Summary problems,hallenge"termediateintelopmen17[and ],s aph14[oft36[19,9,42,elopdevgzinlendsthatouldwthatthosetations.represeneerativtationrepresencanthatfashion.naturalcompiler,Csmi24[SIM-FIRST,24[compiler.the28[thisInSIMPLEthethe of� eleton-TREE skthethenandthe �nally� ,-TREE createeendences.depare:er� papthisandtation,cedural terprois analysinentheofendence-depmanner.ard� tforwstraightation, represen� termediate-TREEs instructuredthiswThe SIMPLE.� from-TREE constructedtlySIMPLEfromincludes it� thatregionstrolinenters, oinbreak p ofand presence thecontinue ev constructedwhothe w sho� e-TREE wurthermore,whostionof applica other� discuss-TREEs alsoeanalyses.sparse� forWthe of� haracteristics-TREE carioustation.represen27 f l e and(out),l e theatl e exittheWHILE.ach. dg tealculax :1 ge-rules Merx ;1 x =x =[ y xy; /*cx dy a1 e alr? n e= e b? have should1 de no= x? ach; e for; set gen1 the that*/x=op)f WIW(s,out,lo =case x Notes e ofof tnormal-exi(lhs,rhs) ASSIGN) andexitreturn(s.gen k- a1 e br);out(s1,s2) SEQ) theandf IF, achin e op);WIW(s2,out,loreturn(WIW(s1,in = op));2,log (e,s then,s else) ) f s.exit out;=in wiw WIW(s then,[out.N; ; op);],loin WIW(s else,[out.N; ; op);],loreturn(in.then [ in.else [ ;R(e,e.SM))g (e,s then,s else) ) f s.exit = wiw; ; in WIW(s then,[out.N; ; op);],loin WIW(s else,[out.N; ; op);],lo;return(R(e,e.SM))g (e,s dy) o) bf reak s.exit out =[ wiw s.gen; in WIW(s it wiw,s); return(in dy o[ b R (e,e.SM)); g CONTINUE ) f op.exit ;wiwop.exit wiw); g BREAK ) f reak ;wiwreak wiw); g NULLSTMT ) return(out); g the Computingwill 9: e written sets 26 A the forl e ad eSets rthe computingl e written heacthepass,algorithmThedes.no�eld thes.gen inintedthe computel e written Notefashion.thethroughtree. wnf gen ottom-up.bs.gen. ing setthe=GenSet(s)f e Storcase set s o SSIG (lhs,rhs) f := (s,s.S ); g S (s1,s2) f GenSet(s2);GenSet(s1);s1.gen ;s2.geng I (e,s then,s else) f GenSet(s GenSet(s else); s then.gen s else.gen (e,e.S ); g I (e,s then,s else) f GenSet(s GenSet(s else); s then.gen s else.gen (e,e.S ); g IL (e,s o y) f GenSet(s o y); s o .gen (e.e.S ); g I f := ; g f := ; g LLS f := ; g g the forl e written problem 2 [ 7] S. . the of a I N vi-Ent. So e{ , 98 . [ 8] G. Gao. constructors. C hnicalecMemo T McGill eal, ec, une 992. [ 9] m sti. oftransformationsMcGill eal, y 992. [ ] Sridharan. McGill ,yeal, er 992. [ ] enneth raub. Mas-thesis, ugust 986. hnical LCS T - 7 , Science.Computer[ 2] Mar N. F. enneth adec hes. on amming S stems , 2 : 8 {2 , pril 99 . [ ] . Global system. amlow nal sis: an ations, pplic 98 . [ ] M. In e the nternational on eencon er lel essingIllinois, ugust 2{ 6, 99 . [ ] M. olfe. In e G ’ on on amminganguage mplementation pages 62{ 7 California, une 7{ 9, 992. CM SIGPL N. S G es, otic27 7 , uly 992. [ 6] ans and Chapman. arbaras or ctor omputers . Press,CMNew or , 99 . 2 [26] L. . endren, . and Nicolau. ngviIn e G ’ on eencon er amming anguage mplementation 9{26 California, une 7{ 9, 992. N. S G es, otic27 7 , uly 992. [27] Laurie . endren. ng with cursive esCornell er-niv, uary 99 . [28] Laurie . Guang . er i. cationalloIn . editors, e ings o the nternational on on ompiler onstruction Computerinpages 76{ 9 erlag, er 992. [29] Laurie . and structures. on istribute S stems , : { 7, uary 99 . [ ] hard and Pingali. In e the S G ’ on on amming anguage mplementation , 99 . [ ] . . uc , . . uhn, . adua, M. olfe. oftransformationIn e the ourth nternational ation on e, enc er 98 . [ 2] and G. yder. aliasing.terIn oin e the S on ng anguage mplementation , {2 8, 992. [ ] illiam Landi. e ointersthesis, utgers ,992. [ ] . McGill ,yy 992. [ ] M. ec , . dghill. Graph: algebriacnIn on e or o the enth nnual S osiummpon ng anguages , Florida, {2 , 99 . andCTSIGPL N. [ 6] arry . N. F. enneth adec tredundanIn on e or o the i enth nnual S on o-ramming anguages pages San California, uary { , 988. andCTSIGPL N. 2 [ ] er. In on e or o the wel th nnual S on amming anguages {29 New rleans, Louisiana, uary { 6, 98 . N. [ 6] eith and en In on e or o the Si enth nnual S on amming anguages pages 9{ 9, ustin, exas, uary { , 989. N. [ 7] Cytron, te, arry . N. F. enneth adec . tcienIn on e or o enth nnual S on amming anguages { , exas, uary { , 989. N. [ 8] Cytron, te, arry . N. F. enneth adec tlyciengraph. onamming S stems , : { 9 , er 99 . [ 9] Cytron, and enneth adec lan-elIn on e or o the enth nnual S on amminganguages {8 etersburg Florida, uary { , 986. SIG-andPL N. [2 ] i. compiler.CMcGill eal, er 99 . [2 ] te, arl . and e . useitszation. on amming S stems : 9{ 9, uly 987. [22] G. Gao, . lsen, and The In th or on ompilers or lel omputing . ugust 992. LNCS.in[2 ] L. and at. In th or on anguages an ompilers or lel omputing . ugust 992. LNCS.in[2 ] L. . C. Gao, . and Sridharan. T In th or on anguages an ompilers or lel omputing . ugust 992. LNCS.in[2 ] L. . G. and Sreedhar. LP : tationncompiler. C Memo Science,ComputerMcGill of eal, er 992. 22 [ ] N. on e or o the i enth nnual S on rin- amming anguages San California, uary { , 988. [ ] N. on e or o enth nnual S on rin- amming anguages , exas, uary { , 989. [ ] N. on e or o the enth nnual S onng anguages , Florida, {2 , 99 . [6] N. e G ’ on on amming anguage mplementation California, une 7{ 9, 992. S G es, otic27 7 , uly 992. [7] . . ho, and . . n. ompilers| rinciples, ols. o ddison- esley , 986. [8] . . and . C: T hnical ortepM 82-6, ice , h 982. [9] en N. F. enneth adec . pro-inIn on e or o the i enth nnual S on amminganguages pages { San California, uary { , 988. N. [ ] ert . allance, ur and arl . eb: In o-re G ’ on on amming anguage mplementation pages,2 7{27 , New or , {22, 99 . N. S G es, otic2 6 , une 99 . [ ] . anning. ariables.vIn of on e or o th nnual S on ng anguages . N, uary 979. [ 2] e M. arth. data . the 9 :72 {7 er 978. [ ] . G. ur t ter-oinIn on e or o the wentieth nnual S onng anguages 2{2 , uary 99 . [ ] ong- eo Choi, and te. data al-evIn on e or o the enth nnual S on amming anguages , Florida, {2 , 99 . N. 2 our LP aconstruct]. uture or tationsrepresen. e form, manner.e-endenctation, -T EE . ts-tooinforrequired-based -T EE tation. tonecessarythe -T EE the -T EE tationnta eendenccapturing dep ssparsenesthese t intspace . the -T EE ewof -T EE andspacetime. in re-Theseduced.troregion.the -T EE parallelizingoftioninformas.eferences [ ] C McGill , ec.eb[2] �. . c an. cient ative anguages Insti-usetts, pril 98 . hnical LCS T - 2 oratoryLabScience.Computer2 elated or thathniquestations.nabstracteler-w7 and],ols otherand8[, transformations ]. automaticlanguages,ecompile-timG2 astationanalyses. and -T EE hniques. suitedparticularlyanalysisaliaspro some Thesegraph.include: of indaphs gr7[], ow ata aphs gr[ ], am aphs P G and]am webs e[ the ],assignment orm [ 7 , 8 and ]aphs gr[ ], ata aphs gr2[, am and e aphs gr[ ]. ur -T EE eenbhes.approacthe -T EE tationsrepresen7 , ]. unneces-ducenames. ving spurious the oneanalysis,the -T EE the ts. ewthe -T EE analy-w. compactnessandsize tioninformaanalysis. ma eenbeendencprograms.endence graph , The GFesdothehasIn9 t a the hing-reacssparsenesthe a erpcedure getcanof and isthereoferts.A onslicatitedenour LP tation.. structured ositional thisIncomplex moresis analysissimplethe computingl e written SIMPLEfoundterpretationinMcT ]. . the e h e the the-T EE hingreacthe-T EEs theoftconstan2 ]. SIMPLEonthe -lists. transfor-dular9 , 8 22[, n that -T EE avidesns.8 R R k11 62 972 241 14 84 939 16 1 12 11 381 .39 6.14 139 tomcat 1 31 3 9 178 1 8 271 271 49 13 13 286 .92 9. 6 11 dhrys 13 16 194 2 13 14 1 2 7 7 38 .3 2.37 42 deter 4 14 124 76 69 88 121 243 2 2 14 1.16 1 .3 47 �t 2 19 26 3 4 28 212 8 1 1199 43 41 634 2.39 33.36 173 op 1 13 72 11 14 686 686 1134 21 21 2 .3 19.61 7 c82 162 2326 617 227 178 1944 2984 77 24 844 .36 .2 12 8queen 2 11 9 19 1 41 41 64 4 1 2 .33 1.82 2 3sort 14 137 34 1 112 128 2 3 7 6 2 .14 1.43 9 t4 1 99 71 9 69 71 112 29 3 8 .81 .33 64 e2 18 187 93 2 143 16 211 16 14 14 .77 8. 7 e e program programprogramprogramer in-listser out-listsprogramprogram programa programa programIn of duced.tregiona generated o a esc o clinpac LINP C program tomcatv catv dhrys hrystone deter expansiont ransformop estimatorcops 8queen t Problemsort sort uic sort uic sort -median tThe problemegeneratorresults7 tolengthde�nition. hains.. on and ti�cnon-scienableTts tcounts and egivof inthateragevts regions. results. canewrites ossiblepwrites of ts-toointersoincation. that the evthese duced capturecorrectlyvior.ehaIn b and onarithmeticwithdealmore allcaptureaccuratemoreextra s , , , and teroinIn ceduresproaddresses parameters. aliasaccurateaccuratelessmore erations. lias s and heap-toob cations. noticeethat extra intscation.loheap.theThe6 the ybregion.trolardt-forwincomputedpieces.itsma is analysise sis analysis: ardwthe estimateand en itthetheand was-written sets. eblinear.dmetho�gure inlistthean totsof , and originaltheoutlist theseunstructured thatof the construct insideccurconstruct. thatconstructstain constructs. the tains ts. ellabthe to and conditional inlist. areconstructswith theetrol ops. structured wooutlists.programs tostepof LP un-toarbitrary alonenoutlist. re-tifyowthisofor -capturing. erform generate e -use yantheoutsideregion ts Thisan onlypropagatethe considerexample,for ruleI (inlist,e,s then,s else,o tlist) shouldein stores.inlist w r e s y intsinsert eenwappropriate secondThet, statemenin e. e := e s(inlist); of forpairh inlist. form thes of l pair s l The.uses tin statemen e s the e h e tsonens comp then and s else merge in setss.o tlist r e s tousedinsert e the withI the theinnot terruptedina or the ts-statemenrede�ned this yI Notet.the insideI an Theoutlist.LP manner. ur hing def the -T EE once , Inregion.insideectorsregion. the videproparallel woanalysis. m and tseasurementhe LP tation.of LP initialourtation.. LP structured analysis ylestation.represener indextheectors,Given s statement, ain - the aching e the-the aching e s theaching e s . ach aching e air stmt ,l aiseing e ne b statement.e-e ct, e e s.in r e e nitions e r e op . the an the inserte estorthe e inlist s.inlist r e s an outlist s.outlist r e s . ote: , s s s s s s e h e =)f case s o SSIG (lhs,rhs) f s.in r e in;ill e := sf l e nitions s ,l l s,s.S g ; gen e := sf airs s.stmti ,l l s,s.S g ; ret rn(gen e s (in ill e s)); g S (s1,s2) f s1.in r e in;:=s2.in s r e := e h e ); i (s2.in r e = rn( rn( e h e (s2,s2.in r e )); g I (inlist,e,s then,s else,o tlist) f s.inlist r e := sf l e nitions s ,l l inlist g ; in e := e s(inlist); s.o tlist r e := e h e (s then,in e ) e h e (s else,in e ); i (s.o tlist r e = then)ret rn( ); else f o t e := e s(o tlist); s i e := sf l e nitions s ,l l outlist g ; ret rn(o t e s s i e s); g g IL (inlist,e,s o tlist) f s.inlist r e := sf l e nitions s ,l l inlist g ; in e := e s(inlist); s.inlist r e := e h e (s o ,in e s,s) s.inlist r e s; s.o tlist r e in e s r e s; o t e := e s(o tlist); s i e := sf l e nitions s ,l l outlist g ; ret rn(o t e s s i e s); g I f .inlist r e .inlist r e s rn( ); g f r e r e s rn( ); g LLS ret rn(in); g the aching e tThe -T with and -lists 2 Figure with desto ow , anti and ,output corre-xesthesethatof usesi e-e sis and and ,e sis , , and . capturetheof examining regions Figure needeto w t . inindicatedcation set . computecanthe e t the of orFexample, . clearlycanThe thatcationsread of ondscorrespin time aisstructured 7[in endix . onethesecalculates or S, toinand S.an -T EE andconditionalof ts, -statemeninlist capturedcationsin exitoutlist onFigure ebits inheritinlist ust mand outlist the frominlist the -T EE program.examplethe are readf g cationsloare writtenf g . cationslof g and inlist,f g Noteoutlist.since since notisoutlist.. the -T EE ortsuppe analyses . for hing--reacde�nitions. for ma eenwde�nitionsthe -T EE allfors Thisregion.placing regions. n of - h t form wherecation. SIMPLE an -T EE , - atingFigure the theand the throughinlist regionthe throughoutlist exit theInregion y toy to . try : not e else s then exit else : s else exit : try : not e exit s dy try exit : IF inlist,e,s then,s else,outlist ILE inlist,e,s Figure : opthe a e nite a e nite cation.us, the collectingforthe tryenyananalysis. namesnews.the t-straighFigure shouldcationsy cation on capturing The9 ain int rea nt rea nt u i e u rea i u break u i e e return int ain int int e te te te te te te rea int rea int te te u te te i e u rea i u break u u te te i te te e e te te te te te te te return te int ain int e int te te rea rea u i e u rea i u break u u i te te e e te te te return te programandysalvFigure remo : oninati8 f g f g f g f g f g f , g f , g f , g f , , g f g f g f g able : and t matrix anal-ariousnew -T EE tation.. Figure a Figure b theindicatedts. t ts-tooincation to and to at,t , the oth and tointo p . t that to while tsoineither or . Figure c thewithscalar. ble e nitel ondingcorresptt replace with and with Figure c afterprogramevexample.. trolconregion: , , , and trol inexitof and theofop.lo7 de�netoe abstractthestac f arethat theothcation cation read.areaonlyhandleserlyThe].forgeneratedustmarenamescedure.The theatcompiler.Cvidesprot. ensuringywriteandable tstatement matrix compute: y , 2 cationsloy and y cationloto: ariable, 2 e, ble, ariable,vor ter butcedure,table thedenotescation cations that[ ] , cation all cations that [ ] and denotes ewde�ne e . onstructin the e ontatiter-inaccurately6 useethe teelationships rcations.to: and 2 t.statementhe illustratingoints-to pinprograma b t toints . ew. int int int te te te te programExampletationrepresenkte te S rite(S)Read(S) f g f g f g te f te g f , g te f g f te g te te Matrixts-toSetsrite) esendenci2: and SIMPLEsis heacthe c esgivt �edsimplib that to , to and to d concrete theoints-to pgeneral,Inof: relationshipnocations, 2 a e nite or indicating a isossible prelationship. there trol ewd and tries.inconclusions7.S and Summaryma thattationothbcalleddsis ]. and SIMPLEsis tennew -T EE andtation, ]. . ter-inThe are:lositionats , , , and struc-hastrol of and and fromexitcedures. example,ora , orthatsofree.reference,yise-castingexplicit.madeb Figure b outab, ] . aliasof2 , , , , 6 , 2 , MoreFigure CompilerTmanner.tation, -T EEs whoThe -T EE ers includes structuredexitingandtlyters, and andops,the -T EE ofte intedtime. of -T EEs analyses.sparsein-shortfoundationtheSection the-T EE section measure-talSection the -T EE eanalysis.thattationst sparse edeloptations.eerativtetermediatetermediafashion.naturalT ortsuppFigure compiler,theer wnshoandSIMPLE,L structured ST theer,fortappropriateare28[]. hedulingscob eryvthe usedtationanalysis. forSIMPLEanalysis. foranalysis,thatphaseerformedptation.represenInST.the LP tation. inillustratedFigure andanalysesthe -T EE the -T EE s.endenceare:build: represen-termediateand 2 cedural terprosis eendencts-oinfeature2 totoftransformationsters. tencapturetly. of LP dendence-baseThe LP tationnSingle t SS thehasapplicableh. ewtion.e o s Str t re inter e i resent resent tions, r lleli ing o ti i ing o ilers, li s n lysis, oints to n lysis, e en e n lysis and oti ation so-called Thetransformations.theexample,7 and ],arse ata aphs gr[ has],6 , 9 9, 2 ourofwideamanner.accurate