24 6000-550Systemof eedC Sp 6: able TC RISC the+ on BLASAB 3 and6000-550SystemationM opshe79.3 A or B he75.6 C he70.9 he70.2 23 550delSystem/6000RISCused530(comparedMHzersionsvhwhicBLAS.ofcasethishecacforusedtext.the6000-550DOT AXPY accesspredicted measured predicted measured he41.6 41.15 27.72 27.4 memory:x and y stride26.62 26.04 20.17 19.53 x 167.20 5.90 6.62 5.29 x and y 164.16 3.40 3.96 2.60 6000-550heMemoryy y + Ax y y + A T x y y + Ax y y + A T x depth DOT AXPY DOT AXPY DOT AXPY DOT AXPY 1 38.0 26.2 38.0 26.3 16.1 15.5 18.8 13.4 2 51.0 39.2 51.0 39.2 17.9 17.4 19.2 16.4 3 57.5 40.0 57.8 40.0 19.0 21.2 19.7 17.1 4 61.0 40.0 61.7 40.2 19.6 17.2 19.8 17.2 22 [9] InIV.editor, drigue,ComputersNY,ork,Press.Academic[10] 1982.YSys-RISC21 References [1] baum,GreenalgebralinearCS-90-ortNoteorking#20). WCK[2] A(LAPcessor:proerview. vDevelopment1990.34:12{23,[3] ,andandFortran1990.oration,[4] CorpIBMalgebralinearsubprograms. basic 3e1990.16:1{17,[5] ,Softwarfortranofsubroutines. algebrae,14(1):1{171988.h[6] Marc,Incomputers.editor, hendel,’851986.ork,Holland.North[7] YNewlineardensecomputations. algebraeview1990.,[8] {13532(1):54forsubprogramsusage. FortranSoftw.20 willhinescyclesimilarcessorsproproblems.ector3. non-vonerformancepthehcomputers.largeer4. ondatedBLAS.3System/6000RISCenddephighthistheintheirofork.)w5 huctsentoguide3[]. System/6000RISCJ.ThomasIBMthetlyjoin19 of eedLU Sp 10:6000-530System10FigureaonoptimalTheerformancepksizes.c4 bloofConclusionsandIBMtheconclusions.wing1. follotheatishnicalteced.v2. improecessorspro10[yabilit18 oking t-loLU righinorkCrout inLU 17 of tsLU arian V6000-530SystemRISCoking left-loLU inorkt,arianfrom sizeb in rangeto step hn eac at� matrices triangularb thewhere ,b v okingand ksizen cblookingt-loorder ofb ystheandroutinesBLASork.woftsthe arian vLU k c16 1[]. ideathisequa-linearproblems.alueen-computinghigheandCKatsrank-k ultiplication, msolutionthethebutortable.p3.1 eb/6000Systemof erformanceLU p thefactorization comparetopartsshadedshadingerThe computed.oking left-lokcThe columns.oking right-lofamiliar(thethedateThe submatrix.out Crcolumnandcolumns.computedthe forLU ork wmatrix-theandDTRSM,ed kLU c blothewroutines.threetheof15 6000-530System3 RISCtheCKA6[7,preferableoftenmatrix-matrixyforvideidsoinSystem/6000section.previousdescoercomputerssup9[hniquestecofouthitectures.arcforcomputationsedk14 solongeed.spthethatmatrix ose SuppA discussion. meritsonlythatmatrixthe~ ofcolumnsA fewaoldtheof dimensionA leading theand512,~ isifA example,orthatoutofcolumns~ 16onlyA turnsitkc~ blotheA ycopatoaaddressingy arraA theaccess toA us requiresonlydimensione.vailablevfrom a isnetlib hniques tecto mailnetlib@ornl.gov (sende: ypmisc). fromdmr2.4 sendterformancePDGEMMandareDGEMMi.e., ts,y elemen tiguous con ony erformed p+ are ductsA prodotT thatsox hosen cfor andDGEMVand DGEMVC y b erformed pC erations op+ The dimensions.A matrixincreasingT forDGEMV,B DDOT, routinesDGEMM.fortoerationsareedoing w ultiplyO m matrix-matrix( orn FBLAS.3 3elon erationsO op )( Levn theusing2 ybrable oe-to-volume surfacHencee�ect.yhonerformedersionvstandardin13 ductC 1 C 2 C 3 C 4 C 5 C 6 C 1 C 2 C 3 C 4 C 5 C 6 ~ A B 1 B 2 B 3 B 4 B 5 B 6 �+ � ksckc~ (BlobloA individualofhe)C i C i ~ A B i �+ � forductsks�+ � r r r r r r r r 12 2N,2M,ZERO=ZERO=ZERO=ZERO=L1,)K)*B(K,J)A(I+1,K)*B(K,JK)*B(K,J+1)A(I,A(I+1,K)*B(K,J+1)+CONTINUE10T11+T21+T12+T22+CONTINUE20CONTINUE30of erformanceC p near-optimal for tC fragmen de+ Co 3:AB FigureC(I+1,J+1)inwnkc~ blotheA �xthenmatrix theA of yolvingvof kA cductsproC thecompute1 ew ords, wC otherIn1 .blo+ anotherto~ onvingA moeforeB bk1 cblo, this inC erationop2 eryev erform pC andma2 eW+ 4.Figure~ shoasA ks,cB bloto2 inmatrix.., .C ,the6 gdividin y bC hecac6 inlargely+ datawith~ erformedpA ebB to=6 C(I+1,J+1)J+1)kc~ blotheA yaineptimes.yof dimensionB leading thek cB blothei thathebloading ofB erheadvi otheheacof columnB er,vi Moreogreat.ductprohine.macerationopC the of eed spC the 3+ able TAB inwwhere sho eC w loading,and 24,A y baccessede11 of eedC Sp 3: able TC + AB 6000-530SystemationM opshe47.5 A or B he45.4 C he42.5 he41.5 y y + A T x elLev1),ablethanBLASarematrixwillsomeaccessed.is2.3 wroBLAS3erationopC ultiply m matrix-matrix theC erforming p+ In el;ABerationsoploadedharehardwhapproachine.macouldwofultipleo.wys arraA the, general, InB t mand a notC are Ncase,y10 4M,ZERO=ZERO=ZERO=ZERO=N1,)*X(J)A(J,IA(J,I+1)*X(J)+A(J,I+2)*X(J)+A(J,I+3)*X(J)+CONTINUE10TEMP1+TEMP2+TEMP3+TEMP4+CONTINUE20for dey Co del Mo 2:y Figure Y(I+3)+ = Y(I+3)A Y(I+2)=T Y(I+2)Y(I+1)x =Y(I+1)BLASheMemoryy y + Ax y y + A T x y y + Ax y y + A T x depth DOT AXPY DOT AXPY DOT AXPY DOT AXPY 1 22.7 15.6 22.6 15.5 8.7 9.0 11.0 7.7 2 30.4 23.5 30.4 23.4 10.4 10.0 11.2 9.5 3 34.1 24.0 34.2 23.8 10.6 12.3 11.4 9.7 4 36.3 24.0 36.4 23.6 11.3 9.8 11.3 10.3 datafortheoferation opy eed sp the he,y cac from+ accessed dataAx for thatwith erationA optheT forthatis|therehe.cacthe fory , memory from accessedy data for+ that noticeAx e wtlyslighthethanewthe ofy eed sp the althoughy that see+ Second, dimension.Ax leading its9 DO DO A(I,J)*X(J)+CONTINUE Y(I)=CONTINUE Y(I)decowith erationA optheT forultiplyaeitherthat,erationserandsopthisthatectorvossiblepector vY(I) the eeptoindataaccessingintserationopy the consider e wy reasons, o+ w tA theseorT Floaded.x; islinewith erationA op DOTstride.unitDOT.theh eacX(J) re-use toAstimes.tendsandisloadsThe.ene�tbregisters,taand8 BLASDOT AXPY accesspredicted measured predicted measured he25 24.5 16.67 16.4 memory:x and y stride14.81 14.6 11.43 11.3 x 163.65 3.2 3.40 3.2 x and y 162.08 1.8 2 1.4 (seeM ops1).abledataforaccess),stride-oneInailable.datatiguousaetohetoinandtheoryline),heinM opspredictionthepatterns.access2.2 memoryotherBLAS2erationsopy DGEMV BLAS 2 ely Lev the+ consider eAx w Hereand elLevy some for del moy the using+ and erformanceA pmeasuredT thewsx: sho1where 1,A(I,J) Figure iny bA(J,I) 7 thethathniquestech-tecoratedincorptheexploithine.mac2.1 torequiredBLAS1DOT:theN1,X(I)*Y(I)+CONTINUE10AXPY:theN1,ALPHA*X(I)+CONTINUE10he.cacfor oneX(I) loads, ofor andY(I) w. trequiresTherecycles.owinM ops;1).ablethereAgain,6 Indeed,attainable.era-opalgorithmsexisting.tandopseobservisCPUrules:wing1. follothein-ontoin.ultaneously2. simexecutedebthatregistersrenaming).(register3. usingstillFMAs.with4. erlapvh).branc5. (zero-cyclengwholetheourIntalerimen,ysee.toer-pSubprogramsAlgebra8[5,4,5 .memoryinstructions.andahashe,cacaasonlymemoryhronoussyncestak64-bitAatransferegisters.t1.3 oin oating-pSerial the Linkticalvideprodisks,ofislinkandsecond,forsuitableunderiscessing.Matrix erationsptoinhasMHzcanthat4 strictifdisabletoinstructions.ound� compofalgorithm.ximationbutresults,tconstandecoevcaninstructionaofanddivisionresults.roundedinstructionfourinstruction,theontoinexecuted.ecanerationsell-wdataseparatethisMHz,(M ops).second1.2 erhesCacvidespro3 thethathatmeansng.ini2. elpiplogicthedataoftheeencomplete.to3. cycleoneinstructions.thecacarith-theinwhenTherefore,format.sionerformance.p� enhancehnexttheanyinstruction.earlier� busedul-m oating-Theseoneer,inde-arecycle.h� eacinareand2 theandareandunits.functionalandcommercialforSystem/6000edecializmemoryhighunit.cessingsomeoftortaneci�cspSystem/6000RISCare,hardwthe ofandchDevelopment ar. eseR1.1 ofJournalcessing nit anandinstructionparalleltegratedinunits:functional1. butseparatethetohing,branctheof1 ra erationsp� k . ongarra om uter e e artment, e, noxvi e, - at es ction, a i ge ationa a atory, a i ge, eter est ., i inson ouse, or an i , x or , , an iuse olo an enter or cienti ering om uting, via gione , anuary , s . . System System er iew 2[]. hitecturearcthesince1980s.earlyinstructiontedtation.implemenwithciatedcessors.coproh199117,IECSEC.EARN andScienceCCR-8809615.No.1