;^@]*;]*;^@]*;{"[^@]*;^@]*;t{"[^@]*;]*;printf("%s***",yytext)}ext);[\n\t]text);printf(yy%% .printf("%s***",yyt26 A endixAppA.1 programexamplets.erimenfsm() expour{ fortedx;intstart: presenhinefgetc(in);=a;gotob;gotoa: x==’b’)(fgetc(in);=b;gotoc;gotofail;gotob: x==’c’)(fgetc(in);=a;gotoc;gotofail;gotoc: x==’c’)(fgetc(in);=start;gotoaccept;gotofail;gotofail: x==’e’)("FAIL";returnaccept: ifx==’d’)"ACCEPT";return} (ifA.2 xifeci�cationsSpthe inlex en givprogramoutputlex.yy.c the. generateto%% usedeci�cation,;"%"[^\n]*;*;]*;[^@]*25 u74][Kns. tSurveys1974.Dec[KR78] ,Computinghie. Ritcanguage1978.tice-Hall,[PKT73] Pren.exitands. tCM1973.16(8),76]egears. yComputers, onansactions1976.Dec[Wil76] 5,1207{122unstructuredness. ofCom- natureTheJ1976.20(1),78]Ostructured.toJ1978.21(2),24 eliminate ysgoto asimplerandcompiler.thencesRefere[AKPW83] ofremainderen-depIn endence.onosiumanguagesCTSIGASIGPLAN.and[Amm92] CMA. yIEEE complexititsering1992.18(3),[ASU88] ,EngineUllman. D.ols o. Tand1988.edition,[Bak77] corrected,phs. wgraCM1977.24(1),[BJ66] ,Aowrules. formationCM1966.y[BM92] Ma1,us.of1992.er[CFR OctobMexico,+ Newof91] yersitk.Zadecgraph. endenceCMASystems1991.er[Cif93] Octob490,In decompilation.amer-atinoatroCenatica.Inform�[Dij68] enEstudiosharmful. consideredCM11:147{,1968.h[EM75] Marc148,while-shemas. toComput, J.SIAM1975.4(2),[HDE hemassc+ programsranslating92] TManna.BhamaandtermediateinIn tations.forCompilersComputingtDepartmenolhoec.eb[HGS92] �Qutermediateinolho1992.v23 { L2;gotostmt_1;L1:stmt_2;L2:L1;goto} (y)pred_50=x;{)pred_50stmt_2;{pred_52=y; (if;})(!pred_52)do &&!pred2_50stmt_1;{stmt_2; (ifpred_52=y; pred_52==1)(} whilegoto_L2=x;{do (!goto_L2)ifgoto_L1=0;{stmt_1; {} goto_L2=0; stmt_2; goto_L1=y; L1)while(goto_} }opnormalizationdmethooplomoreandtherequireequations.of6 solutionoruture ork all atinggoto elimin toprograms.Ctationrepresenparallelization.andrep-treeof setgoto-elimination a onand up builtgoto-movement ishh Eacgoto tions. transformathe usinggoto-movement y bevthe mo togoto transformations edappropriate thegoto-elimination applying thentransfor- andsequencemation. tstatemenTMcCAhmarkencuse programsgoto C mostelyrelativoriginalthewingallothatprogramse liklex olssomeisds.methoeliminating ofgoto orderofeliminationzations.initialit-straighurthermore,Foferer pgoto transformations simpleofpresence22 emovaltheinof erloopsconditionalenforcedoTheyhes.brancappliedtransformationsainthe ofation cand elo removal rsimilarsomewhatour togoto-movement are anchand br anchgoto-elimination brofexecutionusthtreating (and programsbreak C, restructure econtinue wand ,switch that factareedi�erenceAnotherectorizationvtopreferablethatisandels,requireshcationrelol.aclosesttheinprogramser,evhigh-aorts suppbreak directly thatand programs Ccontinue ofAmmarguellatwhileexit.singleprogramthethewithequations: ofdistribution,ifcursivation eand der ,substitution factorization culation,and al celimination e pruationtinsizedestudyotheoforder.ologicalofresultAs17(c)).storetowhenwinanddothatexecutenotheofprogram. timeexecutionframe-analysishandles easilycontinue k orand w compilerbreak our ecausetoh21 simple goto ciated assogoto morethe wheregoto s, orand onewithlabel function, erthe orgoto gs siblinstructure.troltrans-simpleall eliminatesgoto formations ofiseedaonlyrestructuring.to5 dueyRelated enalt ork BJ66[restructuringTheirofmappingscompleteatransformations.andeterson Pal. etpresencon-andPKT73[graphatransforma-therecognizingasstructuredtO78WWil76,al-ousetheyEM75[]. transformationsthesealsoestructurenaturalsome vinggoto leadmethoBak77[goalheraofsome esgotos v leashesincesome esgoto vprogramsofinrestructuringCif93[onlysheconstructs.trolectorizingvAKPW83[Amm92[]. compilersngthe tonversion cen-depg eliminatingoto y btheoftransfersconditionalappliedethreeines: ypanches br, op)for- loaanches brand d waranches, classi�cationonversion cuses IFhprograms: theation cand elo ranchbr20 andapplied,thethatheusof ergoto b umtedcounadded theif ng includiand s twhile statemen newariablevariables.ofofofforforfortransf stattransf stathmarkgotos stats. SIMPLE GTE 2 Opt.GTE GTE GTE Opt.GTE Opt.GTE asuite 21 91 4.2 4.5 4.3 34 81 34 74 de22 132 3.2 3.3 3.2 5 9 5 6 compress 18 1052 2.3 2.6 2.5 27 42 24 31 tomcatv 7 317 1.1 1.2 1.1 14 29 14 21 FSM 12 53 2.5 3.3 3.0 23 45 19 34 lex 5 1670 0.42 0.50 0.46 22 16 16 11 cq 1 5760 0.01 0.01 0.01 1 3 1 3 par 59 1665 0.57 0.65 0.62 189 266 187 170 tsMeasuremenrestructuringected,few erygoto v withthisexample,for truede2 oand c nrq cone andgoto o wationobservfew agoto only eawithcost.wthe isFSM extreme, othernestedygoto manof ratiogoto thetimeexecutiontherethater.whsucgoto forthe ofgoto orderings ariousedobservthatoptimizationconsider.willconsiderable.notor Fasuite isof ratiogoto thethatedthe allgoto (almostfromexita or ,for els labop).loapplied,transformationtransformations3er pgoto to 2er pgoto transformationsseeeer pgoto ts statemener pgoto tsThese).BM92[indicatedthatuse examinedgoto functionsthose Ofgoto s.asharacterized19 FS .c programTheChase.vid.clex.yyinput Thelex lex. yinenA.1.endixcq.c appgivKR78[]. ininformation1.31parharacterscM.Adam1993.Costello,4.3 yMetho t.erimentheducedhmark:encSI ersion:vSIMPLEelAll tation.goto represen termediateremain.ion:ersrestruc-eentransforma-theused.ersion:vrestruc-eeninted3.Sectionthe atedgoto elimin efromorderde.coC GNUgcc, theusing2.4.5the withoptiontime command ts.erimen4.4 expiscussion egivof ergoto bde.cots,commenform.standard(timeshmarksection).previous18 CompilerTnrco e2.c com-ectorizingor Fasuite.c Smith. Laurenwithorktain congoto thats. onestheco press c2.MarComputer,al.eto catv.c program TRANtomcatv ORprecisiondoubleh-encsuite.results it ours. 17 ...{switch(x) ...re ; c ...2:error;gotoc se ...re ; c se ...:error;goto} ... error: } ...{switch(x) ...re ; c ...2:e; re ; c se ...re ; c se ...:e; re ; } error;goto... )(goto_errorerror: if} ultiple mgoto ngsame theswitch fromResultsalinteder.pap4.1 thispresenMc A ompiler thattationsHDE[+ LASTtation,92 represenel]. w-levlotrans-andgoto-ourtheinsertNotet.source-aandanalysesprograms.structured4.2 assumes tain congoto that hmarksts.statemenone engoto evewatainedof ergoto b umws:follo1 as1 e oul e er i tereste i re ei i ot er e r t o t i st te e ts. oul to. . . . e oul lso e le se to ro i our e r ers is i to o eir 16 stmt_1;{... L1;goto; } stmt1;{... ; } el)exprstmt_1;{... (ifL1;goto} d)... ; } )exprstmt_1;{... (ifgoto_L1=co d; } L1;goto..... (goto_L1)if; } k{ L1;goto)exprstmt_1;{... (while; } } { goto_L1=co d; goto_L1 )exprL1;gotostmt_1; )goto_L1... (if; } } op{ L1;goto(i)switch1:sestmt_1;{... ; } def lt: ..... } } { goto_L1=co d; i=1;)(i)switch1:seL1;gotostmt_1; )goto_L1... (if; } def lt: ... } } hOptimizationsSimple15 the storegoto eelslabtoariablereinitial-andtheexceptstepthirdunconditional allgoto sconditional togoto ss. ertvh eacgoto where algorithmThetime.the ingoto ccur list ewh eacgoto orhingmatc.tlythe Oncegoto e�cientransfor-the tilgoto ungoto-eliminationappropriatetoerationsand elgoto labthe ifgoto determine toellabo�setsandgoto �ndtothe eengoto w etel.laball (sincegoto elseenbeliminated). wnothroughpasstheusingof cationgoto lotheAST.pti i onsatitemena wheregoto case theimmediatelyisthisinthe eliminategoto just ythe wheregoto situations theis stratesilluan ofif outducingtrothe aftergoto ts statemenebthe whengoto that strateoropswitch lo aor opswitch lo. theeforeas-gotosame thewhile inside, el labif a, with ciatedswitch so onetheapplythe ofwhile exit, theatif k, hec cswitch conditional aone thangoto more isel,labtheeultiple mgoto arefromela lab sameswitch thehasconditionalthere.already14 dop{ re els re l := proced pre:= proced pi trod ce iti li l ri les l doel_listrod ce ri iti li lse i trod ce st teme t st lse } ch ge ll co ditio ditio gotos ch co ditio dogoto_listch to co ditio gotoelimi gotos while doist){ empty(goto_l the l ir select goto_listfromtchi gg to ted ted(g t_st teme ts(g mo t si tw rd mo eme sform tio s it ltoelse ted differe t r switch mo t si tw rd mo eme sform tio s it to t i i lg to li gs el(g) le mo el(l) si tw rd mo eme sform s else le el(g) le el(l) offset(g) to o t i i l si lifti sf. mo el(l) si w rd mo eme sform s } g l r to li gs elimi g offset(g) elimi with co ditio l else elimi with do loop } elimi els l doel_listelimi Lite} all vinggoto remos foralgorithm13 2.4 A oi the an tsStatemenorting suppbreak directly areand e wcontinue Since considerusthattransformationsnew ducedo tro inthere�rst,of presencebreak the toand due arisescontinue that tcrucialThethe ccasions,do o rarea capturesbreak duce troor in econtinue w thatstatemenor opswitch lo enclosinginprograma ofbreak capturing incorrecthisoidcaptured hbreak eac foror transformation furthercontinue oneillustratedAsa capturesbreak that, oploattruethe ofbreak thereseter propbreak the issuecapturedforcontinue d methoused.e{ bye) ...{stmt_i;L_i:... stmt_ ; (exp1) re ; ... L_i;goto... (exp2)ifstmt_ ; } } { e) ...{do stmt_i;{... L_i:stmt_ ; (exp1) re ; ... exp2;=(goto_Li);while... }goto_Listmt_ ; } } r 0;=... e) ...{do stmt_i;{... L_i:stmt_ ; (exp1)if{do_ r =1; re ;} ... exp2;=(goto_Li);whiler ) {do_ r =0; re ;} ... stmt_ ; } } programof capturebreak incorrectcaptured ofbreak ttreatmenof capturebreak oiding Avand 12: Figurecontinue correct (c)tsstatemen2. all tsnthestateall vinggoto remo forisalgorithm13.Figureini-simpleand elgoto lab allourIn12 a towhile intan toif inta toswitch inteliminationgotoeliminationgoto11 from tswitch emenvfrom tif emenvfrom twhile emenveliminationgotoelimination.goto10 { L1;gotostmt_1; )d... stmt_i; (i)switch{ c 1:se{ stmt_ ; ...L1:stmt_ ; } def lt: ... } } { goto_L1=co ;d)!goto_L1stmt_1;{... (ifstmt_i; } 1;=(i)switch{ ielsec 1:seL1;gotostmt_ ; ...L1:stmt_ ; } def lt: ... } } a vinggoto Mo 8:a toswitch inFigurethe Aftergoto op. lohas theofthe egoto v moinside to usedstmt e label . { stmt_1; stmt_2; ... stmt_l el; co t i L1 ... L1;goto... )dstmt_ ; } { i lse; stmt_1; stmt_2; ... do L1;gotostmt_l el; co t i L1 ... d; } (goto_L1);while... stmt_ ; } a Liftinggoto 9: Figureellab2.3 then ar an ut ar rans ormations transformation,goto-eliminationtransforma-goto-eliminationindicatewst.emen9 { L1;gotostmt_1; )d... stmt_i; )expr; ...;L1:stmt_ ; } } { goto_L1=co ;d)!goto_L1stmt_1;{... (ifstmt_i; } goto_L1 )exprL1;gotostmt_ ; ... lse;. ... stmt_ ; } } a vinggoto Mo 6:a toloop inFigure{ L1;gotostmt_1; )d... stmt_i; )expr...{stmt_ ; ... } else ; ...L1:stmt_ ; } } { goto_L1=co ;d)!goto_L1stmt_1;{... (ifstmt_i; } )expr...{stmt_ ; ... } else { L1;gotostmt_ ; ...L1:stmt_ ; } } a vinggoto Mo 7:an toif inFigure2.2.3 oto li rans or ation a edgoto v motheefore(i.e. ( ) ( ellabhing matcgoto thethe egoto v motstatemenard-wtransformation.texample thisstmt In label state-theel labL the andgoto , w elostmt b label theliftgoto can ee vstmt o label a ducingdo tro inthe ignoresgoto iteration �rstonand8 { )expr{ (ifstmt_1; L1;goto... )dstmt_i; } ... ; } { )expr{ (ifstmt_1; goto_L1=co d; )!goto_L1{ (ifstmt_2; ... stmt_i; } } L1;goto... )goto_L1; } a vinggoto Mo 5:an ofif outFigurea applygoto-lifting can ecanthathe egoto v moel.a goto t: en(1)that:the eengoto w etoplooploaluationevtoduethe is opgoto loorderinoploexpression). theofor transformationdo The aluationtoneedhandle ofor T di�ed.thetot alenwhile equiv itor transform simplydo can onetransformation.a goto state t: entrans-opthe thatif except formation,the whetherlabel on ngtheinthen is endior dep tlyelse di�eren di�edthe Iflabel part. mothe inthen is issamethethe forwhile as ethe inelse is elthe partif lab thethetoelse lead tocase.a goto a toswitch in state t: ena egoto v moa toswitch in toonet,acase,the forcesswitch that ducedquestioninthe ofgoto condition the8.Figure7 2.2.1 ut ar t rans or ations vingmoa cases, ogoto w ta ofloop out basicallyor are Thereswitch rd. aa vinggoto mo andan ofif out t,t.a goto itc state t: enewthe ofbreak use eof usebreak made eisitusetothe ofbreak use edesired.asstoretothe hgoto whic atreusedthenthe ingoto is alueop.h/lo{ switctheswitch(i): ofexit{ theatc 1:sestmt_1; L1;gotostmt_2; )d... stmt_i; re ; c 2:se... def lt: ... } ... ; } { switch(i): { c 1:sestmt_1; goto_L1=co d; ) re ; stmt_2; ... stmt_i; re ; c 2:se... def lt: ... } L1;goto..... )goto_L1; } a vinggoto Mo 4:a ofswitch outa goto an if state t: enthe casebreak this Inandused,5.Figure2.2.2 inillustratedIn ar t rans or ations Thetransformations.oftagethe an advbreak e takthe whethergoto consider ustargetthethe wheregoto cases theeforeb6 Directly-related(a)Directly-related(b)( ( ) ( )) ( ( ) ( )) atedIndirectly-relatedIndirectly-rel( (d)di statements) enter( di switch ) relationships.el5 e 2.1nitionThe o�set a ofgoto is statementn el labthe isn statementh the ifgoto or ellabam.e 2.2nitionThe el leva orgoto el labis statementm a ofthe orgoto el labdnesteexactly insidem is statementloop the, if switch or ,if else statements. e 2.3nitiona andgoto statement ele arsiblings statement labse-statemente, quencstmt some stmt stmt n some tostmt ds i and the goto some tostmt onds e.e a andgoto statement ele ardirectly-related statement labstatementsome, estmt enc stmt stmt n or elgoto lab thetoondssome p esstmt orr i matching thegoto and some insidestmt d statementthe.e a andgoto statement ele arated indirectly-relsametheneither egs siblinnor ar theydirectly-related but. dy,oprevi-thethe whengoto exactly appliedThesiblings.the ofgoto o�set thelessis2Figurethe ofgoto o�set thet.statementheeliminategoto can ethe vinggoto mo �rstappropriatetheccur.oand elgoto lab thetheofgoto el levthe egoto v moaselapply ed-movement outwaresvthe mo transformationgoto h eacand elgoto lab thedirectly-related,arethe ofgoto el levapply ed-movementinwarthe esgoto v moel.levthe wheregoto situations complicatedareeland elgoto lab thethe 3(c)),goto (Figuretsard-wthe egoto v moand elgoto lab theinaresame theif of hesor branc tswitch di�eren Whenthe thengoto 3(d)), (Figureusingedenclosing theif to directly-relatedor ecomes bswitch itard-wel.labremainingonlyop,(losubsections.next4 is e t: enthe Ifgoto the eforelabel b ist,statementhe 1,goto Figure inis illustratedAsthe eengoto w etconditionalaoriginal thegoto of conditiont.statemen{ theofstmt_1; negationtheL_i;gotostmt_2; )d... ; } { stmt_1; )d{ stmt_2; ... } ; } a Eliminatinggoto 1: Figureconditionalt: enthe Ifgoto the afterlabel is thent,the statemen statemengoto the eenlabel w ethe andgoto b tsaindo-while statemen thecase.this{ illustrates2stmt_1; Figureinstmt_2;L_i:... programexamplestmt_ ; L_i;goto} ){ stmt_1; do { stmt_2;L_i:... stmt_ ; } );d} a Eliminatinggoto 2: Figureoploouldwa usedgoto e vconstructs.reasonabletheseurthermore,theina ategoto elimin ysthe vinggoto mo ythenandgoto-eliminations.o2.2 woto mo t rans ormations of notiono set , level , statements, sibling statements dand elate ctly-rstatements. date3 BM92[,Finallyonbasedstrategiesofgrammars.attributeeliminating togoto herateoptransformationsThesecategories: ogoto-eliminations w tand in comegoto-movements program.theonthe whengoto (1) ations:sequence,ta statemen samegoto-elimination the inthe eliminategoto the ifgoto (2)andmore orgoto- oneusemovement can ethe egoto v mothenandappropriate thegoto-elimination apply eltransformation. labtargetgoto-eliminationthesingle agoto evall eliminatinggoto forfromssomewthetedds.methosomeeork.li oto tate tsengoto-thetoinathatgoto assume econditional agoto ys aform theLiassumeeunconditional ygoto an thatform theLi gototstatemenform theLi. goto(true)ort suppbreak directly toand hosen ccontinue e vts.statemento similargoto wintameus,Theliminatetobreak di�ed moand e bcontinue easily couldrequired.as2.1 woto nation rans ormations the othgoto b Wheneliminatedirectlythe can egoto w sequence,the s:goto tie ossibilitheeforelabel b programthe afterlabel or t,the case,goto �rst theybthe casegoto second theop.lo2 totrol w. thathmarksof ergoto b umhSuctransformationsandprograms.structuredstructure tingeliminaall goto tree ST an ST h eacgoto ting eliminab of appropriate transformation. T McGill er optimi ing ing thatdemonstratee.and oti ation t explicigoto ofprogramselof usegoto torgDij68[u74Kneg76Welyrelativof usegoto tBM92[stillareuse togoto eusing (1)goto :fromexitusing (2)goto sharedisusing (3)goto ashy blex using andgoto (4)exceptions.handleexplicit eliminatinggoto automaticallyfacilitatetocompilers.Csome taingoto conthemtransformy angoto usetedimplemencompiler,ngandanalysesHDE[+ tionstransforma92 forms,termediate]. inallwithout programsgoto ysimplerarewithout programsgoto Ccom-areinformation.wASU88[or],theromoftenandtAssignmende, coif t-line straighand ts,while statemen ofstate- consistingprogramsCFR[+ tsmen91 structuredforHGS92[], tationrepresen1 tsten1 Contro 1ation2 otivli 2ts2.1 enions 2 2.2 ions 3 2.2.1 tions 6 2.2.2 ransformations 6 2.2.3 tion 8 2.3 ions 9 2.4 of Capturebreak the oidingand Av continue ts 12 2.5 all Eliminatinggoto ts 12 3 pti i tal 4.1 Compiler 16 4.2 hmarks 16 4.3 d 18 4.4 Discussion 18 elate or 2 uture or 22 A.1 program 25 A.2 eci�cations 25 i c ill ni ersit c puter cience aming Flo hApproacto ng tsStatemenJ. enS ec nical e o 1993rc itectures o s roup St treal Canada