of tll(' valid olltpllb of tlH' whlle-Ioop Îs Ut(' ÎllfolllHll.ioll (ollc·dc·d JI l 'il, 

1)('1'01 (' t11(' break ~I al ('IIH'IIt. Si lIIi la rly. él cont lnue :-.1 <ttC'II )('111. t.l'él /I:,f(·I':' ('(Ut 1.1'01 10 1 1 If' 

1H'g,illllillg of t Il<' loop, III tlti~ (dM', 011(' of Il)(' v.did iIlPlIt..., 1.0 1.1iC' whlle-Ioop 1:' 1 1 If' 

da1.1 (ollf'c\('d jll:,1 b(·fo)(· III<' contlnue "lcl1('IIII'llt 

\ \0'(' shed 1 t 11('1(·1'01 (' ('xt,C'lId 011 l' cd):,1 1 cl <1 iOIl 1 () Ill< ludc' t wo lt:,l,:,. a breakhst ,11 HI 

i'I contllst. 1'11(' md(' tu êlllaly~c whlle-slélt('III(~lIts \Vith breaks alld contlnues i.., 
gÎ\'f'1I ill Fig,ul'(' Li. \VII('II W(' l'c'élch a break or êl contlnue, wc' :,tO/f' t.l1f' illfollWtllolJ 
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(01\.,('\(,«1 Ill' 1.0 tltat pl'Ogram point ill t Il(' breaklist or thc conthst respectÎ\'('ly, 

,11111 rdllill ,1 IH'W c'lItity which we cali a:-. BOTTOM. BOTTOM essentially rncans that a 

ptlf Il <llh'l 1 1 If' break or the contInue i~ illVétlid ct ::,téltclllcnt immediately followillg 

.1 break i~ IIC'V('I r('<1( I)('d. TIH'r('[oJ'(" Il)(' output artel' analyzing any statement with 

BOTTOM il.., IIIJ)(II i:-. BOTTOM. But if wc' 1I1i'1',!!,C' <Illy fo>('t \Vith BOTTOM, the result is the set. 

Afl!'1 111«' lil:-'l, pa:-.:-. over tllf' body of tlJe 1(0», we have collected sorne information 

will( Il IS illI approxlIllcttion. Wc' IlICl'gc' thi~ with ail the informat.ion sets present in 

1111' contll.st alld i~ IIsc'cl as ail input. to obtaill the ncxt approximation. We continue 

llli:-. way Illlt.il W(' l'C'ach a fixc·rl point. We 1I0W mel'gc this fixcd point output with 

.dllll1' illfollll,l1ioll ",c'Is lu·c'sc·lI1. ill tllf' breakllst. This II('wl)' lIlC'rgcd informatioll is 

j('ll1lll1'd .1.., 1111' If''''1I11 of allrtlyzillg 1111' whlle-Ioop. 

'l'III' follo\\'lll,!!, :-'1 Iléd 1 (·xéllllph· \Vit Il ,1 break :-.l.atc'Ill(·lIt gives élll illtuition behind 
ho\\' BOTTOM \\'01 k:-.. At poillt. (.1\). \r(' 11<1\'(' (oll('ctcd some information, which entc'rs 
1,01 Il 1 lit' 1,. .tll( 11(':-' of 1 II(' lf-else stell ('111('111. :h we allalyze thc then part of t 1)(' 
If-:-.l.lt('IIIC'111, ill poilll (B), ju:-.t. b(ofor(' 111(' break, we have sorne valid data. This is 
:-.IOlf·" III tll«' break-hst alld BOTTOM i.., rl'1U1l)('d. Thus, the n'suIt of analyzing Il)(' 
then-pitll of 1.111' lf-slal('I1J('nt. at poilll (C) is BOTTOM. Aft.(·l' allaly~ing the else-pfll't. 
01 11j(' lf-~tilfl>lIl('lIt, ,II 1>01111 (1)), \V(' gc·t :-'Olll<' valid dat.a. This, lIl('rgf'd with tlw 
0111 l'III III t lu' then-p.1I 1 (i.(·.,BOTTOM) IC''''IIIt~ III t.he \'ctlid delta. Thi~ is used t.o as 
1111'111 10 Il)(' :-.1.II(·II\('lIl.s afff')' t IJ(' lf. \fll'r allillyzillg tl\(' whlle-Ioop cOlllpletcly, al. 
pllillt (F). "'(' dn' goill,!!, 10 11\('1 g(' 1 III' ddl .. (011(,( IC'd ill t Il<' break-hst; al. this poilll 
,,'(' 1111 hlll(' 1 Ij(' illlollllill iOIl (oll('('tc'd al poillt ( '), which is what. is required !)('c(tus(' 
.dt(·1 ,1 break (0111101 g(){'S to tll(' ('Ild of III(' whlle-Ioop. 

hl 
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vhile (cond1) { 

------ .. _--) (A) 

if (cond2) { 

-----------) (B) 

break; 

-----------) (C) 

} 

el se { 

-----------) (0) 

} 

-----------------) (E) 

} 

-----------------) (F) 

Backward Analysis: 

III cl ha,k\'/~l\d élnéllysis, wc' élllélly~(' éI pl'O).!,lélllI 1'1'0111 t.1,,· \'01,1,0111 1.0 t.hc· top. As showlI 

ill Figm(' 1.9. \\'11('11 wc' perforlll a backw,Ir<1 ,IIli1lysis, break poillt.s ad as (·IIt.l'y poillh 

to t II(' 1(0». At t hi~ poillt, t 1)(' dat a rOlllillg ill will 1)(' t11C' illfol'lll,tt,ioll ('ol1('d.c·(1 .i,,~t 

olll~idc' 1,11<' hottolll of t.l1(·loop. Tlten·folc·, t IIC' l'III«· for tllC' break-sl.at.C·IIIC·lIt IIC'C'cb, 10 

b(' diff(·J"(·IIt. 1'01 t.ltis ('a~(·. Silllilarly, ~il1C C' contlllue t raw.,fl·l~ C 0111.1'01 t.u !.I ... lu·p,iIlIlÎII).!, 

of 1 II<' 1001'. 1 III' illput infol'lllcll,ÎolI cil. 1 II(' contlnue poillt.s will I){' what Î~ l'ollc'( Ic'c1 

C',\I h 1 illl<' al t II<' 101' of tllC' 1001'. 

III a fOl\\'c\lcI clllc"y~Î~, \\'(' (·xt.(·lId tlll' c")~lltIC'tÎ()1I 1.0 holcl dat.a ('oll('ctc'c1 ,d, break 

,lIul contlnue poillts. lien', ill éI backwarcl allillysis, wc' ('xl,('llCl t.lw ill,:..t.JfIC t.ioll lu 

~toJ'(' the' illput fol' t II(' break alld contlnue poillt.s ill t.IJ(' break- ancl contlnue-Ii ... I~. 

'l'II(' codc' fol' a hackwal'<1 allalysÎs of tJJ(''''c' statC·IIlC'IIt.S Î~ p,ivc'II ÎII FÎp;uJ'(·1.!J. 

Handling Return Statements: 

Il)(· ... e arc' héllHII('(I ill a IlIallll('1' ~illliléll lu break alld contlnue ... 1(llc·"J('IIt.~, by f'xlf'lId 

ÎlIg t II<' ab~t 1 ael ÎOII alld by havillp, a return-llst. TIl(' pÎ('1 C'~ of ÎllfOl'llliltÎCHI "ollf" I,·t! 
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<[11: WHILE cond DO stmt]> { 

} 

blist = NULL; /** br9ak list **/ 
next_app = reach(cond.indata); 
do { 

clist = NULL; /** continue list .*/ 
last_app = next_app; 
out1 = reach(stmt,kblist,kclist,last_app); 
/*. merge continue list **/ 
out1 = mArge_reach(out1, clist); 
out2 = reach(cond, kblist, kclist, out1); 
next_app = merge_reach (out2, last_app); 

} while (next_app!= last_app); 
/* merge break list */ 

next_app = merge_reach(next_app, blist); 
return next_app; 

< [11: BREAK] > { 
store_data_in_break_list(indata); 
return BOTTOM; 

} 

<[11: CONTINUE]> { 
store_data_in_cont_list(indata); 
return BOTTOM; 

} 

,-,~- .... , 
"''' , , ",,''', \ \ 

~,--........ -.: \ , \ 

\ 1 ~ 

, 
, , 

1 , 

, " , " , " 
JI~"" 

nexl_approlC 
~ .. 

b'Nk. 

co,...,,!.», 

b'Nk. 

COnl.,,,., 

COntM1U1, 

b,Nk. 

1 

, 
1 

1 
1 , 

1 
1 , , , 

1 

, , 

, , , 

1 
1 

1 

, 
1 , 

1 , 
, 

1 
1 
1 , , , 

1 

Figlllt' Li: Bn'clks élnd ('ontillllt':-- in \VIIILE Loo))s: FOl'wal'd Analysis 
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<[11: DO stmt WHILE cond]> { 

} 

blist = NULL; 1** break list **1 
clist = NULL; 1** continue list **1 
outl = reach(stmt. lblist. lclist. indata); 
next_app = reach(cond. tblist. &clist. outl); 
1** marge continue list **1 
next_app = merge(next_app, clist); 
do { 

last_app = next_app; 
outl = reach(stmt,&blist,&cllst,last_app); 
out2 = reach(cond,&blist,&clist, outl); 
next_app = merge_reach(last_app,out2); 
1** merge continue list **1 
next_app = merge(next_app, clist); 

} while (next_app!=last_app); 
1* merge break list *1 
next_app = merge(next_app, blist); 
return next_app; 

<[11: BREAK]> { 
store_data_in_break_list(indata); 
return BOTTOM; 

} 

<[11: CONTINUE]> { 
store_data_in_cont_list(indata); 
return BOTTOM; 

} 
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Figul'(' I.x, Bn'nkS nJld COUtilill('''' iu ))0 Loop:-.: FOI'Wald Âllalysis 
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<[11: WHILE cond DO strnt]> { 

} 

1* set input at the break points */ 
blist = copy_data(indata); 
next_app = reach(cond,indata); 
/*initial input at continue points is HULL./ 
clist = NULL; 1** continue list **/ 
do { 

last_app = next_app; 
outl = reach(stmt,&blist,&clist,last_app); 
out2 = reach(cond, &blist, &clist, outl); 
next_app = merge (out2, last_app); 
1** update input for continue points **1 
clist = copy_data(next_app); 

} while (next_app!= Jast_app); 
return next_app; 

< [11: BREAK] > { 

} 

1* new input at break pOlnt *1 
lndata = get_data_from_break_list(indata); 
return indata; 

<[11: CONTINUE]> { 

} 

1* new input at continue point */ 
indata = get_data_from_cont_list(indata); 
return indata; 

,," - ... , 
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1"i!!,111 (' I.\). BJ'('ilks alld ('0111 illlll'''' ill WIIILE loops: Backward Analysis 
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<[11: DO stmt WHILE cond]> { 
1* initial input at break and cont. points*1 
blist = copy_data(indata); 
cHst = NULL; 
outl = reach(stmt, &blist, &clist, indata); 
next_app = reach(cond, tblist. &clist. outl); 
1* update continue input *1 
clist = copy_data(next_app); 
do { 

last_app = next_app; 
outl = reach(stmt.&blist,&clist,last_app); 
out2 = reach(cond,&blist,&clist, outl); 
next_app = merge(last_app.cut2); 

, 
c 

clist = copy_data(next_app); 
} while (next_app!=last_app); 
return next_app; 

} 

< [11: BREAK] > { 

} 

1* new input at b~eak point *1 
indata = get_data_from_break_listCindata); 
return indata; 

<[11: CONTINUE]> { 

} 

1* new input at continue point *1 
indata = get_data_from_cont_list(indata); 
return indata; 

.. _-

nexCapprox 

break. 

conllnue. 
continuo. 

break. 
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Figlll'(' 1.10: Breaks éllld COlltillll1'~ III DO loops: BiI('kwéll'd Allal'y~is 
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,II 1 II<' val iOIl!. return poillts in 't procedure arc ail stored in the return-list. These 

,1((' 1I11'1!!,,'c\ wlwlI \\'(' l'pturn frolll tlJ(' pl'o«·dul<'. Refer Figurc4.11 for an illustration. 

4.4 

Indala 
\ 
\ 

~ 
procnameO 

{ 

relum. 
\ 
\ 

\ 
relum, \ 

\ \ , \ 
relum, ,\ , \ 

" ' \ , , \ , \ \ , \ \ 

........... '~~.I. .... ~ 
Quldala 

Vigil/(' 1.11: lIalldlillg BI'1II111 Statell)('lIts 

Interproced ural Analysis 

III 1 lit' PII'\ i\ll .... :,('( 1 iOIl:', WP IléI\ï' 1101 1/(,:,<'1 il)('eI wltal eXilctly W(' do whell wc' ('11-

(111111"'1' d 11I(1(1·(hlll'jfllllclioll ((dl. 'l'hi:, :'('( lioll <I(':,cril)(,8 thl' !.p<,cial call-gl'aph bllilt 

III j1(,l'fol'lll illll·l(lI'()((·dlll'al élll.dr:,is. TIH' g,('ll<'l'atol toolmakc8 lise of this call-gl'aph 

h,' dlofalill \\'111'11 1 III' allalysis 1:' :'I)('cifil'" as illl(,1 pro('('dural. 

4.4.1 Allalysis of N onrecursive Procedure CaUs 

111 1 hi:- ~llh:-I·t't 1011. \\'1' :,11,111 dl':,nilH' t II(' cali g,I,'ph alld t.he l\nalysis for nonrecuri'oiv(' 
PI!)( (·(hlll· (,dl:,. ,llId ill 1111' 111·,,1 Sll/)S('( lioll. \\'P :,hallextelld this to hancHe l'ecursivp 

l'IIH I·dll\'(· I"dl:,. Fi,!!,lIn' 1.1 ~ :,ho\\':, " 11011 1'('1'111 si\'l' j>l'ogl'am and its calI gl'aph. TIH' 
(,t1I-gl'aph i:-. lIlad!' III' of 1I0d('s, \\'hjeh 1'('1'11.':'(\111 procedure calls, and edges, which 

... pt·( il\, 1 lit' (,Jllill,!!, ~('qlll·II(·('. E\"(\I')" 1I0t/(· in tl\l' l'él/l-gl'élph (exccpt main) corresponds 

III cl lilllillg sill' ill tht' P l'Og ra III. 'l'hl' lIoc/es ill Ihis 1I01ll'{'cul'sive call-graph arp call<,cJ 
(//'d 11/1/ l'fJ /lodt.- dlld 1 II<' edg('s an' ca lied ('(dl/1/9 li ,.c~. Latcr, when wc consider recul'si \If> 

l.tI 1 ,!!,l'aphs. \\,(' ~ltall illl l'Odll("(' ot h('1' di/I'('I'('llt kinds of nodes and arcs. 

iO 
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fO; 
gO; 

---------(A) 
---------(B) mam 

} 

fO 
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hO; 
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---------(C) (A) 
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Figlll(' /1.I~: N{)III'<·(,III'~i\'(· Cali Crapir 
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"'111'11 \\'p cio illll'l\)lou'(hllal allaly:-.i:-., Wt' 1l10Ve balk and forth betwccn the faIl

IIllflf' alld III«' SI~1PLE tr('(', Figure ,1.11 illuhlrates what wc do when wc encollllter 

,\ l'lOf (·dllll' (',ail. WIWII wc' ('11(,011111('1' <1 )Hon'dure cali in the SIMPLE tr('e, w(' all(\

I\'zp tll(' al/!,III1H'lIb (11111 till'Il ('<III tilt' IHO(·dul'(' traverse_cg with the corresponding 

call.node. Traverse_cg fil:-.I (.111:-. ri IOllt il\(' ('.dled map to Illd» the inf(llmatioll a:,

"tlfl,dl·d \\'Itll tilt' ,,,tu,tI \)<11',11111'1('1':-' tu Ilw fOlllldl pal'éllllf't('r", Map alld unrnap c\l'(' 

IIIIltlllf· ... tll,d IIIr1p III(' IlIfollllcllÎ(HI clh:'O( icll('" \\'Ith adual pcll'élllwters to the for III a 1 
l'dl,IIIWII'I'''. dlld VIIt"VI'I!'>tI (ld!'1 1,0 Fip,lIlt· I.I:!). \Vf' tlWII go back to SIMPLE 1.0 all
d" /.1·:11<' l,wh ,,1 1 III:' IIf'W )H·(H·(·dllJ'(', \\'\WII \\,('1('1,111'11 aft(·(' allalyzing the proct·dllJ'(·. 

\\ f' 1"'1101 III t II!' IIIIIlItlppillg of i"forlllcit 1011 

CAlllNG 

ROUTINE 1 
maplJ 

ROUTINE 

CAlLED 

p 
a 

Q ,a.b). 

unmap() 

Jo'igllJ'(' ·1.1:1: I\lap cmd lllllllap Boutilles 

III 1 lit, 111·\t :-'1'('1 iOIl, wC' shall "('t' ho\\' 1 II<' call-gl'aph is built fol' l'ecursive procedures, 

<III" tlll' (·\tl'lI:-.illll:-' IlIad(' 10 III<' l'Out il\(' traverse_cg to traversc this new call-graph. 

4.4.2 Allalysis of Recursive Procedure CaUs 

III tll'd('\' to lak(· Céllt' uf l'('CursiOIl, we (,:...t('lId tlte ordinary call gl'aph to contain special 

/./ (·/I/·.-II't lIod,.- alld IIjljll'O.l'ill/a/f Ilod('~. \Vl' illllstratc a l'ccursive call-graph throllgh 
.\1\ ('\(\1\\ pit-. 

Cnll Graph Const.ruction 

\\'(' ..,hllll dl':-'lTih(· ho\\' tl\(' call-graph i:-. COllsll'ucted fol' t.he C'xample shown in Fig-
111(' loIr!. Sil\n' rOl\(itl(' ma ln {'ails f. \\'\' ('\'('all' (l/'(lillal'y lloclf:8 for rnaln and f, and 

-.) 
1-
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< [l1: CALL (ff1_name, arglist)] > { 
{ 

} 

/* collect uhatever information you want about the arguments ./ 
/* depenèing on the type of analysis we are performing ./ 
collect_info_about_arguments (arglist); 

/u get the pointer to corresponding node in the call graph ./ 
callnode = get_corresponding_cal]_nodeCfn_name); 

/** CalI funct10n to traverse calI graph ./ 
outdata = traverse_cg(caILnode,lndata); 
return outdata; 

Procedure traverse_cgCcg_node, indata): outdata; 
{ 

} 

/* map information ante the formaI params of the new proc ./ 
/* before analyzing the new proe ./ 
data = mapCcg_node, indata); 

/*get the SIMPLE tree_node corr to the body of the new proc ./ 
tree_node = get_tree_node(cg_node); 

/*go to SIMPLE tree and start analyzing the new procedure ./ 
data = analyze (tree .node, data); 

/*After returnjng from analyzing the new proc, perform */ 
/* urunapping *1 
outdata = unmapCcg_node, data); 

return outdata; 
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--------- (B) 

---------(C) 

---------(D) 

he); ---------(E) 
} 

main 

l 
I",,_/f~ 
\j IBI j) 

f -a (0) h - a 

Figurt· 1.15: Cidl Gl'aph Construction 
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(lmlwct tlwlIl hya ('(d//Ilg (I/'C, ~O\\'. f ('ails l'OlIt ilws g alld h. alld so \\'c' ('l't'atc' t wo 

1II0re' ordinary IIOc!PS for g and h alld COIIIIC'( t t h('1II hy callillp, al'C~, No\\' g rails f 

J'('clII:-.i\'(·I}, Sinn' f has aln'ady O('('lII IC'c! 0111(' ill tlJ(' call-( haill l'Will tilt' 1'001. Wc' 

p('dorlll Ihn'(' i'ool)('cial actiolls: (i) W(' ('hall~(' II\(' lilsl Ol'l'llll'('IICt· of f to ,1I10tllt'l' !"illci 

of 1I0d('. tlll' " ('/11','/1'( I/Ot/(. rc'pn'i'oo('lIli'd III FlgIII(' 1.1;) ,I~ f-*: (Ii) Wc' l'IC',Itt' ,Ill 11/'

/Ho,nl/HlIe /1 ml, 101' f. call('d f-a. dllcl (Olllll'( t g ,11\11 f-a b~' c' (,dllll,!!. ,\II', (Ill) \\'t' 

c 01111('( t t h(' appl'o'\illlél!(' lIock f-a alld ils 1'01 rl'i'oolHlIld1 1Ip, l't.( 1I1~I\'C' lIode' f-+ h," ,III 

ap/J/'o,l'lIl/all a/'c, '\PPI'OXillléltc'cll'('S an' i'ooho\\'11 h,\" dottc'd lillc's in tlll' li!!,lllc·. Silllll,III.\'. 

"'(' i'ool'(' 1 hal t.h(· IOlIt ill(' h calls ibc'If n'c'''Isin'',\", So, Wc' ('Oll\'c'II 1 III' lil'~1 oc l'IIIIC'I'' t' 

of h 10 h-*. ('n'a\(> a 1)('\\' h-A lIod(" clild ('OIlIlC'ct t 1 Will hy ,III apploxilllatc- an, 

'1 hus. 1 II<' ('(dl graph cOlllcl 1)(' III,IClc' "l' of 1 Itn'(' di trC' l'c' Il t kilHb of 1I0(!c':-': clll 

ol'dillary lIod(,. a J'('c'ursive Ilod(· ot élli rlpl"'Oxilll,II(' Ilod(·, ",I!I'n'as c'dp,c-s cOllld lit' 
('il 1)('1' célilillg (.<lp,":-. 01' "pproxilllal(' (·d,!!.,· .... 

Interpl'oC'edural Analysis: 

'l'II(' J(·clll'~i\'(· (cdl-graph c's~C'lltially l'(·I)l(·M·III:. III(' 1I111'OIIillg of tllI' call·graplt dlll'illg 

re'clll'sioll to ail IIl1bollnd(·d d('pllt, \V(' Ilo\\' ('xtC'lld t.11t' loutillt' traverse_cg 10 I"k(· 

('al C' of t.11C' dirr('I'(·IIt. killds of 1I0des fOlllld ill t11(' ndl-grilph, J)qH'lIdillg 011 t.11I' 1.\'1'1' 

of the célll-lIode, rout illc' traverse_cg PC'I fOlllli'oo dill'c'J'('lIt .. ctiOIlS, 

If t.11(> call-Ilod!' COl'l'cspoll<lillg to t.11t' 1)J'()('('dllJ'(' (',dl ill t.\lt' SIMPLE t.1'('(' is ail tll'di 

lIary 110(\(', t.hcll wc' ('ss(,lltially do 1 IIC' Sil 11 It' Il:' W(' do for 1I001-1'('ClII'sivc' lu'on'chll'l' cali:" 

W(, cali l'out.iI1P map to lIIa(> t.he ill1'01'1 Il éI\ iOIl a:.:,(\cia!.<·c\ with tilt' a( t.ual pilJ'iIlIlt'f,('I:' 1.0 

1 II<' formaI pal'alllC't,C'rs. We tltc'II go hack 10 SI~l PLI': t.o i11lédyi':t' t.llt' hody of t.his IH'W 

pl'o('('c1ul'e, ,,yI1('11 wc' l'et.UI'll, wc 1><'1'1'01'111 UIlIlJappillg of illfol'lllat.ioll, 

If t.h(> call-uodc' correspolldillg t.o t.11t' pwc('dul(' ca.1I is a l'cnl l'si VC' lIode·, wc' haVI' 

t.o it.C'l'at.e until a fixc'd poillt is l'(·aclwd. Wc' have' il list of illpllt-olltpllt. pail:' fil 
illforll1atioll stoJ'(·d al éI recur:.iv(' Ilod(·. TIlt'~(· ('ol'J'(:spc)JJd 1.0 ail t.11(· difre·J(·Ilt. t.YIH'!'> 

01 inputs alld output.s pos:,ihl(' dlll'ill,!!, 011(' it.(·I'élt.ioll of tilt' fix(·d.poillt. (é1klllat.ioll. 

Dmillg C'wry itcl'alioll, w(! check if t11C'1t' i:. IIIC)J'(' t Ilélll 011<' illpllt al. t.his 1I0de·. If t.lWII· 

is. 111<'11 t.his illdicCtt.es t.llat a reclIrsivc' ('ail was f{lllIId wit.h éUI IIIput ilOt. ill('llIde'c1 ill 

tll<' cunellt illput approximatioll, III t Ilic.; Cil:'C" \V(' lIwrge ail t.IlC':'(' illPllb, :,1.01'(' 1 hi:. 

j!i 
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., 
1 

} 

Procedure traverse_cg(cg_node, indata): outdata 
{ 

} 

sWltch (typeof(cg_node» { 
case Ordlnary_noci9: 

/** map information **/ 
data = mapCcg_node, indata); 
/** go to SIMPLE tree and start analyzing the nev procedure**/ 
data = analyze(tree_node, data); 
/** perform unmapping **/ 
outdata = unmap(cg_node, data): 
return outdata; 

case Recursive_node: 
data = map(cg_node, indata); 
data = analyze (tree_node, data); 
/** repeat until flxed point is reached 
vhile Crnore_than_one_input(call_node) Iloutput(call_node) != 

if Crnore_than_one_inputCcall_node» { 

} 

nevin = merge_inputsCcall_node) ; 
store_input_in_call_nodeCnewin) : 

} el se { 

} 

nevout = rnerge(data, output(call_node»: 
store_output_in_call_nodeCnevout); 
nevin = inputCcall_node): 

data = analyze(tree_node. nevin): 

outdata = unmap(cg_node, data): 
return outdata: 

case Approximate_node: 

**/ 
data) { 

/** get the recursive node corresponding to this approx.node**' 
recur_node = get_recur_node(cg_node); 
nevout = outputCcall_node, indata) 
if (nevout != NULL) return unrnap(navout); 
else { 

} 

stors_input_in_call_node(recur_node, indata); 
return BOrrOM; 

Fi~lII'(' I.W; Pro('('dlll't, lo Trél\'erSe Cali Graph 

i(i 
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------- --------------------------

n('wl~' mcrged input in the tr('('. and stmt agaill wit Il lI\{' IU'W nH'l'g('d illput. If t ht·l't· 

I~ a single- input-out put pair, but t hat out put alld tIlt' IIt'\Vly (Tt'att'tI Ollt pllt fWIlI 

the 1I10st rt'n'Ilt i teratioll art' not t he' ~"lIlt" wc' IIH'Q?'(' t II(' t \\'0 011 1 pl1 t s, sloI'C' t lit' IH'W 

llH'rgl'd output in t!\(' tree, aJl(I start él.!!,aill wit.h t Ill' illpllt. pn·~c'nt. thc·lt· Fillall~'. 

\\"ht'II a fixed poillt is r('ac!)('d, tht'J(' is cl ~lIIglt' illpu t -OIlt.pUt pail which rorn'spolltb 

tu cl ~lIperset of aIl the inpllt-olltpllt pc,il~ pO~"Hhl(· for t his l)JtHt·tlU'·t·, Int,lIit"'t·I.\'. t"", 

input-outPIlt. pair :-.unllllaJ'lZC·~ ail tilt' po.,~il)lt· IIl1willdings of tht' ('clil_~I'"ph 

If the call-nodc' ('orrC'~pol)(ling to t I\(' PIO( (·dlll'l' cc\.lll~ ail apprOXllllatt'lIodl', \\'l'lilld 

ils (,OIT(,spolldilig n'cursi,'c lIod(' in tilt' (c"l-gr'lIlh. W{' dlt'('k tl\(' list. of illpllt-olltpllt 

pclir~ to S('(' if ail outpllt ('xists for thi.., (l,II t iCIII"r input. If II. dops, Wt' .jll~t II·tlllll 
t hi~ out.put. Ot h(,I\\'i~c', w(' stOl(' t.hi~ IIt'W i Il pli!. ill t.11C' )'('('111 ~ivt· 1I0cII., allt! 1 t'l III Il 

BOTTOM. BOTTOM h(·J'(· Illt'all~ "1 dOllt kllo\\'''. i.c·" W(' :-.t.ill don'1. kllow 1 Ill' 0111 l'lit fOI 

1 hi~ part icular IIIJ)III. hut ('~SC'lIt icll1~' ha~ tilt' ..,allll' pl'OpC'ltlt'S ,lS t.11t' BOTTOM c1t· ... 1 1 ilH'd 

in Sc·ct.ion I.:l. 

'l'II(' wutill<' traverse_cgO i~ fix(·d l'or t hi~ part.iclIlal' killtl of (·c,II-/!,l'aph. Olln' 

111(' IIS('r pro\'idc'~ t 11(' J'Outillc's mapO <llid unmapO, MeTAl: ('ail he' (·xt.t'IIcI(·cI 1.\1 .111 

lolllatically g('J)(·rat(· t.his routilJ(·. 

4.5 Summary 

III t.his chapter. we have prescnkd t.WO COllllllollly perfol'llU'd allalyst·s, liw·-vmiahlc' 

élllaJysis, which is a. hackward élllalysis alld r(',,('hill~ ddillitiollS, whidl is il forwilili 
OIlC·. The allalyse:-. have b('ell (·xt.elldc'd to hilllclie break awl contlnue eOIl~t.IIJ( t,~ 
III a structurC'd mannel', alld JaLc'r maclc' illt.erproceoural. Thollgh wc' havc' c1('~('J'il){'d 

t \vo specifie flo\\' allalysis probJellls in titis dlap!.c·", t.ll<'~e c!('lJlOlls!.raf,(o ill W'IH'/ al, liow 

ot.lte!' simple or cOlllplex illtcrprocedurcd flow élllalyses, hot.! 1 forward alld backw'lId, 

can be implcmc'Ilted in a structlll'('(1 malllter. 
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Chapter 5 

An Advanced Example: 
Determination of Constants 

III t III' pH'\'ioll'> l'h,ll'lc'l", \\'C' IH'C·SC·Ut.c·" :-OIlH' t.l"adit.iollal f10w analysis problems and 

\\'t' :-.IH)Wt·d ho\\ 10 lIIakc' t.l\('s(· ollalys('s illt.c·l'procedmal. In this chapt.er, we givC' an 
U\'t'I \'it'\\' of ,1 (olllplC't(·ly clirrpl'(·lIt. sort of élllalysis, tll<' det.cl'llli[]at.ion of constallts. 

TIlt' p"rpo:-t' of Ihi:- clis(,\l~sioll is to illu:-ll'alC' Ihe divcrsity of analyses t.hat can 1)(' 

IllIplt'lllt'lIlt'd \\"il h 1 II(' allalysis g<'IH'l'éll<J! lool. :\ fOI ilia 1 study of the analysis pl'OhlC'1l1 

Iht·II' i:- olllsidc' 111(' ~COI){' of thi~ tlu':-.i:-., 

'l'III' ~oal 01 ('Ollst élUt. propagat.ioll i:- to discovcl' values that. are constant in ail 

po:-.sibh· ('X('('ut iOlls of (,11(, pl'Ogl'é11ll and t 0 propagatc the valucs as far as possible. Wc 

t'illl t'(lsdy illlplc'III('lIt, COllstallt. propagatioll ill the saille way as we have implemcnted 

11\ t' \'éll'iahlt, allalysis all<1 \'<,oching d('finit iOIlS, as shown in t.he previous chapter. In

stt'ad, \\'C' hll\,(' apPl'oacllt'd t.1l<' I>1'0bl('1I1 of findillg ail the const.ant.s in a program in 

" dill' .. l('llt 1 Il il Il ll('\" Illst.('ad of 1110\ illg 10 ,\Ilel t'ro betwecll the cali graph and the 

SI1\1 l'LE Il't'(' \\'hilt'Ilt'l"fol'lIIillg dll inl('II)('oC('dlll'al élIlalysis, we make two passes. The 

lirsl IM:-'S i:- ail inlI'ilIHo('t'(hlial 011(" éllid Ihi~ ('olleds as Illllch information as possi

Illt· ",il ltulII illI,dyzillg procedure calk alld also sets up SOIlle dependence rela.t.ions 

hl'! \\'('t'II \',11 iahles and procedure enlJ:-.. TIlt' ~ccond pass is an interprocedural one, 
wlll'\'I' \\'(' ('('sol\'t' 1 ht's(' dq)(-'l1d('llcies, alld d('t.eI'mine ail the cOllstants at every point 

in t Il(' pl'Ol!,l'éIlIl. 'l'II(' maill ad\'élntage of this Illcthod is that wc perform a statement 

h,v st alt'Illt'Ilt allc\l,\'~is of ('\'('ry proc('dur(' hody only once, and not as many times as 
1 lit' pl O\'('dlll t' i~ ('all('d. 
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Th(' g<'I)('rator 100\ is t.'lllp\o)"t'd t.o g('I\('rale but h tilt' iut rapl'O("t'dura\ alld tilt' illlc'r

proc('dUl'allllo<luks. In t.he input. !>)>l'cifical iUII tjll' fol' 1 he illt.rélIH·o('('dllrélllllodlll('. ill 

1 lit' afl ion 1><11'1 for ,1 prof('dul'<' l'ail, "'1' do 1101 hd\'(' il jUlllp 10 1 lit' ('all-~r"ph; W(' jll:.1 
('1)('0<1(' t he d('p('nd('II('ie~ of 1 he Vélna hl('s 011 1 ha t IHon'd tII l' (',II 1. TI\(' 1001 g('II('1 al (':, 

1 II(' él(lditionéll cod(' 1,0 trélV('rsc ail pron·dlll't·:. 011(,('. III tIlt' ill»ut specifical jOli filt- fol' 

1 II(' inj('r-pl'O('('d\ll'almodule, ill tll(' art jOli parI fol' a PI'O("('<lII)'(' (· .. 11, W(' ha\'(' il jlllllp 

10 1 \t(' call-graph, amI t.hell SUhS('<ju('nl I~' H jUlllp 10 t.h(' call('<1 1>1'0('(·,111)'('. 

5.1 An Overview 

\\'(' ..,\tHII jntrodll(,(' OUI' Il\et.hod t.hl'Ougll ail (·\alllplt·. FigllJ'('s ;'.1 alld ;'.2 11111:.11',,1(' 

ho\\' II\(' jllfOl'lllc\t.jOIl of variable:. alld 1 ht·jl dq)(·lldl·lIt'j(·s ,11'1' ('III oc\l'cI jll tilt· tirst. pa:.:.. 

c!I)(! lal<'r \'('soln'd jn 1 Il(' s('colld pa:.s. 

PASS 1: 

Fig\ll'(' 5.1 I->hows 1 h(' infol'matioll ('olkd('d cllJI'illg 1.1)(' firs!. illt. ... pro('('d Il l'HI pass ,II 

('a('h poillt. \11 tIf(' prograll\. 'l'II(' illfol'lllat.ioll js mlll'dpd as a sI'!. of I.lIplc's Sillc(' 1 hi:-

pa:-.s i:-. inl l'a 'H'()('('dllréll, the 01'<1('1' jll \\'hj('h \\'(' lillalyz(' t.1U' pJ'O('('dll),('s is illllllalt-ri.d. 

Wc' :-.1 élrt. \Vit.h t hl' first !l1'()('edllJ'l', ill 1 his ('èlSI" il. IS maln. 

• At point (A), wC' have variahl(· l which is éI cOJlst.ant.. W(' 1'(·IU·('S('II1. t.his as .1 

thrc('-fipld t.llpl(·, (tuple-number, vanable-name. value), alld ill t.his ('ase' il 

is (#1, 1, constant [2]), whi('h (·:-,s(,lIt.ially Il]('élllS !'hat. t.his is t.!H' fif'sl. I.lIplc·, 

t h(3 \'él1'iahle lIallle is i, aJl(I il. is il (,Olll->t.allt. wit.h a v,a1I1(' ~. 

• At point (H), wc' arc withill t.h(· then- paf't. of t!1(' illlJ('f' <OlIdit.iollal, alld wc' sc'c' 
that véIliabl(' J is defillit.e1y a colI:-.lallt. \Vit.h a valll(' -1 I)('('alls(' l iH a dc'fillil.(·ly <1 

const.allt. ,\"il Il éI value 2. \;\I('I'<'I)I'(':-'('lIt I.his in il Sillliléll 1IIilIlIlef'. 'l'II(' illfof'lIIat.ioli 

set al. p01l11 (13) l1<JW cOIlt.ailll. t.\\'o t.l1pl(':-" #1 alld #2, J'{·I>I·(·SC'IIt.illg ViLf'iil""':-' 1 

cllld J. 

• At point (C), wc arc wit.hill the else-pal t of 1.11(' illll('f' ('ondit.iollal, ami W(' sC'c' 
that t.he vall\(' of j collid h{· a ('oml.élllt., bill. il. clC'JH'llds 011 t.!lI' J)J'(J('('dllJ'(' l'idl 

square. \ Ve ('Ilcode Lhis i nfOl'lllcd.ioll éli. :-.llowlJ i Il 1. he figll 1'(', and lat.er, d Il ri 1lP' 

the second pal.S, resolve it. 1.0 !Je (·it.IJ('1 a {Olll->t.élllt. 01 ilOt. a ('Ol1st.allt. 

ï9 



1 
mainO 
{ 

1 = 2; 

-----------------) {<'l, i, constant[2]>} 
lf (cont) { 

if (con2) 
j = i + 2; 

(A) 

---------) {<'2, j, constant[4]>, <'1, i, constant[2])} (B) 

} 

else 
j = square(i); 

---------) {<'3, 
<'1, 

-------------------) {<'4, 
k = j + i; 

-------------------) {<'4, 
<'5, 

j, 
i, 
j, 

j, 
k, 

call_depend[square]), 
constant [2] >} 
(#3 ~ #2», < '1, i, constant [2]) } 

('3 ~ #2», <U, i, constant [2]) 
var-depend[(.4 + 2J) } 

else { 
k = square(3); 

j = k - 5; 

} 

---------) {<'6, k, call_depend[square] > , 
<#1, i, constant[2])} 

---------) {<#6, k, call_depend[square]>, 
<Il, i, constant [2] > 
<'7, j, var-depend[#6 - 5]>} 

----------------------) {<.a, j, (.7 G '4», <'1, i, constant[2]> 

(C) 

(D) 

(E) 

(F) 

(G) 

<'9, k, (.6 G #5»} (H) 
} 

int square(int m) 
{ 

} 

int n; 
------------------) {<'lO, m, proc_entry(square»} 

n = m * m; 
------------------) {<'lO, m, proc_entry[square]> 

<'11, n, var-depend[.lO * .lO]>} 
return n; 

------------------) {<.lO, m, proc_entry[square]> 
<'11, n, var-depend[.lO * 'lO]>} 

Figlll'(' 5.1: ))('krmiIlHtioll of Constallts -- Pass 1 

(1) 

(J) 

(K) 
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" 

• :\t point (1)), \H' have lu I1H'rgt' IIH' then- '\IId else- p,lrl:; of t.h(' illlH'r wlldi-

1 iOllal. The ,'ariable j muid bt' il c oll:;talll pro\'idl'd the then- ,lIId else- pal t s 

of the ('olldit iOllal assign t 11<' sali\(' ""hH' for J. Wc' thlls l't'plt'scnt t ht' valut' or 
J as a new t upie #4, wlH'rt, t.ht' valut' of J dt'I)('lIds 011 tuplc':, #2 1IlIcl '3, TI ... 
operat.or (Q e:.sellt.ially dl'notes t",o opc'r,lIlds t.hat. ha\'(' to hc' n':ml\'('d illt.o OIlC' 

ill t.1\(' S('('olld pass. 

• At point (E), we find that. the vahl<' of k d('pt'l1ds on t.11<' valut' of J n'lu·c·sc·lIt.t·" 

by the t.uple #4, and i, which is dc·finit.('ly il (,(>IIsl.allt. Thus, wc' rc'pre'sc'lIt k Il,\' 
1 upie #5 and the code var-depend, which says t.J\(' valllc' of k is Ut(' valuc' or t IIC' 

"élriablc' J'(·prC':.e·llkd hy tupi .. #4 pills t hc' C'OlIstallt. 2. 

• Points (F) éllld (G) an' strélight,fOl ward allt! silllilar t.o t.hc· onc's dl'scril)('c1 abo\'I', 

• AI. point (II), wc have to IlIC'IW' tll<' :.<'Is obl,ainC'd al. t.Ite' c'IHI of t11C' then alld 
else part.s of the outC'I' if- st.at.c·lIlC'llt, i.c·., wc' 11ftV<' 1.0 IlIc'rg(' 1.111' :;('t.s o!lt.ail\('d 

al. points (E) and (G). Wc' tlJ('1l OI,t.c1ill t.lte' S(·t. illustl'<It.c·d ill t.hc· fip,lIJ'(' at. poillt 

(11), The ,'ariahle l is still a cOllstant, I)('callse il has t.l1I' salllc' ('Ollst.allt. valtlC' 

011 hot h ::.id('s of t.he if-then-else st.at.(·Il\(,IIt.. Bllt. wC' llaVl' t.o 1'01'111 IIC'W t.llplc':, 

#8 alld #9, fol' variable'::; J alld k, SIIOWill,l?, I\('W lI\('rg('d va!tws, whi( h will 1Je' 

J(·!'.olvC'd lal('r during t.he s('('olld pclSS. 

• At point. (1), we have just ellt.(·J'(·d PI'O('('<I Il 1'(' square. Wc' say 1.11(' IHII'itIlH't.«'1 m 

1 hat COI1)('::; in could be a COllstant., hut il. depcllds OJI tll<' illpllt. t.o t11(' pl'Ol'I'dllll', 

We' ('Jlcode' this informat.ion sayillg t.IH1t t d('IWllcls 011 proc-entry. 

• At point (.1), the local variahle n i~ a cOllst.allt., dC'I)('ndillp; 011 m. WI' J'('nml t.hi:. 

as a var-depend. 

PASS 2: 

Dming this pass, wc' go ovel' lite call-gl'élph alld t.he pl'Ogl'a.lll, n!solvillg 1.11(' d('J)('II«1«'11 

ci(':' collected ill pass 1. Silice the illfol'lllat.ioll is alr<wly ('ncodc!d, wc' ()Oll '1. Ilélv«' 1.0 

élllalyze L'vcry statL'lll<'lIt again c1urillg tllis IHI:':', Figure .1.::! shows t.1lC' poillt.:. al. wllÎdl 

t.he informatioll gels re:.olved in t.he sC'(,olld pa:,:, whih' goillg ovc!r t/H' ntll-graph. 

Dlll'illg t1l<' :,('('olld pa:.s, wc' directl)' ('OIlH' 1.0 the poillt. jll:'t. I)/'fol'(' t.llI' first. l'id 1 1.0 

tl1<' IH'O«('dllJ'(' square (pl'Ogralll poillt. ".) At thi:, poillt, W('/I<IV«'t.!W illfollllittiolllll,11. 

NI 
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mainO 
{ 

j 

} 

int 
Int 

l = 2; 
if (conl) { 

if (con2) 
j = i + 2; 

aIse 
---------) 

j = square(i); 

---------) 

-------------------) 
k = J + 1; 

-------------------) 
} 

else { 

k = square(3) ; 

---------) 

= k - 5' , 
---------) 

} 

----------------------> 

square(m) 
m; 

{<Il, i, constant [2])} 

{<#3, j, constant [4]) , 
<#1, i, constant [2] )} 

{<#4, j, constant [4] >, <#1, i, constant [2] >} 

{<'4, j, constant [4]), <#1, i, constant [2]), 
<#5, k, constant [6] > } 

{<'6, k, constant [9] > , 
<#1, i, constant [2] )} 

{<1I6, k, constant [9] ) , 
<#1, i, constant [2] > 
<#7, j, constant [4] >} 

{<.a, j, constant [4] >, <Il, i, constant [2] > 
<'9, k. not _a_constant>} 

{ (First Call) (Second CalI) 
Int n; 

n = m * m; 
return n; 

-----------) {<.lO, m, constant [2] > {<11O, m, constant [3] >} 
<#11 , n. constant [4] >} {<!t10. n, const ant [9] > } 

} 

FI,l?,l\l'(l 5.~: Determillal i011 of Constant.s - Pass 2 

(A') 

(B' ) 

(C' ) 

(D' ) 

(F' ) 

(G' ) 

(H' ) 

(1' ) 



1 
l, \\'hich is thC' act ual pal'ametel' to pro('('dlll't' square, is a WIISt.,1I11. \Vt' t,!t('11 jlllllp to 

procC'dure square. Silice procedul'(' square <lO('S not C,lll ally othel' prot't'dlll't" .1:-. (,dll 

b(" SCC'1l from its call-graph, wc can go din'ct.ly to tltt' ('lId of )HOCt'(hll't' square, oIlid 

check t.he infol'llIation C'llcoded 1.1\(,l'e. \VI' find t.hat. the r<'l.lIlll \'"IUt' n is a l'OlIst<lnl 

if the parall1<'tcl' m is a const.allt. Sill«' m is a ('onst"nt., ('I(lIal t.o ~, dll\'ill~ t.his l'ail 
1.0 square, \\'(' \'cLurn Lo the calling pl'oc('dure wit.h t.he infol'lllélt.lllll t hat t.1t(, l't'lUl'n 

value is a constant. equal 1,0 -1 (progralll poillt. l'), n\('l't'fo\,(', al, poillt B', W(' hav(' th(' 

IlIformation t.hat bot.h i and J a\'(' const.allts. At. poillt. (C'), W(' l't'solvt' t.h(· v.lh ... of 

J. Tl\(' informat.ion cncodcd I.h('\,c in 1.111' fil':-.t p.ISS, says th,tt. t.I\{' valut' of J is #3 ~ 

#2, i.t'., we havI' t.o l't'solve I.uplt's #2 ,lIld #3. At point (H'), W(' have J'(':-.ol\'('d t uplc' 
#3 t.o be a cOllst.émt. ,1. SinCl' bot.h t.he t uplt's #3 illld #2 have t.ll<' <'Ollst.,mt. v,dUt' 1. J 
i!-! l'<'solved t.o bl' a constant. ·1 élt. t.his poillt. This illfol'mat.ion, plopclgat.(·d dowlI to 

point (D'), l11a].;('8 k a cOllst.ant, wit.h tilt' valu(' G, 

TIl<' second cali 1.0 square has il.s ilct.uéll pmalll<'l,('r ('qual t.o a (,ollst.anl.:1 \VI' 

t.hCll jllmp 1.0 t.!\(' l'Outine square and rt'fll\'ll \Vit.h a C'Ollsl.allt v.lht<'!I, aft.(·r n'solvill/-', 

information al. !.Il<' t'nd of the pron'du1'(' square. \VIt('11 \VI' Il't.l\l'Il t.o t.h(' ('"lIill/!, 

pl'o('('dll\'(" al. poillt. (1"'), W(' have botll k <llId l as (,Ollsl.allt.s. This illforlllatioll, 

pl'Opagated t.o tilt' Clld of t.he else- part of tIlt' out.(·r lf, giVt's us k = 9. J = 4 and 

l = 1. If WC 110\\' 1Il<'l'g<' t.he then- éllld else- part.s of tlH' 0111.<'1' lf- s\.(tI,(·IIWllt., W(' 

gd t.hat. bot h l alld J "\'C' COllst.allLs êllld k is 1101. a (,OIlSt.ilIlt.. 

5.2 Pointer and Structure References: 

\Vt' IIS(' aliasillg illformation 1.0 d('al \\'it.11 poill!'('rs. For PXillllpl(·, if W(' 11iIV<' *t = 3, 

\\'(' d<'1f'l'Illill(' 1.11<' éllié\~('s of *t éllld tl d( k t 1)('111 dowlI as ('(m~I.<lIlt.s. J>iU'(·J'(·1I1. IMI b 

of cl strllctul'(' \'(·f('J'(,lIce are I.l'eal('d as <lifr(·I'('IIt. (·lIl.iti(·~: W(' (<l1IId havI' a. b = 3 ililel 

a. C • d = 4; tlwse (li (' t.r('atcd differ('IIt.ly. illd('I)(·IIc!(·II1. of ('il< It otllt'r, 

5.3 Summary 

TIJ(' abo\'(> metho<! bas beell implcllH')ll('d Il..,illg t.he l!,('IJ('rctt,Ol 1.001. TIH' g(')lf'udll) 

1001 ('\'('at<·~ both tlJ(' illt.raproccdural fil~l pa!-!!-! Ilwdul(' éllld LIli' i 111,(') pwc(·dlll'é1l ~('( ollel 

pa:..., (llodul(" ",it h tltt' Itelp of illput !-!))('cifi( id i{)lI~, 
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Ch.apter 6 

Related Work 

111 t his chapter, we shall c1assify élnd d('snil)(' l<'I"I.I'cI n'S('éII'l Il IIIHlcr 1.111'('(' ('at,I')!,oric's' 

illh'rnwdiak )'('p\,psC'l1tatiollS llsed for clllalysis élnd optilllixat.iolls, illlt.Olllill.illp, III(' 

élllalys('s élnd Opt.illlir,at.ioll phas('s ill cl cOlllpilc'r, alld ot.l\(·1' /!,C'II('I al delt.a-flo\\' ,11I,t! 

YS('" 11IC'l.ltods. 

6.1 Interu'lediate Program Representations: 

Tradit.iol1al opl ill1i;,:at.iolls ill'(' illlp]PIIl<'1I1 (·cI 011 (,ollLI'OI flow-gl'ilphs. TIt(· illt(·l'IIlI'diill.c· 

1'''I>I'('s('lIl.al iOlls IIS('(\ \Vere V('ry c1os(' Lo lIt(' IlIaclli II(' 1('v,,1 ('od(·. 

HTL is a 1 <'gis!'('1' tl'all:;f('r Iélllglla)!,(' lllid, ('()lllpil('rs ('i:1I IIS(' 1.0 n'llI·('M'II1. prop,/'illll:-' 

dmillg optilllizcltion [.JM91], lt i:-. w;coc! il! 1,1«' (;('(: ('olllpih'ralld ill 'l'S, ail Opt.illlill,illp, 

compil('!' 1'01 SlIlalllalk, HTL provide:-. cl t.l'pi( ,II sC'\, of 111I1J)('ric 01H'lat.iol!', a:-, \V('" 

<lX op('ral.iolls 10 1('é1<1 alld wl'it(, IIU'1l1(1)' alld 1,0 c1lilllp"<' t!J(' flow of (,OIlt.101. 'l'II(' 

HTL SystC'1l1 i:, a loolkit fol' COlIstrll('t il!g ('od('-of>l.illlir,('l's; il, cOllsists of a IIlIlIdl<'l' 

of prpd{'fined algorithms that. t1J(' colllpilel' writ<,1' cali C\lsl,ollli:w, /t is lI~('(J ill t Ill' 
SlIlalltalk compikr. This fOl'll1s llIachilJ(' ('od(' hy COlllbillillg ilS lIlitlly UTL jlJstl'lJ('l,ioll~ 
ai:> it Côll; it B('Ve'!' breaks tJJ('1lJ "l' illt\) :-,illlpl('1' olles. Thlls, HTL 1'('1'1(':-'('111..., t!w 

pl'Ogralll al, a \'('1')' )ow-I(~vel, éllld i:-, at a 1(,\'(·) ('V('II l()w(~1 thall Illadli,l(' t'od(', 'J'II<' 

dC':,igll philosophy Iwhillcl tll<' d('sigll of Il'!'L is tltat il progl.11I1 :-.ltollid lu' f('IH(':-,('nt('d 

\ri lit 11)(' si III pl ('''' 1 !Jo..,:-.i bl(· i Il:-' t 1 II ct iOIl:-' fUI opl i III i lI,;d,ioll 1)('( ;111:-'(' il (0111 /llf'x i ml Ill< t jOli 
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III,I\' jJo:-,:-,i\,ly Ilid(' <III optÎllIizatioll, '1'1111'> HTL has no way of rcpresf'nting high-lcvel 

..,t 11111111 (,:-'. '1,\'1)(':-' of loops alld loo!> ~I mct Il IC'S are completcly lost; these arc ail 

( UII \'('111 'd 10 l'I'rlll<'ll<':" alld laheb i Il t.11<' HTL representation, Array and struct.urC' 
11'/'1'11'11/ ('''' rlll' 1,IOk('1I dOWII 1.0 "ddn's:-. ill'it.hIlWt.;C. 

Allot.!wl' ill1f'l'IIwdiat.e repn'sentatioll IS {J-code [Nye81] which is for Pascal and 
FO liT HAN, II. i:-, ~d:-,() il low-I('V<'I 1 epl'C'sl'/ll.a lioll, consi:5ting of a !inear list .lf instl'uc-
1101l~ wit Il 1,11)(,1:-, ~llId jUIIIIN' t,o challg(' tlle flow of COlltl'OI. Il is also sirnilar to nTL 
III 1111' ~('II:-'(' t.h,II il. lias 110 Wcl,)' 10 J'('I»'('S('llt high lcvel pl'Ograrn structures and al'l'ay 

Il'1/ '11'/1('( ':-'. 

StllF (Stillllol'd II/liv('r..,il.y 11I1.('I'IIH'dial.<' Format) [TWL+~)Jl is an intermediat<' 
101111 1 !J,Il, illl<'p,1 rd /'s Iwt,h high- alld 1001'-1<'\'('ls of progl'am r('prcs<'nlation, It has t,]1<' 

.. "ilil" 1.0 l't'I))'(':-'<'II1. hiJ.!,h-I<'\'<'1 (,ollstrllcls 811Cll as for-Ioops; thu8 it can maintaill 
p/O~I,IIII :..1.1'11<1,111(' wliil!' cXJ>o:.ing ]O",,!P\'l'] c!<'lails such as array rcference addl'C'ss 
(",!In!la t.iolls. S (J 1 Jo' is c!('ri ,,('d [1'0111 éI botf,olll-up perspC'cti vc; the program is rep

I! ':-'( 'lIh'l! i Il IOII'-S \11 F, wi t. Il high-S lT 1 Jo' Î/lst 1 uel ions added a t CI itical poinb. Th tlS, 
SI IIF Î:-, 011(' illl('I'IlH'diat(' 1'('I)J'('S('lItat.ioli tllat. is used for ,tll opt.illlizat.ion phase!'. In 
IJlII ~Id 'AT 1 oillpilc'r (1'('1'1'1' Figlll'<' 1.1 J, 11'1' lléI\,(, bot.h SIMPLE élnd LAST inter1l1C'di

,II (' If'PII'M'1I1 at iOIl:". illid W(' IH'rfol'llI allal,\'~i~ ,lIld appl)' optimizat.iol1 transformation:.. 
,,1 III/' 'IPPl'OjJl'i,JtI' (('jll'('s('ntatioll I('\'e!. Fol' (',alllple, alias analysis is best dùlJ(' al. 
1 IJ(' SI~IPLJo: Il'\('\' ",hill' insl l'lIelioll S( IH'dllling is hest. d011<' at. the LAST Icvel. 

6.2 A utoll1ating the Analysis and Optimization 
Phases: 

lk..,l'rlnll ill ,"IÎOI1),lIill,l!, the étllal~':-i:-, ,11111 optilllizatioll phases of il compiler is :'Itill 

III Il:-. ('0111.\ :-ola,!!,I':-'. h'\\' tool:-, l''\ist to II/'lj> hllild optimizcl's, which are u8ually larg(' 

r111t! (llillplex, silln' t II<'~' IIIl1st 1)('. for III 11Iall)' pl'Ogl'am transformations to get the l)('sl 
1 tllll' Sh,1 ri it[TII!):!] i~ a s,\'st ('Ill which is (bigl)('d to simplify building of opt;mizers in 
1 \)(lIp!l(,I':-'. Sharlit Il)(,l'g('~ t Ill' dat.a-no\\' collect.ion phase and the optimizat.ioll phasC's; 

Il I.lkl''o ill a sl)('cili('cltioli and pt'l'rorll1~ Oll( type' of data-flo\\' analysis amI a code

Il.111:-01111'111,,1 ill/l t liaI J'('li('s on t h,lt allal,\'~Îs, This \\'orks 011 the t.l'adit.ional flow-graphs 
r11lt! f"I:-'IC-hlocb, Sltal'Iit \I:-.t':-. tll<' foll\>I\'illg élhsll'ilctioll~ (0 deve/op global analyses 
,Illd llptillli/rllitlll:-O ill ,1 1I11HIIII<1l' fashioll 
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• The lIo(ks of 1 hc' flow graph. 

• Vdhws Ih"t flow through Il)(' f10\\' graplt. 

• Flo\\' l'II Il cl iOBS that 1'<')l'(,SCllt 1 h(' ('fr('( t 01 !Io\\' graph Ilod('s ,111<1 pal hs 011 1 he' 
Ilo\\, \'alll('~. 

• Actioll rOIlI,ill<'S 10 pcrform tll(" oplimÎ;"alioll. 

• Hules to combine the flow fUl1ct.iolls to ollwr flow fllllCt.iolls for pat.h simplifica
lion. 

'l'Il<' datc\-flo\\' allaly;,,('1' col1:-.ist.s of rolll' Illajol (,Ol1lpOIH'III.S: (i) 1.1 ... (,olll.l'OllIow .111.1 

1.\ ZC'I' Ihat. :-'l1l11ll1c1riz('s t.he st.rIlC(.lIl'<' of 1 Ill' llow gl'aph, (ii) t.1H' pat.h Silllplilit'I, gC'1I 

('l'illc'd 1'1'0111 t.I ... path-sill1plifi('clt.ioll l'lIk~ ill t.hc' illput, dc'sCl'lpl.ioll ,lIIcl IISI'S (onl lUI 

flo\\' illforlll<lli(}1l to c,lilllinat,c' hOllle flo\\' lIodc's, (iii) t.11C' it.t'I"üor lIIé1k('h liSe' of t.he' 

flo\\' functiolls Clllel it,el'aLeS to filld a sollll.ioll fol' t.!1<' dat,a-!Iow ('qu,lI,iolls, éllld (iv) 1 III' 

propagat.or t.hal. uses the actioll l'out ilH'h 10 »c'l'fol'lI1 t.11<' opt.iIII i;"élt.ioll. ThIlS, SJ.'\llil 

do('s ilOt. cOllsidC'1' t.lH' ('élSCS ",11<'11 a pé\l'l.i(,lIlar dal a-flow illlaly:-.is is J'C'qllin'd fOI 11101(' 

t.h'Hl Olle' opt,imiu\t iOIl, or wll<'l1 ail opl illlizat,ioll l'c'<Jllin's 11101'(' t.hall ()I)(' dc.t.cl-llow 

;-\IIédYhi:.. FIll'IIl<'IIllOJ'(', Shal'Iit. p('rfOrlllh illtrapl'o('(·dllral allalys('s and Opt.iIJli;"itl,lollh 

011 f1ow-glaphh, wh('J'c'as we arc' lookillg .d, illlcrpl'o('C,dllral allalyh('s alld Opt.III1IZ • .ti()II~, 

011 hll'lIct.IlJ'(·d illlc·rlllC'diat.p n'pn'hc'1I1 al iOllh. 

\Vhil fic'Id alld Sofra[WS91] dC'scrÎ 1)(' 1 II<' (t 11 tOlllilt.ic gC'lu'l'a l.ioll of gloh.d opt.i III i;"c'I h. 

TIH'y havI' int.l'oduced a GCI1f'ral Opt.illlizat.ioll SPc'cifinll,ioll Lall~lIagc' (COSI)('L) ,\lui 

ail oplilllize'r gelwrat.ol' (GENc'sis) t.hat. is us('d 1.0 ('J'patc' glohal Opt.illli/'('I'h 1'1'0111 ('Olll

pact. dC'c1aJ'é .... Î\·(,s)wcificélt.ions made ill (:OSpc'/" Th(· s)('('ificatiolls IlIélillly collsist. of 

a :-.d. of prpcolHlitiolls and tll(' adiolls t.o opt.i III iz(' t.he code'. 'l'II<' PI'('('olld i t.iolls, i Il 1.111'11, 

cOllsist. of t he code' pat.tC'1'IJ t.o IlIillcll alld 1 1)(' ~Iohal d<')H'Il<lC'llC'C' illfortllat.ioll (1.('., t./I<' 

«>lit 1'01 alld dala dC')H'lldc'llcic's t.hat. il 1'< , 1(·qlliJ'(·d for tlJ(' sp('('ifi( Opt.illlizalioll). 'l'II<' 

aet ions tal·a· t.11<' l' 01'1 li of prilllit.iv(· OP('ldliollh that Illak(· IIp 1 II(' optilllizat.ioll I.nlll.., 

forlllatioll. GE:\C'!'>i:-. élllalyzC':-. GOSpc'L hl)('( ifl<',lt.ioll:' alld plodlJ('('h t.1J(' Opt.illliz('1 Il 

fi 1':-.1 proclu('c's codc' (i) fol' t.1H' dat.cI :-.t.JI«'tlll'C·:' ddilll'd, (ii) fOI lIIi1tcllÎllg t.JJ(' wqlli(('r! 

codc' pattel'll, (iii) for c1l<'ckillg if t.!1C' Pdlt.indclr dat.a dC'IH'lul('fJ('('s hold, alld (IV) fOI 
pf'rfOl'lllillg tllC' l'('quil'ed Opt.illli7.illg t.rallhfOJ'llléll iOlls. ThIlS, lllllikc' S"arlit., t.1H'Y do 

Ilot ge'llC'rate the dCit a-f1ow allaly7.t'1' alollg \Vil" tlJ(' opt illli7.(·I, Imt t.!H'y do a~hlllJJ(' 1 II<' 

datél flow illforlllal iOIl slIcb as allli. 0111 plll cilie! now c!C'IH'lId('IIC C' 1I·lat.icm" <lJ'{' éllr(·ady 
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«(jlJlplll('c\ éliid ,lvé1ilabh·. FllrllH'r, t1lC'y éd~o \\'olk 011 flow-graphs, and do not 1)(,l'fol'l11 

,111\ ill1l'1 plO( ('dlll,t1 optilllizatioll. 

III III<' ;\11:<:2 COlllpile·r GeJl('ratillg Sy~t('III[Wil81J, Wilhelm oescl'ibes separate 
tlll,dy~('~ rllid opl illlizat.ioll i>lIa~eli whiel! work 011 a strudured abstract syn ,ax tree 
;III(·IIIH'dirtl(· J'(·I)(C'~(·lItatioll. Glohal data-flo\\' analysis is specified using modifi('d 

,dll Jillll" 11,1 ,II Il Il HI l'S alld tlle abstract ~yll\'ax \'1'('(', d('corat(·d with the data-How infor
lIud iOIl, i~ crllI(·d élll ilt,fri/wled progl'al1J fl'('('. III cl si ligie analysis rass, which ma)' be 
IlIdd(· "l' 01 :'('v('lal :'('lIlrlllti(' élllalysis pc\:'S('s, glohal data-flow information is collecf('d 
ri.., tli 1 1 il"II('~ a~so('iélt(·d with llodC's ill a program tree. Attriblltes are c1assificcl as 

('11 II<'I d('/ i\ l'd 01 Î/I}H'rÎtcd alld t 111',)' éll'(' ('\'ahlét1('d accol'dillg to the l'ules Sl)('cifie'd 
If,l ('1 ('Iy tllff(·J(·IIt. kllid of 110<1(·, TIt(, optillllZ'II iOIl j>a~:-.('s arc IInplcmclltcd a:, 11('(' 

1 l ,1I1~I(Jrlll,tI iOIl: .. rllld (ollid also upclal<' 1 II<' dd\.cl-flow informatioll presellt ill t1H' trc(' 
lI()d(':" 'l'II<' ~\':,1<'1I1 \l'hic" wc éll'<' tryillg 10 build i:-. similar \.0 this, in the sense that wc' 

1,,11 \\'ol'k 011 :-'ylllrlx t n'('s; but. we do 1101 liSe' al tribute grélllllllars ta collect data-f1ow 
Il If Il! 111,11 iOll, Fil 1'1.11<'1 • i Il ~I {) (;2, i Il \.el'pl ou·cI ma 1 a lia) ysis is ilOt. pcrformed. MoreoVPI'. 
il 1'" (olllplic'rlt(·<1 to d('s(,l'il)(' 01' c1a~sil'y 11101'(' cOlllplcx analyses likc alias-analysis ill 

1 II<' 1(1111101" ill 1 1 illlll(' gl'éllIlIllélr:" 

6.3 General Data-flow Analyses Methods: 

TI rldil iOIl,t1I,\', d,II,I-lIo\\' éllldly:,cs clJ'(' illll'élprOt'('dllral and art' implcmented on f1ow

,!!,I rlpll~ Edch pl'O( ('<1111'(' is all.tly;wd illd<'J)(,lIdC'lIt Iy, and thc optimization transforma
I iOIl'" dl'<' 1)('1 101 IIl<'d 011 t 1)(' (Io\\' I1>l'clph, 

('ullslall! pl'Opdv,at ion ili il \\'('II-kIlO\\"1 glob,d !lo\\' élllalysis alld optimizatioll prob-

11'111 1 Il,,1 lia.., I)('t'II approaclH'd cllHI :-'0" (·cI ill S(', ('1'(\1 diffelcnt ways. The first global 

1011 "I.I Il t plupdgdlioll ,dgol'ilhlll \\'rlS d('\I'IOpt'<I by I\ildall [i\ilï3]. Several variations 
III t Iti~ algul'it 11111 hrll (' ,dsl) 1)(':'11 publlsllt'd, <llId il gCII('lalization was also published by 
l\rllIl ,IlId 1'11111,111 [Id/i, ","Z91j, TIlt' ('ondiliollal COlIst.ant algorithlll [\Veg75], i~ a 

'dllrlllt (JI \\'t'ghl't'il ':, cllgol'it 11111 [\\·Z~[)J. cllid 1 his fillcls ail constant.s that can \)(' found 
iI\ l'\,dllrllillg ,dl ttlllditiollai br(\lI('h('s ",ilh ail 1.11(' constant opel'ands. Thus it. ppr

:PIIII~ d Wlllhilld! iUIl of tlt-acl ('od(' (·Iilllillalioll and const.ant propagation. The Sp'HW 
(\nldlliullai COllslall1 al)!,orilhm. dt'Y<.'lnpl'd hy \\'('g,man and Zadeck [WZ91], finds the 

",IJIl(' ('I"s:, uf l'Oll:-:tcllll ~ as t Ill' CC algorit 11111. bul l'UliS much fastel' silice il. wOl'k~ 011 

,1 "1"""(' 1t'!))I''''I'IIt.ltilHl (Iht' ss.\ gl',lpll), Thll~, alll10st ail 111(' well-knO\ .... n conslant 

'<i
l' 1 
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plOpagal iOIl algorit hllls wOl'k 011 How .t!,I',lphs FUl't 1\('1', t ht'st' algol'illlllls a l't' ,III ill 

!l'aplo('('dul,l!. OUI' illlplt'llH'lIlaliotl of tilt' COII:-.t.11I1 pl'Opélgaliull is b.lsltally dilrt'lc'1I1 

:-.itlcc' il is éI :-.tructun'-hast'd illlt'l'J)I'()('t'c1l1l',d ,t1goi'ilhlll, \\'t' t'.11I t':dC'lltlllllJ' illlplc'IIIC'1l 

1,,11011 n'l'y ('a~ily 10 find the Sélll}(' class of fOllSI.lllts ilS I,hal of 1 lit' ('(' illgOl'itlllll: Wt' 

11<'('<1 10 do addil iOllal tt'st.s 011 t h<' rolldit iOllal t'\pl'c'ssiolls of 1 hc' If-st.atc'lIlt'llb ,11111 

1(0» ('ousll'lIcts. tü S('t' if thej' could b<' (olllpl('\c'Iy c'\'aillatc-d III t'il her t 1'11(' 01' fabt" 1->0 

1 hal wc' IW\'N ('\'c\illéllt' t he ~ .'ct.iolls of 1 lit, pmgl,llIl 1 hat. ,\l't' 11('\'('1' ('Xc'( lit ('(1. FmI hC'I, 

"'(' 1I~(' a 1'l\1{'-ha~('d 111('thod <lcld il 1001 10 gt'llt'I',IIt' t.11t' ad liai all,dyz(·r. 

Soffa éltld lIal'l'old [IISnO] p,i\'(' a IIIt'I hod lu cOlllplll.(· illl.t·I'llIIJt'('dllJ'.tI tl/,lili/III/II lIlId 

1/,'1 1\('1)('11<1('11( it's, Fil~l. 1!J('y élhsl I([t 1 ()\It 1 lit, dC'/illil iOIl clllt! 111->(' illfOlIll,1I i011 1'01 c'Mb 

plOt ('dul'(, alld IlwII propagatt' 1 Il<' illlul'lllill i011 IllIolIgholll illI illtcl'pron·c1111'.11 1IC1\\' 

gl'aph, Thi~ IIwlll(HI is silIIdar 10 \\'hat "'(' do \\'11 h ('011:,t,,1I1t, flIOP,lgétf,ioll, ('x('{'pl 1 i1.;1 

t 11t'\ \\'01 k 011 !lu\\' gl'aph:,. éllld 0111':' \\'01 ks ill ,l'il l'lId 1I1('c1, l'Id('-ha:,c'd 111<11111('1', 
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Chapter 7 

Conclusions 

'l'III' d(·:-.igll or ,III (·'iIH'rillH'llt.cd (,olllpikl'jéll'chi\'(·('I.t1l'e tcsl.bed hclps to coordinal,(' t.he 

(·,ruII:-. of COlll pi 1(·1' \\'l'it.l'l's OIleI arch i t (·ct 111'1' d('sig,llC'rs w IH'1l designing high-pcrformallcc 

('Ollll"lki :-.,\'sl(·III:-', III 1.11<' COlllpil('1' ('Olllp01H'1l1. or a tc·:,t.bed, tll(' opt.irnization phasc' 
1:-'. 1)('111<11':-', 1111' 11I():-.1 1 IIICicd Oll(" wlli( Il (olllpl<'1l'ly d<>t,e'l'Il1illcs tll<' quality of th(' lI\a

( ""11' 1 od(' plOdll( ('d. III 01 de'r 10 do él good joh 01 optimizatioll, wc Ilced sophistica1<'d 

clll"I\ZIII,!!, I<'thlliqll('s to gat.IH·1 an'\l1a\(' illfol'lllatioll about the various variablc>s cllld 
",1 1 III IIII('S Il''I,d ill cl pl'Ogréllll, Thi:-. IIII':-'Is de'als \Vith the design of a general ana

h Il'\' f\'illl\('\\'o\'k rd\' t II<' l\1C< ~AT (l\Ic(;ill ('olllpilcr Arrhi1.ectlll'e Tcst.bcd) compilC'J'. 

III IIld('1' 10 ('\pe'rillH'1l1 wit.h hot.!t higll-Ic'\"(') cine! low-level optimizatioll t.cchniquC's 

.IIIt! tl!l'il' «'II'I'('\:-' Oll II\(' unde·rlying cll'chil('ctuI'C" wc lIccd{·d 1.0 design suitablc inter

II\t'di,II(' J'('pII':-'('llt clt iOIl:-' of t II<' progrëllll l'lU' fir:-.t prllt of t.his thesis deals with design 
dlld illlpll'Illl'III ilt 101101' IIIC' flOlIl-('II<1 or IIIC' (Olllpili'1' with its two int.crrncdiat,f' fOl'lIIS, 

l'rH''T tllld SI~II'LJ: 

l'III' FIHST 1Illt'llIlI'diat(' fOlllll)lmidl':-' a (OIlI(>l<-tt' high-Ievcl abstraci l'epresC'lIta

Il'''' Il! ,III ('111 ill' Illudllk or plO!!,l'éllll. Il rll'flllly S(·pélrclt(·s the front-end pl'ocessing of 

pol l "'III).!. ,,"d 1,\ 1'1'-( 111'( king fro Il 1 11((' ha('''-('II<I IHoCt's:,ing of allalysis, transforrnat iOll, 
,11111 l'Ildl'-,!!,I'1I1'1 olt 11111, 

l'III' 11('\1 11l1I'rrl\('diall' rOml, SI!\IP\.E , fOl'lIIs tlw l'ight. levcl of progl'am l't'pre

'''l'IIt.lliulI 011 \\'hi(" :-.opltisti(·éltl·d high-II'\'('I élllcdysc:, and opt.imi7.at.ions could be Îm-

1'1('1111'1111'<1 \'" 1 III' 11.11I1!' SlI,!!,!!,I·:-.ts, il:-. ~\'c\llllllé\\' i:, ~imple, yet, powcrful enough to 

1 ('IIII'~('lIt .dl IllII:-.t IlIrt~ of ('. III snl!'l!: , t h(· ront 1'01 no\\' is stl'lIctul'cd, complex 

... , .111'1111'111-.. .III' hlUkl'lI t!U\\'lI III il ~I'n('''''llr :-.i111 J>I,'I' "ita1<'II1I'llts, cOlllplf'x variable lIanH'S 
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.... 

dl(' "plit \\"11('1)(,\'('1' possihle, alld ail cOlldilioll,\ls, loops and switrl)('s an' IransforJIlC'd 

10 éHlIwr( to a lixcd forlllat, COlllplt'x alicls clllal,rsis (\IIc! d('IH'IIIII'nCt' alwlp,i:-. 1"l'h 

Il iq 1\('S han' h('('11 i III pll'lll('llt ('<Ion SI :\11' L E l Ellla!)2, II DG+!l~], 

Th(· sC'('olld pa rt of tlw thC'sis <ka ls wi t li 1 ht' 1!t-\'('loplI\('nl of a Il alla lyz('r'~('111 '1',1 t IIr, 

~krL\G, whi('h takes advantag(' of 1, hl' l'Olliposiliollid lIalt"'I' of SI~IPLE 10 pl'ovidl' 

a st raight.-forwélrd. 1'1I1C'-hased way of sp('rif,\'illg nl'\\' <\II.tlYSI·:-', '1'1)(' ~~('IIC'1'.llol t .Ikl·:-

i Il éI ~('t. of !-.J>('ci fic a t ions wh ie" dl'seri hl' 1 hl' cllla~,rsis ('f)lllpll'l ('Iy indl'I )t'IIIIt'nl of 1 1 Je' 

SI:\IPLE lr<·('. alld I>l'Odll(,(,s ail analyzl'I' tlt:'1 \\'orb ou SI~IPLE This .dlo\\'" III\' 

<I('\'ClopIII<'1I1 of holh illt.rapl'On·(ltllal éllld illl('rpl'o('('dlll'ai alléllyz('l's, \Vilh Ihi:-. 111111, 

\\(' bcl\'(' d('\ l'Iol)('d 11Ioclllh's for illl('rpJ'()('I'dllt<d li\'('-\',II'iabll' ,III,dysis, 1'(·.u'IIIII~ d"li 
1111 i()l1~ (Illd cOlIslallt pl'OJlélgal ;011, Th .. ('Ollst.ant. propagat.ioll all!,ol'it.hlll wOl'ks ill 1 \\'0 

p(I:-'''('S: ill 1 II<' lil'sl illl rapro('edlll'ai pél:-'S, il eoll('('\s "II inforlllatioll alld d('IH'IICI('I\I'Je'~, 

\\'ldlt- in t Il<' s('('olld i Il t.(·I'PI'oc<'d Il l'a 1 PeI:--"', il J'('solv('s thl'~(' dl'JH'lId('lIril's tu dl'lf'1'1I1ilJe' 

('011:-.1 <lnt.s (H')'os:, plon'dul'(, hOlllldal'i('s 

Future 'York: 

\\'C 110\\' ha\ (' cl :,o:id fOlllldat.ioll 1,0 (':\(J('l'ill}('ul wlt.h cl 11111111)('1' of III'W élll<lly:-.(·:-, '11Id 

opt illlizatioll I('chlliqul's, Otll<'l' c1a:,:-.i(',d all;dy:-.(·s lik(· availabl(' ('XIII'('ssioIlS, ('.H111111/11 

suIH·xpl'l'ssiolls. lii:'\t-U:'(' and las\'-lIs(' 1llI'01'll\at iOIl, d,c, cali 1)(' illlpll'lIIC'IIt.(·d 011 SIt\1 

PLE . IIsillg 1.111' élllcdyzl'l' gell C'l'é\ 1 01', sni l'LE fél('iliulI,('s 1.1)(' d(·v(·lopllH'lI1. of 01 II<'I IIf'W 

êl1Id )'('Iatin'ly cOlllpl('x allalys('s lik" awd,\'zilll!, dYllêllllil'ally allo('a1.l'tI pOÎIlt.I'IS, 

))('1 ailpd cll'J'ay dC'P('IHI(,IH'(' allaly"ii~ i:-. ( 1111<'111 Iy I){'ill~ 11111'1('111('111.('<1 011 SI M 1'1.1-: 

[.Ju ... 92]; Oll( (' 1 hl:' 1:-' dOIl(', \'ariolls loop dlld clii cl,\' opl IlIlizal.lolI:-' ('illi 1)(' ('XI"'I illll'Il'('d 

\\'Itl .. lt \\'ol\ld Il(· \'1'1) illt(·,(·!->till)!, to Ihillk édHJl11 ail optlllliz('1 ).','·llC'ral.ol' 1.001 Illill 

\\'01 b 011 St:\1 PLE .... 01 hat diff('J'('1l1 opt irlliiWI" 1 illI 1)(' lI11plt·IIl(·IIf.<·d \Vil Ir 1(·lal.ivf· (·,I.~I·, 

Snll'LE ('cil 1 1)(' tmg(·\,('d towaJ'ds dill'(')'('111 éllrllit(·cl.IJJ'(·s; 1 III' t.hinl éllld t.l1f' 10wl':,1 

h'('1 illl('llJIcdialp rqm·s(·1Itat.ioll LAST [DolI!)1] {'1I1'1(·IIt.ly IJI'illg d(·V(·lol)('d is l.éIlW·tl·d 

IOWéll'ds gC'IJ('l'alillg ('ode for HISe lIIéIC'hilW:', \V(· ('XIH'cI, t.hat ot/wJ' low-I('wl iIIU'IIIII' 

diat(· J('IH(':-'('lItcltiolls hllit.ablt, fol' Ot!WI II<'W élllc! diff(·I(·I\\. (I,j"''''('~ of al( hit.(·( 1111·· ... lik" 

"'lIlH'I':-.('alal' élllcllllllil i-Ihr<'ad('c! d(·~il!,11 Illodl·l ... (,III ,d ... o 1·(· d('~i~l)('d illid :-,l,lIdi(·d, 

IJO 
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Appendix A 

The SIMPLE Gralllmar 

stmthst stop_stmt 
stmthst 

stmtl~st stmtllst stmt 
stmt 

stmt compstmt 

compsmt 

expr 1;' 

IF 1 (, condexpr 1)' stmt 
IF 1 (, condexpr 1)' stmt ELSE stmt 
WH ILE 1(' condexpr 1)' stmt 
DO stmt WHILE 1 (, condexpr 1) 1 

FOR 1 ( 'exprseq '.' condexpr 1;' exprseq 1)' stmt 
SWITCH ,(, val ') 1 casestmts 
1 •• . 

1 {. 
1 {, 

1 {, 

1 {, 

all_stmts I} • 

1 }' 

decls all_stmts I}' 

decls I} 1 

lu decls denotes aU posSlble C declaratlons. The only dlfference is that**/ 
1 .. the decl:lratlons are not allowed to have ln~tlallzatlons ln them. **/ 

exprseq exprseq 1 1 expr , 
expr 

stop_stmt BREAK 1.1 . 
CONTINUE 1. , , 
RETURN 1.1 , 
RETURN val 1.1 , 
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, 

RETURfl ,(, val ,), ';' 

casestmts '{' ca&es detault'}' 

cases 

,. , . 
'{' '}' 

cases case 
case 

case CASE INT_CONST':' stmtlist stop_stmt 

default : DEFAULT ,. , stmtllst stop_stmt 

expr rhs 
modlfy_expr 

call_expr: ID '(1 argllst ')' 

argllst Il.rgllst 
val 

, , , val 

varname ,"-, rhs 
, *' ID '=' rhs 

rhs blnary_expr 
unary_expr 

slmp.expr 
'*' ID 
'l/;' varname 

1 c;.\ll_expr 
1 un)p val 
l ,(, cast ')' varname 

1** cast here stands for all valld C typecasts **1 

val blnop val 

unop '+' 

blnop 

, -' 
, " 
,- , 

relop 
'-' l '+' 
, '" l 'l' 

'l' l '*' l "/" 
'«' l '»' l ,., 

'rl 



, , 

relop '(' l '(=' l '>' l '>=' l '==' l '1=' 

condexpr val 

val ID 

val relop val 

varname 
INT_CONST 
FLa A r _ CONST 

STRING_CONST 

CON ST 

varname 

arrayref 

refl~st 

Idllst 

compref 

arrayref 
compre! 
ID 

ID re!llst 

' [. val ,] . 
refllst ' [, val 

Idl~st 
, , ID 

ID 

1 ( • '. ' ID ' ) , 
Idllst 

'] , 

, , ldllst 
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Appendix B 

The Generator Specification 
Grammar 

prograrn: l*empty*1 
1 C_CODE set_all_specs routlne 

set_spees DATA_NAHE COLON IDENTlFIER 
DATA_TYPE COLON IDENTIFIER 
TREE_FIELD_INDEX COLON IDENTIFIER 
CALL_GRAPH_INDEX COLON IDENTIFIER 
set_anal 
set_proc 
set_store 
set_merge 
sP~_copy 

f et _:)rlnt 
set_cg 

set_anal ANAL_TYPE COLON FORWARD 
ANAL_TYPE COLON BACKWARD 

set_proe PROC_ TYPE COLON INTER 
PROC_TYPE COLON INTRA 

set_store STORE_OPTION COLON STORE 
STORE_OPTION COLON NOSTORE 

set_merge HERGER COLON IDENTIFIER 

'II 



~-----------------------------------------

COPIER COLON IDENTIFIER 

PIlINTER COLON IDENTIFIER 

CGBUILDER COLON IDENTIFIER 

routlne. PROCEDURE ldentifler '(' parûmllst ')' '. , type body 

paraml1st: param 

param 

type 

body 

cases 

1 parolmllst 
1 

ldentlfler 

ldentifler 

, , , 

'. , 

param 

type 

CASE ldentlfler OF cases 

case 
cases case 

'<' case~eadllst. '>' C_COOE 

caseheûdllst caseheadllst casehead 
casehead 

caseheûd ' [, Identlfler ':' stmttype ']' 

stmttype WIIILE ldentlfler DO ldentifler 
1 DO ldentlfier WHILE IdentIfIer 
1 FOR ldentlfler IdentIfier IdentIfIer DO IdentlfIe~ 
1 RETURN 
1 BREAK 
1 CONTINUE 
1 BREAK lden t l fler 
1 RETURN ldentlfier 

SWITCH ldentlfler DO ldentIfler 
CASE ldentIfler DO IdentlfIer 
OEFAULT DO ldentIfIer 
IF ldentlf18r THEN Identiher ELSE IdentIfIer 
IF Identlf18r THEN IdentlfIer 
CALL 1 (' Identlfier ',' Identlfler ') 1 

IdentIfIer ':' ldentifier IdentIfIer IdentIfIer 
'.' IdentIfIer '=' ldentlfIer IdentIfIer Identifler 
ldentlfier ': 1 Identlfier 

HientIfler '=' '.' IdentlfIer 
Identlfier '= l '&;' IdentlfJ.er 
IdentIfler f = 1 Identifler IdentIfIer 



1 
ldentlfler '=' CALL '(' ldentlfler 
ldentlIler '=' CAST ,(, 1dentlfler 

, , , . , . ldentlfier ,), 
ldentlfler ,), 

'.' ldentl"!ler 
'.' ldentlfler 
'.' ldentl!ler 
'.' ldent1!ler 
'.' ldent1fler 
'.' ldentl!ler 

'. , . 

t = 1 ldf.nt 1! 1er 

'=' '. ' ldentlfler 

'=' 't' 1dentlfler 
'=' ldent1f1er ldentlfler 

'= ' CALL ' ( , ldentlf1er ' 

'=' CAS1' , ( , ldentlf1er ' 
ldentlfler 

ldent1fler 1dentlf1er ldent1fler 
ldentlfler 
DEFAULTACTION 

, 1dent1fler 
, 1dentl.f1er 

' ) , 
' ) , 
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Appendix C 

A Sample Input and Output for 
McTAG 

C.l Generator Input for Reaching Definitions 

'/,{ 

a_DATA process_whlle_loop(); 
G_DATA process_do_loop(); 
O_DATA process_for_loop(); 
a_DATA process_return(); 
O_DATA process_break(); 
O_DATA process_contlnue(); 
O_DATA process_swltch(); 
O_DATA process casee); 
a_DATA process_default(); 
a_DATA process_lf(}; 
O_DATA process_call(}; 
a_DATA process_ORD_BINOP(); 
O_DATA process_STAR_BINOP(); 
a_DATA process_ORD_ADDR(); 
a_DATA process_ORD_STAR(); 
a_DATA process_ORD_UNOP(); 
O_DATA process_ORD_FUNC_CALL(); 
O_DATA process_ORD_CAST(); 
a_DATA process_ORD_ASSG(); 
a_DATA process_STAR_ADDR(); 
a_DATA process_STAR_STAR(); 
a_DATA process_STAR_UNOP(); 
a_DATA process_STAR_FUNC_CALL(); 
O_DATA process_STAR_CAST(); 
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• 

O_DATA process_STAR_ASSG(); 
O_DATA process_seq(); 
O_DATA process_expr(); 
O_DATA process_var(); 
%} 

DATA_NAME 1ndata 
DATA_TYPE a_DATA 
ANAL_TYPE BACKWARD 
PROC_TYPE INTER 
STORE_OPTION: NOSTORE 

PROCEDURE reach_def (node:tree, lndata:O_DATA) :O_DATA 
CASE node OF 
< [11: WHItE cond DO stmt] > { 

return process_whl1e_1oop(11, cond,stmt,lndata); 
} 

<[11: DO stmt WHILE cond]> { 
return process_do_loopCll, cond,strnt,lndata); 

} 

<[11: FOR 1nlt flnal 1ter DO stmt]> { 
return process_for_loop(ll. lnlt,flnal,lter,stmt,lndata); 

} 

< [11: RETURN val] > { 
return process_return (Il, val, 1ndata); 

} 

< [11: BREAK ] > { 
return process_brfl!ak(ll, indata) ; 

} 

< [11: CONTINUE] > { 
return process_conhnue (ll,lndata) ; 

} 

< [11: SWITCH val DO stmt] > { 
return process_swltch(ll,val, strnt,lndata); 

} 

<[11: CASE expr DO stmt ]> { 
return process_case(ll, expr, stmt ,lndata) ; 

} 

< [11: DEFAUL T DO strnt ] > { 
return process_defaul t (11, stmt ,lndata) ; 

} 

<[11 : IF cond THEN thenpart ELSE elsepart]> { 
return process_lf(ll,cond,thenpart,elsepart,lndata); 

} 
< [11. IF cond TH EN thenpart ] > { 

return process_lf(ll,cond,thenpart,NULL,lndata); 
} 

<[S1 : CALL (procnarne, argllst)]> { 
return process_call(sl,procname,argllst,lndata); 



} 
<[51: var1 = va11 b1nop va12]> { 

return process_ORD_BINOP(sl,var1,va11,binop,va12,indata); 
} 
<[Sl: STAR ld = va11 blnop va12]> { 

return process_STAR_BINOP(Sl,ld,va11,blnop,va12,lndata); 
} 
<[51: var1 = ADDR var2 ]> { 

return process_ORD_ADDR(Sl,var1,var2,lndata); 
} 
<[51, var1 = STAR ld ]> { 

r~turn process_ORD_STAR(sl,var1, ld,lndata); 
} 
<[51' var1 = unop val ]> { 

return process_ORD_UNOP(Sl,var1, unop,val,lndata); 
} 
<[51, var1 = CALL (procname, argllst)]> { 

return process_ORD_FUNC_CALL(Sl,var1, procname,argllst,ind3ta); 
} 
<[51: var1 = CAST (var2, type)]> { 

return process_ORD_CAST(Sl,var1,var2,type ,lndata); 
} 
<[51 var1 = var2 ]> { 

return process_ORD_ASSG(Sl,var1,var2 ,lndata); 
} 
<[51: STAR vall = ADDR var2 ]> { 

return process_STAR_ADDR(sl,val1,var2 ,lndata); 
} 
<[51: STAR val1 = STAR ld ]> { 

return process_STAR_STAR(Sl,vall,ld ,lndata); 
} 
<[51' STAR val1 = unop val ]> { 

return process_STAR_UNOP(51,vall,unop, val ,lndata); 
} 
<r51: STAR va11 = CALL (procname, argl1st)]> { 

return process_STAR_FUNC_CALL(Sl,va11, procname,arglist,indata); 
} 
<[Sl: STAR va11 = CAST (var2, type)]> { 

return process_STAR_CAST(sl,va11,var2,type ,lndata); 
} 
<[Sl: STAR va11 = var2 ]> { 

return process_STAR_ASSG(Sl,vall,var2 ,lndata); 
} 
<[51 stmtl ; stmt2]> { 

return process_seq(51,stmt1,stmt2 ,lndata); 
} 
<[51:vall op va12]> { 

return process_expr(sl,va11,op,va12,lndata); 



1 

} 

<[51: var]> { 
return proce5s_varCsi,var,lndata); 

} 

<[51: DEFAULTACTION ]> { 
return lndata; 
} 

100 
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C.2 Generator Output for Reaching Definitions 

#lnclude I S tdlO.h" 
# lncl ude "/labs/ acaps/ acaps2/ dix/ compll erwork/bhama/ c-ast-c/tree . h" 
#lnclude "struct.h" 
a_DATA process_whlle_loop(); 
a_DATA process_do_loop(); 
O_DATA process_for_loop(); 
O_DATA process_return(); 
O_DATA process_break(); 
O_DATA process_contlnue(); 
a_DATA process_swltch(); 
O_DATA process_case(); 
O_DATA process_default(); 
O_DATA process_lf(); 
O_DATA process_call(); 
O_DATA process_ORD_BINOP(); 
O_DATA process_STAR_BINOP(); 
O_DATA process_ORD_ADDR(); 
O_DATA process_ORD_STAR(); 
O_DATA proces~_ORD_UNOP(); 
O_DATA process_ORD_FUNC_CALL(); 
O_DATA process_ORD_CAST(); 
O_DATA process_ORD_ASSG(); 
O_DATA process_STAR_ADDR(); 
O_DATA process_STAR_STAR(); 
O_DATA process_STAR_UNOP(); 
O_DATA process_STAR_FUNC_CALL(); 
O_DATA process_STAR_CAST(); 
a_DATA process_STAR_ASSG(); 
O_DATA process_seq(); 
O_DATA process_expr(); 
O_DATA process_var(); 

O_DATA reach_def ( node lndata 
tree node 
O_DATA lndata 

{ 

If ~ node == NULL) 
leturn ll\data 

sWltch (TREE_CODE( node ) ) { 

case WHILE_STMT: { 

tree 11 = node 
tree cond = STHT_WHILE_COND( 

) 

node ) ; 

101 



tree stmt = STMT_BODY( node ); 
{ 

return process_~h11e_loop(11, cond,stmt,1ndata); 
} 

} 

break; 
case FOR_STHT: { 

tree 11 = node 
tree ln1t = STMT_START( node ) ; 

tree f1nal = STMT_ENO( node ) ; 

tree lter = STMT_ITER( node ) ; 

tree stmt = STMT_BODY( node ) ; 
{ 

return process_for _loop(ll, 1nl t, f ln al ,1 ter, stmt, lndata) ; 
} 

} 

break; 
case OO_STHT: { 

tree 11 = 
tree stmt 
tree cond 
{ 

node 
= STMT_DO_CONO( node 
= STHT_BODY( node ); 

) ; 

return process_do_loop(11, cond,s~mt.lndata); 
} 

} 

break; 
case SWITCH_STHT: { 

tree 11 = node 
tree val = STMT_SWITCH_EXPR( 
tree stmt = STMT_SWITCH_STMT( 
{ 

node 
node 

) ; 
) ; 

return process_sw1tch(11 ,val, stmt,lndata); 
} 

} 

break; 
case RETURN_STMT: 

tree 11 = 
tree val = 
lf (STMT_BODY( 

{ 

{ 

node 
STMT_BOOY( node ); 
node ) ,= HULL) { 

return process_return(11,va1, lndata); 
} 

} 

} 

break; 
case BREAK_STHT: { 

tree 11 = node 
lf (STMT_BDDY( node -- HULL) { 



( 

( 

{ 

return process_break(l1,lndata); 
} 

} 

} 

break; 
case CONTINUE_STHT: { 

tree Il = node 
{ 

return process_contlnue(11, indata) ; 
} 

} 

break; 
case CASE_STHT: { 

tree Il = node 
tree expr = STHT_CASE_EXPR( node ); 
tree stmt = STHT_CASE_STHT( node ) ; 
{ 

return process_case(11,expr,stmt,lndata); 
} 

} 

break; 
case DEFAULT_STMT: { 

tree Il = node 

} 

tree stmt = STHT_DEFAULT_STMT( node ); 
{ 

return process_defau1t(11,stmt,lndata); 
} 

break, 
case IF_STHT: { 

} 

{ 

tree Il = 
tree cond = 
tree thenpart 
If (STMT_ELSE( 

{ 

node 
STMT_COND( node ); 

= STHT_THEN( node 
node ) == NULL) { 

) ; 

return process_lf(11,cond,thenpart,NULL,lndata); 
} 

} 

tree 11 = node 
tree cond = STHT_COND( node ) ; 

tree thenpart = STHT_THEN( node ) ; 

tree e1separt = STHT_ELSE( node ) ; 

If (STMT_ELSE( node ) 1= NULL) { 
{ 

return process_lf(11,cond,thenpart,e1sepalt,lndata); 
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} 

} 
} 
break; 
case TREE_LIST: { 

tree Sl = node 
tree stmtl = TREE_VALUE( node ); 
tree stmt2 = TREE_CHAIN( node ); 
{ 
return process_seq(s1,stmt1,stmt2 ,1ndata); 
} 

} 
break; 
case EXPR_STHT: 

sW1tch (TREE_CODE(STMT_BODY( node ») { 
case CALL_EXPR: { 
tree Sl = node 
tree procname = TREE_OPERAND(TREE_OPERAND(STHT_BODY(Sl) ,0) ,0); 
tree argl1st = TREE_OPERAND(STHT_BODY(Sl),O); 

{ 
return process_call(Sl,procnarne,argllst,lndata); 
} 

} 
break; 
default: 
5witch (TREE_CODE(TREE_OPERAND(STHT_BODY( node ),O»){ 

case INDIRECT_REF: { 
tree mod_expr = STHT_BODY( node ); 
sW1tch (TREE_CODE(TREE_OPERANu( mod_expr, 1»){ 

case ADDR_EXPR: { 
tree 51 = node; 
tree va11=TREE_OPERAND(TREE_OPERAND(STHT_BODY(Sl) ,0),0); 
tree var2 = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 

{ 
return process_STAR_ADDR(sl,vall,v~r2 ,1ndata); 
} 

} 
break; 
case INDIRECT_REF: { 
tree Sl = node ; 
tree vall = TREB_OPERAND(TREE_OPERAND(STHT_BODY(Sl),O),O); 
tree 1d = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 

{ 
return process_STAR_STAR(sl,vall,ld ,lndata); 
} 

} 
break; 
case CALL_EXPR: { 
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tree 81 = node 
tree vall=TREE_OPERAND(TREE_OPERAND(STHT_BODY(Sl),O),O); 
tree procname=TREE_OPERAND(TREE_OPERAND( 
TREE_OPERAND(mod_expr, 1),0),0); 
tree argl15t-TREE_OPERAND(TREE_OPERAND(mod_expr.1),1); 

{ 
return proce55_STAR_FUNC_CALL(sl,va11, procname, 
argllst,lndata); 
} 

} 
break; 
case NOP_EXPR: { 
tree 51 ~ node 
tree vall=TREE_OPERAND(TREE_OPERAND( 
STMT_BODY( 51 ),0),0); 
tree var2=TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 
tree type = TREE_TYPE(TREE_OPERAND(mod_expr, 1»; 

{ 
return process_STAR_CAST(sl,val1,var2.type,lndata); 
} 
} 

break; 
default: 
If (ls_blnary(TREE_OPERAND(mod_expr,1) » { 

tree Sl = node 
tree id = TREE_OPERAND(TREE_OPERAND{STHT_BODY( Sl ),0),0); 
tree val1 = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 
tree blnop = TREE_OPERAND(mod_expr, 1); 
tree val2 = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),1); 
{ 
return process_STAR_BINOPCS1,ld,va11,blnop,va12,lndata); 
} 
break, 

} 
If (ls_unary(TREE_OPERAND(mod_expr,l) » { 

tree Sl = node 
tree val1 = TREE_OPERAND(TREE_OPERAND(STHT_BODY( si ),0),0); 
tree unop = TREE_OPERAND(mod_expr, 1); 
tree val = ~REE_OPERAND(TREE_OPER~ND(mod_expr, 1),0); 
{ 
return process_STAR_UNOP(sl,val1,unop, val ,indata); 
} 

break; 
} 
{ 

tree Sl = node 
tree val1 = TREE_OPERAND(TREE_OPERAND(STHT_BODY( 51 ),0),0); 
tree var2 = TREE_OPERAND(mod_expr, 1); 

[O~ 



1 

} 

{ 

return process_STAR_ASSG(s~,vall,var2 ,~ndata); 
} 

break; 
} 

return ~ndata 

break; 
default: 

{ 

tree mod_expr = STMT_BODY( node ); 
switch (TREE_CODE(TREE_OPERAND( mod_expr,l»){ 

case ADDR_EXPR: { 
tree 
tree 
tree 
{ 

s~ 

varl 
var2 

= node 
= TREE_OPERANDCSTMT_BODY( s~ ),0); 

= TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 

return process_ORD_ADDRCsl,varl,var2,lndata); 
} 

} 

break; 
case INDIRECT_REF: { 

} 

tree 
tree 
tree 
{ 

si 
varl 
~d 

= node 
= TREE_OPERAND(STMT_BODY( Sl ),0); 

= TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 

return process_ORD_STARCsl,varl, ~d,lndata); 

} 

break, 
case CALL_EXPR: { 

} 

tree s~ = node 
tree varl = TREE_OPERAND(STHT_BODY( 81 ),0); 
tree procname ~ TREE_OPERAND(TREE_OPEkAND( 

TREE_OPERAND(mod_expr, 1),0),0); 
tree argl~st = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),1); 
{ 

return process_ORD_FUNC_CALLCs~,varl, procname,argl~8t,~ndata); 
} 

break; 
case NOP_EXPR: { 

tree s~ = 
tree varl :: 

tree var2 
tree type 
{ 

node 
TREE_OPERANDCSTMT_BOOY( 51 ),0); 

= TREE_OPERAND(TREE_OPERANO(mod_expr, 1),0); 
= TREE_TYPE(TREC_OPERAND(mod_expr, 1»; 

return proce5s_0RD_CAST(s~,varl,var2,type ,lndata); 
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} 

} 

} 

} 

break; 
default: 

lf (ls_blnary(TREE_OPERAND(rnod_expr,1) » { 
tree 
tree 
tree 
tree 
tree 
{ 

51 = 
var1 
vaU 
blnop 
val2 

node 
= TREE_OPERAND(STMT_BODY( 81 ),0); 
= TREE_OPERAND(TREE_OPERAND(mod_expr, 
= TREE_OPERAND(mod_expr, 1); 

= TREE_OPERAND(TREE_OPERAND(mod_expr, 

1),0); 

return process_ORD_BINOP(sl,var1,val1,blnop,va12,lndata); 
} 

break; 
} 

lf (ls_unary(TREE_OPERAND(mod_expr,l) » { 
tree 51 = node 
tree var1 = TREE_OPERAND(STMT_BODY( Sl ),0); 
tree unc? = TREE_OPERAND(mod_expr, 1); 
tree val = TREE_O?ERAND(TREE_OPERAND(mod_expr, 1),0); 
{ 

return process_ORD_UNOP(sl,var1, unop,val,lndata); 
} 

break; 
} 

{ 

tree 
tree 
tree 
{ 

81 
var1 
var2 

= node 
= TREE_OPERAND(STMT_BODY( 81 
= TREE_OPERAND(mod_expr, 1); 

) ,0); 

return proces5_0RD_ASSG(s1,varl,var2 ,lndata); 
} 

break; 
} 

return lndata 
} 

break, 
} 

break, 

break, 
default : 

If (TREE_CODEt node ) == HODIFY_EXPR) { 
sWltch (TREE_CODE(TREE_OPERAND( node ,O»){ 

case INDIRECT_REF: { 
tree mod_expr = node 
sW1~ch (TREE_CODE(TREE_OPERAND( rnod_expr,1»){ 
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case ADDR_EXPR: { 
tree Sl = node 
tree val1 = TREE_OPERAND(TREE_OPERAND( 51 ,0),0); 
tree var2 = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0), 

{ 

rdturn process_STAR_ADDR(sl,val1,var2 ,lndata); 
} 

} 

break; 
case INDIRECT_REF: { 

tree 81 = node 
tree val1 = TREE_OPERAND(TREE_OPERAND( 81 ,0),0); 
tree 1d = TREB_OPERAND(TREE_OPERAND(mod_expr, 1),0); 
{ 

return process_STAR_STAR(sl,vall,ld ,lndata); 
} 

} 

break; 
case CALL_EXPR: { 

tree Sl = node 
tree vall = TREE_OPERAND(TREE_OPERAND( 81 ,0),0); 
tree procname = TREE_OPERAND(TREE_OPERAND( 

TREE_OPERAND(mod_expr, 1),0),0); 
tree argl1st = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),1); 
{ 

return process_STAR_FUNC_CALL(sl,vall, procname,argl1st,lndata); 
} 

} 

break; 
case NOP_EXPR: { 

} 

tree Sl = node 
tree val1 = TREE_OPERAND(TREE_OPERAND( 81 ,0),0); 
tree var2 = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 
tree type = TREE_TYPE(TREE_OPERAND(mod_expr, 1»; 
{ 

return process_STAR_CAST(sl,vall,var2,type ,lndata); 
} 

break; 
default: 
1f (ls_blnary(TREE_OPERAND(mod_expr,l) » { 

tree Ul = node 
tree 1d = TREE_OPERAND(TREE_OPERAND( 81 ,0),0); 
tree va11 = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 
tree blnop = TREE_OPERAND(mod_expr, 1); 
tree va12 = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),1); 
{ 

return process_STAR_BINOP(Sl,ld,vall,b1nop,va12,lndata); 
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} 

} 

break 
} 

lf (ls_unary(TREE_OPERAND(mod_expr,1) » { 
trae 
tree 
tree 
tree 
{ 

Sl 
val1 
unop 
val 

= node 
= TREE_OPERAND(TREE_OPERAND( si ,0) ,0); 
= TREE_OPERAND(mod_expr, 1); 

= TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 

return process_STAR_UNOP(sl,vall,unop, val ,lndata); 
} 

break; 
} 

{ 

trec Sl = node 
tree vall = TREE_OPERAND(TREE_OPERAND( Sl ,0),0); 
tree var2 = TREE_OPERAND(mod_expr, 1); 

{ 

return process_STAR_ASSG(sl,vall.var2 ,~ndata); 
} 

break, 
} 

return lndata 
} 

break, 
default { 

tree mod_expr = node 
sW1tch (TREE_CODE(TREE_OPERAND( mod_expr,1»){ 
case ADDR_EXPR: { 

tree 
tree 
tree 
{ 

Sl 
var1 
var2 

= node 
= TREE_OPERAND( Sl ,0); 
= TREE_OPERAND(TREE_OPERAND(mod_expr, 

return process_ORD_ADDR(sl,var1,var2,indata); 
} 

} 

break; 
case INDIRECT_REF: { 

51 = node 
= TREE_OPERAND( Sl ,0); 

1) ,0) ; 

tree 
tree 
tree 

varl 
ld = TREE_OPERAND(TREE_OPERAND(mod_expr, 1),0); 

{ 

return process_ORD_STAR(sl,varl, 1d,indata); 
} 

} 

break; 
case CALL_EXPR: { 
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tree Sl = node 
tree var1 = TREE_OPERAND( Sl .0); 
tree procname = TREE_OPERAND(TREE_OPERAND( 

TREE_OPERAND(mod_expr, 1),0).0); 
tree argllst = TREE_OPERAND(TREE_OPERAND(mod_8xpr, 1).1); 
{ 

return process_ORD_FUNC_CALL(sl,var1. procname.argllst.lndata); 
} 

} 

break; 
case NOP_EXPR: { 

Sl 
var1 

= node 
= TREE_OPERAND( Sl .0); 

tree 
tree 
tree 
tree 

var2 
type 

= TREE_OPERAND(TREE_OPERAND(mod_expr. 1).0); 
= TREE_TYPE(TREE_OPERAND(mod_expr. 1»; 

{ 
return process_ORD_CAST(sl,varl.var2.type ,lndata); 
} 

} 

break; 
deiault: 

li (ls_blnary(TREE_OPERAND(mod_expr,1) » { 
tree Sl = node 
tree 
trt'e 
tree 
tree 
{ 

var1 
vaU 
binop 
va12 

= TREE_OPERAND( Sl .0); 
= TREE_OPERAND(TREE_OPERAND(mod_exp~. 
= TREE_OPERAND(mod_expr, 1); 

= TREE_OPERAND(TREE_OPERAND(mod_expr. 

1) ,0), 

1) ,1}; 

return process_ORD_BINOPCS1,varl.va11.blnop,va12.indata); 
} 

break; 
} 

li (ls_unary(TREE_OPERAND(mod_expr.1) » { 
tree 
tree 
tree 
tree 
{ 

si 
var1 
unop 
val 

= node 
= TREE_OPERAND( Sl .0); 
= TREE_OPERANDCmod_expr, 1); 

= TREE_OPEHANDCTREE_OPERAND(mod_expr. 

return process_ORD_UNOPCsl.var1. unop.val.lndata); 
} 

break; 
} 

{ 

tree 
tree 
tree 

{ 

81 

var1 
var2 

= node 
= TREE_OPERAND( Sl .0) ; 
= TREE_OPERANDCmod_expr. 

return process_ORD_ASSGCsl.var1.var2 

1 1 (J 

1}; 

,lndata) ; 

1).0), 



} 

} 

} 

break; 
} 

return 
} 

break; 
} 

break; 

lndata 

li (ls_var_or_const( node » { 
tree 81 = node 
tree var = node 
{ 

return process_var(Sl,var,lndata); 
} 

break; 
} 

lf (ls_blnary( 
tree 81 

tree val1 
tree op 
tree va12 
{ 

= 

= 

node » { 
node 

= TREE_OPERAND( node 
node 

= TREE_OPERAND ( node 

,0) ; 

,1) ; 

return process_expr(sl,val1,op,va12,lndata); 
} 

break; 
} 

return lndata 
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