yersitScienceceduralterproCompilersCenHendr� J.aurieEmamiMaryamGhiyaakesherbruggeV72Memo199324,andhitectures,GroupSt y� ersit Univtreal Mon� 3480 Canada � 2A7H3A� tsten1 Con1ation2 Motivand2oundations2.1 Fductiontation Represen: termediateIn: Structuredand: SimpleA: troIn: : : : : : : : : : : : : : : : 3 2.2 texts Con: cationo: vIn: tingRepresen: : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 2.3 Analysis o: ts-toin: Pand: cationsLo: kStac: Abstract: : : : : : : : : : : : : : : : : : 7 2.3.1 Information s-to: toin: Peci�c: t-spoin: Program-p: : : : : : : : : : : : : : : : : 8 2.3.2 Graph cation: ov: Inthe: inInformation: Mapping: : : : : : : : : : : : : : : : 8 2.3.3 ters oin: Punction: FResolving: : : : : : : : : : : : : : : : : : : : : : : : : : : : 10 3 10Propagation3.1 tConstanGeneral in: GCPGeneralized: Analysis:cedural: terproIn: aneloping: Dev: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10 3.2 GCP in: unctionsF: Analysiscedural: traproIn: : : : : : : : : : : : : : : : : : : : : : : 11 3.3 GCP e: vImpro: toInformation: s-tot: oinP: Using: : : : : : : : : : : : : : : : : : : : 12 3.4 GCP cedural: terproIn: ortSupp: toGraph: cationo: vIn: theUsing: : : : : : : : : : 12 3.4.1 Calls cedure: Proe: Non-recursiv: : : : : : : : : : : : : : : : : : : : : : : : : : : 14 3.4.2 Calls cedure: Proe: Recursiv: : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 3.5 GCP in: Callscedure: ProIndirect: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 3.6 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 4 18ork4.1 WRelatedAnalysis cedural: terproIn: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18 4.2 Propagation t: Constan: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19 5 20orkA Wurtherthe forwhile Analysis GCP24opB LoF26CallsC cedurePro27Callsi Abstract analysisceduraltermediateinaof(the programaphari-vgraph. orkframewpropagation.tro uction n Motiv tion tedimplemenMcCA compiler.C1 gthehandlet-implemenheapofanalyses. yaswandoptimizationslargeedologymetholargeaeenwcancallsthe collected. globalceduralterproewre precise moree cedureprocall.ma include:er:orkma frame-uni�edfor orkose purpdata andcorrectlyues e81My88 90 , LR92 C93 elivforbasisanalyses.ceduralrecursion:ce-terproters,1 piler de piler features E . 1 recursion. hwhicanalyses.phase: 1 Cofprograms, tation 2 and 3 explicitanthe program,in h . compiler:not lan-ylanguage.Cd:theonhosencothertoevdecisionsdesignossible. he McCA compiler.C:ap-theisthatwhok,ororkwarea.foundationsand2. facilitatethatanalyses. tpresengeneralizedcomputingmostare5.oun tions foundations: 1 thatlanguagefashion, 2 oftationthe program,in h patternscationand 3 storingandceduresprotexts. ourofMcCA 1. withtedline.dotted2 tation erview. diate tationtermediatein. programs not programsustprograms. n erfulwthe1,edsimpli�function.andma hoices. he structured theusSIMPL trol explicit. o-comptages: i the thein3 tation, ii eband iii ofgroupsnests. eliefbcastingeinformation. yp yarraaddresserformHA92[]. calculations trolcontation. designedeSIMPL the ofwhile tations, represen, , i , wi h , e , i e and e ts.outsideisSri92[92 HS92,throughoutuse2. ersion.simpli-ts,in expressionsi and while ects, zationsinitialicedure.ind t ppu, t v)t ptemp; ptemp ppu; ppu v;v ptemp; incr( t x)x x ; n()t a ,b ; t pa, pb; pa pb b; incr(pa); ind pa, pb); incr(pa); ind t ppu, t v)t ptemp; ptemp ppu; ppu v;v ptemp; incr( t x)t temp ; temp x; x temp ; t main() t a; t b; t pa; t pb; t temp ; t temp ; a b ; pa pb b; incr(pa); temp temppb; ind ap(temptemp); incr(pa); 2: - a of ourus,ra trol ui ra s trol w Ero . 4 . textsConortssuppanalyses. ewnot summarizeustcedureprowith i example,ora to textconwhere a to where 2. analysisein i , while 4.alueybb illustrates from i owdi h for program.t x) ... ... x f( y ;xx f( ; )r t r ;t t u) ... ... ... x g( y z ;ux g( ; )r t r ; (y)r t r ;a b textstextconthe termedt oblem r88 90 andLandiLR92[realizablealongpaths. someecalculated. include:he81MyHar89[HA92,LR92[sourceandC93 ]. aw5 di e we y plicitlan inin h indicatedAsphases. ceduralterproe infor-wrecursion. cationots.constanrep-isonlynotcedure a terenhains Figure 3 b . lersawith i . ondscorrespstructurecationrecursion.thethisforunrollings. graphthesamethefrom i . de functioneatedname de.thetodenotherefore hwhiccalls. cationo5.main f t inx ... if e f ; a Program b ossiblec cationUnrollingsGraph Recursiontages: 1 cleanlyitheis i Section . . 6 main f g ... g ; ... f ; a Program b GraphRecursionMutualtext, 2 usefuleanalysis, 3 store memoize IN/ U tocomputedcall , and 4 computationstrecursion.. A k Analysis- sectionthisproblems.thesePro 1:form , , . e thethenform re ariables toinIf ariable with . if either or either or . y eativalues.vPro 2:theofterentext. 2.Figurecedure proi , to to calli , refers to . Pro 3:ma not cations,lofunctions. withoutbuiltreferences.ter7 for existall problems thesetoeencalled oints-to remainingthetheandts-tooinondencecorrespindirectycall-site.enma93 , HG93 Ghi92,]. ofresultsh.approac2.3.1 ceduralterproInformationfor solutionPro 1 lemrelationshipsts-tok. as a,b, kstacariable de nitely oints-to ariable or a,b, that ibly oints-to ed, , C and a theofariables c . to calli w ts-to and ts-to . call �rsti ts ts . 2.3.2 Graphto solutionPro 2 lemmappingacedure.namesolice.thewhileinformation.tcedureproi w a . e kstacto and to . cedures.proandtext,b evgraph. us,hthetoolicbtext.Sy are realhcation.lo8 ind t ppu, t v)t ptemp; : pp , pp , , pp , pp , , ppv, ppv, , ppv, ppv, ptemp ppu; ppu v;v ptemp; : pp , pp , , pp , ppv, , ppv, ppv, , ppv, pp , incr( t x)t temp ; : p , p , temp x;x temp ; : p , p , t n()t a; t b; t pa; t pb; t temp ; t temp ; a b ; pa pb b; : , p , , incr(pa); temp temppb; : t p , , t p ,p , , p , , ind ap(temp,temp ); : t p , , , t p ,p , , p ,a, incr(pa); : t p , , , t p ,p , , p ,a, a Informationb MapandInformation Graphcationc Memory race 6: he nd a Analysisowcedure proi . cedure proi cation tendencall �rsti with will to to calli , to . 9 2.3.3 stercom-alsoteroincall. p timesamets-tooincall ob that needsthatgraph. time.samea call whiletheop. he incomplete b . call opwhile-loof e . isgraphc function theintext. of ecomes d iterationsutureof cationoanalyses. ybfunctionsthegraph.n ur l n lysis Gener li e Const trop tion structuredde�neproblems. anselectedanalysis: individualConstant agation awithinter-ininformation.. in eneral theintheorprecise theset calculate toewwith ords,wof domainangesclosed oninclusit t [- .. y ew. ciatedassotnotation: f e e : .. eanin that withinfallthe ust inclusi e ran e to . 10 t fp ; main t inf t ing ... ... ... fp fp ;hile e ... ... fp ; ... a b c d erstitswithinrange.ondingmoreisofdetectionde. king. particularurariables. . in CP CC77[]. terpretation eypAS needearithmeticariousconstructs. ticsemankindstform. the ourvandconcise11 theofthe forwhile analysis tA.endixis themerelyums. complication:onew i.e. hing-greater-than-0 ccur.oConditionals to i in-thecanitHar77[, compile-time 91 ranges: 1 the the forthen input and 2 toinputhe the else conditional. ocon-theuence tation.represenform where [5:: :10] ; [7:: :thatethe cessingthen pro egin-side b and e [5:: :9] ; [7:: :9]. the onelse , Similarlythat and or [8:: :10] ; [7:: :9]. cessedprodiesothe ofthen b withinand ed information.. sin e CP wn. tassignmenter re hwhicariable.accurateducedereferencedaevof mergee ery the yualitgathered.. sin t cation rap cedural CP safethetheofthey10,Figurefulltakinginformation.iturther,informationwill i rules. illustrati a theofnon-recursi A e i inener.pap12 iv a tat nt t aphgrno ation r t o tp t t cess, nput,ign) basic ) r t r cessbasic , nput)) s cas ( , ) r t r cesscess, gn))(cond,then ,else ) r t r cessif(cond,then ,else , nput,ign)) ) r t r cess, nput,ign)) ... cessbasic , nput) cas x y ang r t rn th giv giv t t r t r ( nput � x: ange f(x, nput) x: ange , nput)) x y ang r t rn th a v r n i t r r nc r t rn a i varia to th giv giv n tat nt ang i th i t � v r ang a..b erge anges( anges f( )), nput) r t r ( nput � x: ange f(x, nput) x: a..b ) air� i t o i t o a varia nit oint r t rn tr i th giv hav nit to r ation giv oint x y derefx ) ( e nitely )) r t r ( nput � derefx: ange f(derefx, nput) derefx: ange nput)) o not nit a ing varia g i to th th right � han � i o th tat nt o a varia i to r ac temp derefx nput nput � temp: nput) temp: erge( ange f(temp, nput), nput)) r t r ( nput) x y z a..b ticplus( ange nput), ange nput)) r t r ( nput � x: ange f(x, nput) x: a..b ) ... GCP 13 cplus( a..b , ) (a c � e � s e a c (b d f s f b d r t r ( e..f ) iv a i p itiona tat nt th art, inp no r t rn th tp t t cessif(cond,then ,else , nput,ign) on on itiona p it th inp t o t on i t nt itiona to rv a inp th n tat nt on i t nt tat nt ith r pt n th inp itiona hav on i o nput) ConstrainConditional(cond, nput) c th th n tat v t r in itthatannot c t nput ) then utput cessnput,ign) s then utput nput ) else utput cessnput,ign) s else utput r t r ( erge(then utput,else utput)) GCPforAS . heacgraphcationallforfunction.en3.4.1 givtheCallsde notis. callingthedyoreturned. functionsunmapywhereboutputthehanges. oidsvrecursion.or14 cesscall( nput,actual ) cas ign rdinary func nput gcp map( al nfo) (func nput ign.stored nput) a r a p t r t r (gcp unmap( utput,map o))s p t o tp t, tor inp o tp t func utput cessgn)nput,ign.stored nput func utput func utput r t r (gcp unmap( nput,func nfo)) ate func nput gcp map( al nfo) rec gn ign.rec dge g r c r iv no aph i thi inp in tor inp t, tor o p t is ubset f(func nput,rec gn.stored put)nr t r (gcp unmap( nput,rec gn.stored utput,map nfo)) s p inp p n ing i r t rn otto ending nput,rec ist) r t r ottom e func nput gcp map( al nfo) (func nput ign.stored nput) a r a p t r t r (gcp unmap( utput,map o))s ign.stored nput func nput initia inp t ti at ign.stored utput ottom initia o tp t ti at ist no nr o v inp t p n ing done false c th o func utput cessnput,ign) i th r ar nr o v inp t , inp t an r tart ist ) ign.stored nput erge(ign.stored ist nputs) ist ign.stored utput ottom ch c to i th n o tp inc o tp t s is ubset f(func utput,ign.stored t)utpudone true; s o tp t an tr again ign.stored utput erge(ign.stored utput,func utput) done)r t tor inp inp t or t r oi ation ign.stored nput func nput r t � t r n apping r t r (gcp unmap( utput,map o))GCPfor15 gcp map( al ist,actual nfo) func nput r ac formal (formal ist) or a inh act a func nput func nput formal : ange f(actual , nput) r ac global (global ist) th o g o a r ain th a func nput func nput global : ange , nput) r ac x ( o))nfars get ars(x,map )nfofunc nput func nput x: erge anges( anges ars), nput) a o r c iv th o th varia r pr nt r t r (func nput) gcp unmap( nput,func utput,map ) utput nput initia i th tp th np t r ac global (global ist) utput ( utput � global : f(global , nput) global : ange utput)) o a g t th n th nction r ac x ( o))nfars get ars(x,map )r ac ar ars) utput ( utput � ange nput) f(x,func utput)) r pr nt a o in th t th o th o ic varia r t r ( utput) 11: GCPfor3.4.2 unctionsFCallstoinolvingvtheingraph. erformed,pfunctiontheused . inputs. andinputfunctionit . thatinputof for ,Similarlystartingtreefor . newahange.c16 isinputintainedresult. forwnand thatNotereturnsM. inputthegeneralized generalized. . in CP analysis. ts-tooinone analyzesustoutputs. 12.cesscall indirect( nput,actual ist,ign) ign et f(ign) nction func utput r ac ig de (ign et) ig utput cesscall( nput,actual ist,ig al de,oig ,ig o)g o tp t or nction func utput erge(func utput,ig utput) th o tp t r t r (func utput) Call. arySummsophisticatedandork. ws:follo1. asximationapprotheof. 2. andconditionalsfunctions . 3. analysis. simplearemappingthegraph.cation17 4. calls. structurebasic.el te or . Analysisduraldata data woSpi71[All74, calls ar77 , an79 Ros79,84 88 , ur90 ]. presencehema ,tlyinducedaliasingC93 93 ]. e81Mydata forsolutionstextcona ciatingt the toinformation,tosolutionsaliasing.ofJM82[analysis. auseprogram. theyset,exacttoAlthough ,trasth.approac88 90 g.ceendenproblem. isuedata woproblem. Har89[HA92,ofanalysisprograms. frommadeceduralterproanalysis. in termediateineri-expresults.andLR92[a oseonditional caliasceduralters. an ciated-alias assumepair,aliasassumed-thet. callingtheofdeanalysis. presenceis ery ide references h. e ethin ers ewour er.pap18 propagatealsotheir urther,onditional cothertoceduralterproPRL91[]. analysisinC93 alias-ter-induceding. oin set call-site pairsaliasin the call-site . ervcall-sites. aliassourceer. kstacofhainsterencall-site.sameinforma-propagatingterennew spurious ters termedely. theduringGhi92[, phase HG93 moreisevanalyses.ariablesvSpi71[Ryd79, at ei80 90 Lak93[theosedcedure-procedureproofyscaneGhi92[]. ork. ation 86 , S 91 , 91 , 91 93 Generalizedanalysis.Har77[the onangeagation ‘traditional’moreand diagramsde and use alsoinformationts applied [ M81 ]. eryvdi orts. ofconcept‘stepping’ ur the idening ing andCousotCC92[samethee domains.e19 Conclusions n urther or orkframewngizicompiler. optimizing/paralleltousedinformation,ts-totexts.baseabuilt. newapropagation.aforprograms. endsdephighfornestingtherecursion. thatharacteristicsationobservconcrete.ncesefere]M77SIGPLAN. andCon the ourth CM ym on rin- ci anguages1977.17{19,]M88SIGPLAN. the G L Con on anguageand m lementation in G L es, otic23 7 1988.July[All74] ,rances data analysis. dings s pages,1974.398{402,[ an79] . aliasestheIn ariables.Con the i th nnual CM ym on rinci anguages1979.uary[ ar77] Je M. data In algorithm.Con doro the ourth CM ym on rinci anguages LCM77Apages],119{131. [amming[ 91] N. wbi . R.S. parallelforIn he i th nternational lel sing ym osium 638{641.pagesI 1991.y[ ur90] hael ceduralterprodata- analysis. CM on and ystems 3 1{:341990.July20 [C C93] J. G. Carini. t ofcomputationIn ects.Con the entieth nnual CM ym on rinci anguages1993.uary[CC77] Jan232{245,ofanalysisIn ts.Con the ourth CM ym on rinci anguages LCM77A238{252.pages[CC92] ],[wingwidening/narroterpretation. /RR/92/09, ue 1992.Juin[CCH 90] M. and . ulti-mgraph. call EEE on o t ering1990.April[CC 86] Callahan, eith er, en Linda tconstanIn the G L ym Constructionpages,in G L es, otic21 7 1986.July[C 84] and en . of ceduralterproIn the G L ym Con-ilerstruction tr eal, u inG L es6 1984.June[C 88] eith and en Inthe G L Con on anguage and m le- mentation CM88Ain G L es7 1988.July[ ]M81um and annotation. EEE ans-ron o t ering-7 2 1981.h[ HG93] M. inanalysisCAPS Science,Computertr eal, u 1993.Preparation[ ma93] m Cing1993.August[ ro93] A. McCA ,yected 1993.er[Ghi92] becemters. ort,rep, CAPS 62.Memo[G 93] Linda of ump In the G L ym on amminggranguage and m lementation 1993.June[HA92] 90{99,and InMiprac.Con i th orksho ilers or uting, C RR- 339{353. 1992. LNCS.as21 [Har77] ariables. EEE actionsanson r o t ering3 1977.y[Har89] Ma0,Harrison. pro-hemegrams. Sc 1989.ebruary[H 92] Chris am and hama Sridharan. McCA termediateinIn tations.Con i th orksho ilers or uting, LE C RR- 261{275. 1992. o CAPS .y[HR 88] Horwitz, and vid ceendenIn the G L Con on anguage esign and m lementation CM88Ain G L es7 1988.July[HR 90] Horwitz, and vid ceendengraphs. dep CM on and ystems 1 uaryJan1990. {60,:26[HS92] and Sridharan. AS McCA compiler. McGillort, CAPS 36.Note[JM82] esignN. A data andanalysisIn structures.Con the inth nnual CM ym on rinci anguages1982.66{74,[Lak93] pages,In graphs.Con doro the entieth nnual CM ym on rinci anguagespages,1993.273{284,[LR92] Land ceduralterproIn the G L ym on anguageand m lementation 1992.,[LR 93] Landi, Sean ect In the G L ym on ammigranguage and m lementation 1993.,e81]ugene data In algorithm.Con Eighth nnual CM ym on rinci anguages1981.uary[PRL91] JanSIGPLAN,H. and ande, and programs.CIn for the CM G Con on ting, alidationpages,139{153, V 1991.er[Ros79] ctobarry Rosen. ata languages. ceduralJ CM 2 April344,1979. :322{[Ryd79] program. EEE on o t earering1979.y22 [S 91] J. con-ofts. uter e2 1991.h[Spi71] MarcSpillman. In the ess Congr1971.Amsterdam,[Sri92] Co.,McCA McGillthesis,tr eal, u 1992.er[ ei80] illiam data cedureproIn ariables.Con the e enth ual CM ym osium on rinci anguages1980.uary[ 91] N. F. enneth hes.CM on and ystems 2 1991.April23 GC n the opoGCPtheounds.information. f thatensuringranges.infunctionally13. output. passedisthewithtconsistenop. isthed.cess, nput,ign) iterations utput old nput nput erge( utput) nput) ConstrainConditional(cond, nput) erged nput old nput) iterations maxiterations) t p cia ov non� aantic o ain tep nput,old nput) iterations utput cessgn)utput erge( nput) iterations iterations erged)vr t r ( utput) a opLohreace monotonicareof ery [0:: e.g.0] length: [0 :: 1] [ 1 :: 1] :[ :: where 21 In.2ariable,vunacceptable.reduced information. forcan,up’ torefuseeforeb:: huctime. step oplo.thisE i ti depththe24 case.op.main() t i ; t n ; t sum ; : i: ,n: , : np to op: oint (i n) p it ov itiona : oint sum sum i; i ; t op o : oint t op: oint are:iteration1. heact I.t2. oinpranges:is dyoop . thewitht op.lo3. tirerangeset . 4. ence.ergtablesthew:tteration teration i: .. : i: .. : i: .. : i: .. : i: .. : i: .. : neither thati notice enor w erged. onesteps tryestepping w soi �rst, try[1:: to20]. upe nd earlyye ations. 25 tteration teration i: .. ,n: .. i: : .. i: .. ,n: .. i: : .. i: .. : .. i: : .. i: .. ,n: .. : edergset [0:: ]. tteration i: .. : i: .. : i: .. : i: .. ,n: .. .. t.GC n for on e lls theofa informationmappingb . to calli rangeGCPis . call,ordinaryariable name cedure proi . thewingcedure proi to e 1 of dyi information:1 temp 0:[1..1] theobtainariable name cedureproi . t : . callheinformation. to calli thewithas 1 10] call to . atinformationt ybcedure proi . tC ona: .. .. a: .. .. C a: .. .. a: .. .. temp : .. , 26 ind t ppu, t v)t ptemp; ptemp ppu; ppu v;v ptemp; incr( t x)t temp ; temp x;x temp ; oint t main() t a; t b; t pa; t pb; t temp ; t temp ; a b ; pa pb b; oint incr(pa); oint temp temppb; ind ap(temp,temp ); oint incr(pa); oint a Programb MapandInformation Graphe xample C GC n for e lls exampletheterest. isprogramgraphcationanalysis.of i cationocedure e teredencounis: sum:[0..0] . calltheto of e theersingeled e ximationapprofor input e of e andcomputation,in i . 27 from i to e , ariables and names and mapGCPcedure e is 1 1 . recsum( t i, t m, t tot) to r t in tot (i m) tot tot i; recsum(i tot);n()t n ; t sum ; recsum( , n, sum); recsum( t i, t m, t tot) t temp ; t temp ; t temp ; temp m; oint (i temp ) temp tot; tot temp i; temp i ; oint recsum(temp tot);oint oint t main() t n; t sum; t temp ; t temp ; n sum ; temp tempsum; oint recsum( ,temp ,temp ); oint 15: - Programum for Graphum ybcedureprorecursion. output. generalizedthe28 output. computation,tinput . GCPoutputof theforinput. wingfollosteps: thein1. ceedsproto inputsending.y2. empttoof e input.the3. asinputconditionaltheconditional.the4. withthe Analyzei dy oset.t5. consistento e from e to e thisforcationoof e Ifen.theunmapt . pass asottomat the e de,noto e . 6. at informationGCPiteration.this7. foroutputoutputtheto 2. endingpwithit2.step8. tokt . computation.to . initialhetinconsisteniterations ofi couple �rstherethatwill e . tteration tored nput i: .. , m: .. , tot: .. tored utput ) i: .. , m: , tot: .. p : .. ) C i: .. , m: .. , tot: .. temp : temp : .. p : .. ) endingi: .. , m: .. , tot: .. 29 C after mapping of returned. outputhisfunction.theawithlist. islisto erformed.tteration tored nput i: .. , m: .. , tot: .. tored utput ) i: .. , m: , tot: .. p : .. ) C i: .. , m: .. , tot: .. temp : temp : .. p : .. ) endingi: .. , m: .. , tot: .. e i and so,erecursivup stepi to istosimilarthe ery hile tly-slighstepping yi b hoice]. tteration tored nput i: , m: .. , tot: .. tored utput ) i: , m: .. , tot: .. temp : ) i: .. , m: , tot: .. p : .. C i: .. , m: , tot: .. p : .. p : .. p : .. ) i: .. , m: , tot: .. p : .. endingi: .. , m: .. , tot: .. returns outputset ishup edi the ofthen output the. andthat ]. tteration tored nput i: .. , m: .. , tot: .. tored utput ) i: .. , m: , tot: ..

p : .. ) i: , m: .. , tot: .. p : .. C i: .. , m: , tot: .. temp : temp : .. p : .. ) i: , m: .. , tot: .. p : .. ending30 ccurred.oStoredInput.call utput is still . list , utput. tteration tored nput i: .. , m: .. , tot: .. tored utput i: , m: .. , tot: .. p : .. ) i: .. , m: , tot: .. p : .. ) i: , m: .. , tot: .. p : .. C i: .. , m: , tot: .. temp : temp : .. p : .. i: .. , m: , tot: .. temp : temp : .. p : .. ) i: .. , m: , tot: .. temp : temp : .. p : .. endingsubsetaused. isitutput. thewithStored utput. thesoused. hange,ct.tteration tored nput i: .. , m: .. , tot: .. tored utput i: .. , m: , tot: .. temp : temp : .. p : .. ) i: .. , m: , tot: .. p : .. ) i: , m: .. , tot: .. p : .. C i: .. , m: , tot: .. temp : temp : .. p : .. i: .. , m: , tot: .. temp : temp : .. p : .. ) i: .. , m: , tot: .. temp : temp : .. p : .. endingto i informationGCPt : ] . 31