HERE!!!GRAPHdge1edge21 1 3 2 1 2 3 2 3 4 3 4 vertex link 1 6 2 9 3 7 4 13 5 0 6 3 8 7 1 11 8 2 0 9 1 10 10 3 0 11 2 12 12 4 0 13 3 0 list.adjacency18 [20] ysica Ph140A Herrmann,(1986).421[21] ,H.J.Instr. Sci.??? Rev.89??).(1988??[22] ???,ys. Ph37 Stat.(1984).271[23] ,J.ys. PhA17 J.(1984).L801[24] ,Kalle,un. Comm37 ys.351,(1985). PhComput.[25] Smith,K.A.ys. Ph74 Theor.(1985).458[26] ,Progr.ys. Ph44 Stat.(1986).985[27] ,J.ercomputer Sup5 Kanada,(1988).31[28] ,Y.datapreliminaryin al,Mat-dDevelopments ent1988),ebruaryBerlin{erlag,1988).erg,[29] Heidelb(Springer-V(Suppl.) ysique49 Ph(1988).C8{1397[30] ,J.Lett. Rev.62 ys.ys. PhB322 Nucl.(1989).759[31] ,(1989);Rev. ys.D40 Ph(1989).1374[32] ,al,n.unicatio17 References [1] Deo, N.oryThee actic8.Chapter[2] 1977),NJ,ons, Gibbory The1985),Press,1.Chapter[3] yersiten, Evlgorithms A1979),MD,3.Chapter[4] cotomain Stau�er,Sta-inPhysics8.4.section[5] 1984),Berlin,Stau�er, D.ory TheLondon,rancis,1985). F&[6] yloraLett. Rev.58 ys.(1987).86[7] ,PhCM A7 un.(1964).506[8] 301,,uth, Knamming21,nd ol.v(Addison-ed.572.360,[9] 353-355,pp.Ullman, J.D.Com-oflgorithms A1974).s,[10] usetthSahni, S.lgorithms A(Computer Computerof1978).Maryland,[11] kville,cRev. ys.B14 Ph(1976).3438[12] ,elman,Algorithms J.3 Vishkin,(1982).57[13] ,U.eys Surv16 Computing(1984).319[14] ,Deo,in k,PhysicsS.Alder,245-280.pp.[15] 1963),ork,ysique Ph46 J.(1985).1645[16] ,Chen,Rev. ys.B33 Ph(1986).5089[17] ,Guttmann,ys. Ph51 Comput., J.Compagner,(1983)250[18] A.andys. Ph51 Comput.241,(1983). J.t,[19] oussainTInstr. Sci.56 Rev.(1985).169116 h?)depth-�rst-searcSIZE]TTICE5 LAOFDiscussion FUNCTIONAts,onenalgorithms graph::tlyrecendmethoSimon,H.D.Comput. Stat.9 Sci.Comput.al,un. Comm?? ys.fortreferences.othertswledgmenprob-thisforKennedyector-vonoutComputingAcademicercom-SupandPHY-8413569C-705.NA15 ertex vP the ok( hoi ystoonof ti parenor, bP neigh ’s( thej ) aitoktree theT on up( higherj ho to[e.g. ) ageoust" \grandparenP the to( tP an adv( ej b er,thereduceysato onoot( rj ed okossibleprequiredcomputation\forey arraP the computed( alreadyP e v( ha e� w 3,erformpthe to orderif in ))instruction theP replace can( eP w so( test,i Step)) in free": yp tP this of( di�cationj mo aybP (???) 4( StepP in )( ei mak)) can e w caseP one in( er,P ev w( Hoj iteration. erthis callC ationSVtheene�t.bbina-comersionsvBC.AB,3 C,B,ProgramsThe3.1 A,(original),manelAlgorithm Kopr-Hoshen-standard aTRAN ORalgo-GHKinexplained[? Section...????are3.2 noticetoAlgorithmh-Vishkinstandard aTRAN ORh-Shiloacasalgorithm???...3.3 arenoticeAlgorithmh-Vishkininalgorithm,standard h-Vishkin ShiloacTRAN ORgather/scatterwiththeusingcom-???????....4 piler.theTimingsandINALGORITHMORMS]Fh?)depth-�rst-searcSCALAROF14 Comment. L ( i ertex vi of. ellab12[theoflog???3 most= at2 afterterminatesn algorithm+???with iterations,L 2( thei executions,= )L instruction( orderingj admissible yif onlyi and ifand ) anj for thatconnectedsameof tG onenords:w(a) otherIny (arraL algorithmin-ofofutationels.lab(b) clustertheinstructionoflog???3 than= orse2 wern neviterations.2hine.macalgorithm:SV3(Stepsofeorder b cann iterations oflogthann rather12[3Figurethe omitted,ase worst-crunning are4order ofn eIt.the thatageaverand3of settingi ag the forthis callA ationSVtheerformance.ptheOnconsider tg engtheninrapidlymoreob-totheighthethenshort-strengthenederations,opshortcutting" \completeP the is( hi whic) ofP;evpr( strongesti the) shortcutting strengthened of yoot( ri h): hierarcaStep is There5 eration.)op1 cuttingastars.otedwhile ro ofexists therei forest a2 to inV graph terthat hP suc oin( pP the e( maki shortcutting":)) \Complete .6 of= cost extraP the justi�es( reductioni this) whetherish eaci for question2 case, theV is this, If required.parallel inP doiterationsevpr( ofi er) b um n theP reduce ould( wP trees of( thei wn)); docuth eaci for to2 action yV an that, ect expparallel inP do ould( wi one) stars, oted ro ofP forestaevpr( taini is); algorithmtheendwhile ofgoal5Step1 ifthatasomitted,\if test theP can e( bi can= )P 1Stepevpr( theni 5,oth bP initializethenand should 0P (Step2.evprthis callB ationewerformance.p13 Comment. (j i;cessed prolel althe,for aluesP v ar( pi in), eing bP are )( edgesP the ecause( bi thatand ))P Note ( j the inif used )the andthen eithereASLEASTTEST???]\IF"5shortcutting.Secondh eaci for .2 Step THEV REGARDS T, A ANT,parallelinP doWevpr( WEi T) WHA THIS [IS alues.P v \new"( theP or \old"( thei b)) ymaenddo stepsComment. in esP gostepevprneededeiteration.next6. Stepiteration.mainif of completioni ag forest6 T0 =then the of1Stepi agComment.�rstthethe ofs stepsoth wt12[asw(hence eitherP 5 or= 4 StepP duringhangedevpraisconnectedagraph originalG thetheeginphase.clean-up7. Step.tiallyindex sequen them er b0 umnh eaci for and2 ots roV the �nd, Clean-up: btially sequenorder)yif an (inP do to( readyi are= )i e wthen thatmeansindex This . of tindex onen comp1+L to( preciselyi onding) corresp one h eacindex op,self-loendif withstarsenddo otedroComment. of forestwithhiney arraL the thatstoredeas MINUTE:AT THAP UE TR( ITi IS) AIT i ALL ORi FTHEDOALGORITHM.]GHK8. Stepel.labh eaci for its2 ertex vV h eac, e givparallelinL do( Clean-up:i F) THE IN AS ASS,L P( SINGLEP A IN( UPi CLEAN)) CANWEenddo THENIS,12 ors bj neigh its[P ertices v( eredj b um) er-n wP <( loi toanso,tree theT ok ho( toi madeis otP ro [whose( )i isto onP )] attempt( Ifj )]. tingcourse,Ofhildren" \ci t di�erenot roP same the( ofi eralorsbj neigh tof di�eren erali sevok hoT to neously( ultai simsucceed;willedgesthe( ecausej i;cessed prolel alfor aluesP v the( ,i arand )P p in( eingj b arethe inif used )and )bthe that alsothen note eWETTEST???]\IF"e bthe ins stagnanttoth saidisationitereenbotherya isot oisotittoifthathenot,t inalso1.)Stepy the ofs 3Stepth inots:iteration, rothat ( i = )s the ofs 2Stepth afterifleastatertex vj one existsto tingi oin pto ti oin p(s the after� not did1) thattherest iterationand( i ) s <ertex vi h eacotro[ tP stagnan a( toi ts= )P oin p( thatP 4, Step( ini Then,and ( P ( i )) sors bj neigh itstingoin[P tree another( ofj ertex v) a to6 p= is ofP y an( whetheri kstheoktree ho toT made is( attempti anis otP ro [whose( )i so,to onP )] If( )].j hec children"\ci t di�erenot roP t stagnan( samei theors bj neigh tof di�eren erali sevtryyok hoT to neously( ultai simwknow.elo3ertices.vh eaci for t2 non-stagnan MarkV . Step, b explainedparallelinif do isP 4 and( 3i Steps) of ose6 purp= The one.P hwhicevpr( care)i not) do (andthen not( P ( i )) s i ag 1 endif enddo 4trees.th eac( forj i;) stagnan ok2 Ho.e Step, parallelinif do P ( i = )P ( P ( i and ( P ( i )) s <and P ( j ) 6 = P ( i ) then P ( P ( i )) P ( j ) endif enddo 11 f j i;g hreacedges tf di�erenj i;g eralsevot ror same the= ok hooot( ri toertices,vebaddition,Intheingraph.teralgorithmh-Vishkinaonceot.rows:folloStep as stagnancyzero.tos ags 1 h eaci for 2 V , parallelinP doevpr( i ) i ( i ) 0 enddo Comment. s ter; counP iteration theiteration;tP currentheevprtheofy later.explained1shortcutting.Firsti ag .Step e b0 willh eaci for 2 V , parallelinP do ( i ) P evpr( P evpr( i )) enddo i agComment.nonzeroecomestransformsstept:height t = 2 . 2together.treesh eac( forj i;) ok Ho2 .Stepe , parallelinif do P ( i = )P evpr( i and )P ( j ) P <( i ) then P ( P ( i )) P ( j ) endif enddo Comment. ertex vi h eacato[P iteration previous( thei of= )P endtheevpr( ati otofy10 with i 2(b).Figureedge thef 2; + 3g +Figureinedges thef 4; + 5g +, f 6; + 7g + edgesallf Afterj i;g on. sowith and i 3 Figurein2::; : [DEPTHS??]ts1 heigh::; : � the order);y1; require will2 ots::; : isrun-timeorder ofn totalthe2 Sosteps. If n set =??? n= those2(a)ered bn umorder ofn stillis2 run-timeThe. .nDIS-ANDStauf-Binder,orts Rep5 ys.section(1987),7. 265,2. Algorithmh-Vishkininen12[thee[OURalgorithm.RE-ITOOFPRHOLDS!!!]STILLcompu-parallelmemorysame\parallelandegun, ultaneouslyi.e. sim cessorstsubsequentheer,engiv\ aparallelconsequences:ngonwrittentheoralue.vduringcationone.hcorrectthefor y)l aloforderingsexecutions.instructiontheofoking"\hotheofgraph originalG tedgest9 else P ( i ) P ( P ( i )) endif enddo �rst,foundits enindex givthisin[since visitedP een b( ei v) ha i henceandits edindex receivadditionalnoy arraP single theevthoseforpass.clean-upregularon[? latticeseryvsystem, thei.e. of olumeorder ofn is it+ v [DOES.TWHACALLINGOREthegraphs,bad:1. xampley ann orwith graphn connected aand erticesn v exists� there ,1 Forwithorder ofn timerunning2 ahas. 1)Stepof. oSet Pr = cn=2 lcwith1(a),�rst � eenb(i.e. edgenextf ; 1g +of � �nd tooot( thatafter( edgei.e. The 1.f � 1 ; 2g +of � �nd tooot( � and1,order ofn usth2 isork. wxample Con 2. y ann or Fy existstherewith graphn connected aand hsucStepinorder n UE???]TRone|therefore,conjecture,edges thely althat,edges thef �rst1 cessingj ;g pro yof orderj ascending inedges thef then2 ,j ;g bis,with aphic grj o of orderj ascending infalse:3. xampley ann orwith graphn connected aand erticesn v exists� there ,1 Ferationsoporder ofn timerunning2 ahas. edgestheof. othat yn simplicit forteger graphtheedges allf Afterj i;g indicated.as8 1together.treesh eacf forj i;2 , y tiallorder)yif an (inoot( ri sequen) do oot( rj < ) then P ( oot( rj )) oot( ri ) P ( i ) oot( ri ) (*) P ( j ) oot( ri ) (*) else P ( oot( ri )) oot( rj ) P ( i ) oot( rj ) (*) P ( j ) oot( rj ) (*) endif enddo edge hf eacj i;g turn ingraph theG ofamalgamateandtrees theT , consider( ei wand )T 1 Step( inj us, Thsametheered.bexaminingwhenfrom pathsi the shorteningand y bj edges, tSection(Inoptionalthesetheuse\yconsidered eafteroneanother b usth-VishkinShiloacparallel.inthe throughdo passherties:prop(a) wingfollotrees.oted(b) roofedge thef Ifj i;g forest athen examined,i een band already hasj is Itsamethetree. toelong(c) btheP has graph( teri oin) p i all fori if onlyi and ifot.rotrees,otedgraph theG of; tonener, vP moreo and( compi connected) a i all fori eredbtsonenertices:v2el.labindex its ertex v h0 eacefor giv |i Clean-up .1 =to Step then through, pass singley tiall( sequender or) thisinif do aP in comp( connectedi the= )i er bthen umrenindex can e w ,index y ert1+P prop latter( thisi of) Because ertex. v umindex est-nw7 taining coni tree thetheusingy bP ted represen( arei ots= )i roouldwe:bfunction function theoot( ri ,) ifexample,ite i while P ( ite ) 6 = ite ite P ( ite ) endwhile oot( ri ) ite return to ortionalde t ( i 1.+h-VishkinShiloacgraph (; eolvthe graphaph grthetimessingletons,ofcoalesceforeste-btreesotedconnectedagraph originalG the. oftletee wondingcorrespedges ions.tat2. Algorithmman7[8,9[169???]165,10[theofearsy[ 15? pastHoshen-out11[ysicists.ph2 townws:folloStep as singletons.ofh eaci for forest2 a toV Initialize ., do P ( i ) i ; 2 e a e a e a e a . e a , e a ’ e e a e e - e a a a e ac - a e , e . . . e e a e e a e a a ec e a a ea e e e e - e a a a a e e . a , e ea e e e a a a ac ee e e ea a a e ea e ! e a e e e e ee e e c ca e ee c a c e c e . 6 TION?COLATURAL/QUICKER??NAalgorithm’stheapplications),hanicsa isling elmap aL i.e.: , labf cluster1 form::ng ; f 1 ::cg ;:that hL suc( ;i = )L ( j if onlyi and ifand ) j tonenof comp connectedG sameelslabf the1 of::cg ;. :;2.2 utationand hSearcnearlyin1[2,3,9,10,onlyen.summary2.3 briefh-ShiloacAlgorithmsVishkinA de�nitions:e egraphdirectedertex vr unique) (necessarilythe calledot othat:h(a) suc,nohascycles). andconnected(b) isitertex vi hfrom pathi directed unique)to (necessarilyar exists there. ,eacThe or Fdepth (i.e. treeThe ot.height ro thetheisA ertices.star d(i.e.1A ot).es tonenIf star).i (or treelet eT w forest,( ai htreethetaining coni eand ,oot( ri bot.roendingdepIf ot.i ro alet eP w ot,( roi aertexvfrom ti adjacenthe calledt enof ar pi isIf .i it ;then ot,P ro a( isi uniqueAunde�ned.heacy arraP an i.e.= t, parenf itsP to ertex( vi from) tersg oinn ebossibilities:p(a) ariousvP are there( hi whic= )i forforestatrees otedot o. rthe(b) atopP self-lo with( roi of0.=(c) )eP b to( graphi the) imagine ely< alternativ canalue v� theP use could( onei caseadditionalholdtains.con5 cation loi in. This]2n space es. needalgorithmselmaner-Hoshen-Kopnotetotime ( + n edgeAnalgorithm:wingfor follo thei y b1 =to list adjacencyn an todo translatede( i ) 0 t il ( i ) i enddo nextnode n 1+for j 1 =to do ( t il ( ed e 1( j ) )) nextnode tex( ernextnode ) ed e 2( j ) ( nextnode ) 0 t il ( ed e 1( j )) nextnode nextnode nextnode 1+with [sameed e 1 ed e 2] enddo ingwalgorithm: follo 0 for i 1 =to n do t isnode i while ( t isnode ) 6 0=t isnode ( t isnode ) if tex( ert isnode ) i then 1+ed e 1( ) i ed e 2( ) tex( ert isnode ) endif endwhile enddo c c a a i a a c a ca , c c a a e e e i a . e ’ a e c e , e ee a e a ca e e i a . 4 di�erences.tohileysicists,phdelmophenomenacriticaltheof14[anintheorythe15[16,1980,Sincethousandsofcarrytodelmo17[18,19,20,21,ectorizingv22[23,24,25,26,27,]. ercomputerssup6[isthatitsto512 atlatticeis 8 28[is 29[thoughentimeCPUintimingswnknodel.mogeneralizationsandnonlinear 30[31,CPUthe[CHECKclustersthinket.AlgorithmsThe2.1 e the ro lem Let G (; with graphn undirected anertices, and edgesc con- set ertexV v theto etake bf can1 e; w y2 generalit::ng ;. :;graph TheG of lossan structures,dgeelist data oan orad list encyoforder,(i graph:j) ; ( i 2 j;2 ) ::; : ;( i jedge undirectedf Thej i;g ).(j i;(i. [? listcollection af isL ]g n where lists,L linearaisto ti adjaceninstoreda�elds,vertex o wa andlink �eld tlist edL linkstarts 3 ductiontroproblemclassic1[2,3,forysics,studiesCarlo4[5,otherand6[thedetailapplication.latterLet this ofG ortance imp(; with graphn undirected anand Thenedges.1[2,3,] algorithmsh"of tsG onen comptime ( n + tdi�eren7[8[9,10,tlyenden11[]. elmanKoporder n least\atn ITIS2 [OR8[, di�cation mo? treducedeto b ( n + log to ( n + IN[ANDTO ( n + ALGORITHM??ORIGINALtenden[ALSOempiricallytime ( n + algorithmsthesetheirlimitsercomputers.sup12[algorithmparalleltime log(n using )n 13[, (see cessors? prothisof(SIMD)e-datah-Shiloacgather/scatterwithare.hardwowersusvondbprobabilities The.ectorizesvSVthemostforof for 1= alue2. vcriticalycomplexitandtdi�erenhitectures.arceautifulb12[reader.theandGHK2 1