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The PC GAMESS projectThe PC GAMESS project



What is Quantum Chemistry?What is Quantum Chemistry?

QuantumQuantum ChemistryChemistry (QC) (QC) isis thethe sciencescience basedbased onon
applicationsapplications ofof thethe firstfirst principlesprinciples ofof quantumquantum
mechanicsmechanics toto studiesstudies ofof chemicalchemical systemssystems..
AllAll chemicalchemical systemssystems areare treatedtreated asas setssets ofof
electronselectrons andand nucleinuclei. . SolutionsSolutions ofof thethe SchrodingerSchrodinger
EquationEquation containcontain informationinformation onon allall molecularmolecular
propertiesproperties..
TheThe molecularmolecular SchrodingerSchrodinger EquationEquation oughtought toto bebe
solvedsolved approximatelyapproximately toto getget thethe propertiesproperties ofof thethe
molecularmolecular systemsystem ofof interestinterest. . 



What is GAMESS?What is GAMESS?

GAMESSGAMESS meansmeans GGeneraleneral AAtomictomic andand
MMolecularolecular EElectroniclectronic SStructuretructure SSystemystem..
GAMESS (US) GAMESS (US) isis beingbeing developeddeveloped andand
maintainedmaintained byby thethe membersmembers ofof thethe Gordon’sGordon’s
researchresearch groupgroup atat IowaIowa StateState UniversityUniversity..
TodayToday itit isis thethe mostmost popularpopular nonnon--
commercialcommercial QC QC packagepackage.  .  



How GAMESS is used in
chemical research?

How GAMESS is used in
chemical research?

ToTo predictpredict structuresstructures ofof bothboth equilibriumequilibrium andand
transitiontransition statesstates ofof moleculesmolecules inin variousvarious electronicelectronic
statesstates..
ToTo calculatecalculate variousvarious molecularmolecular propertiesproperties likelike dipoledipole
momentsmoments, , polarizabilitiespolarizabilities, , atomicatomic chargescharges, , andand soso
forthforth..
ToTo predictpredict andand interpretinterpret molecularmolecular spectraspectra..
ToTo calculatecalculate sectionssections ofof molecularmolecular PPotentialotential EEnergynergy
SSurfacesurfaces (PES) (PES) andand toto getget variousvarious dynamicaldynamical
parametersparameters likelike lifetimeslifetimes, , reactionreaction ratesrates, , andand soso forthforth..
. . . . . . 



Why PC?Why PC?

FastFast..
CheapCheap..
BestBest priceprice//performanceperformance ratioratio..
HundredsHundreds ofof millionsmillions PCsPCs overover thethe worldworld. . 



Why (PC) GAMESS?Why (PC) GAMESS?

NonNon--commercialcommercial..
ProgramProgram sourcessources areare availableavailable..
WellWell--knownknown andand trustworthytrustworthy..
BroadBroad functionalityfunctionality. . 
VarietyVariety ofof availableavailable calculationcalculation methodsmethods..



The PC GAMESS project initial
goal:

The PC GAMESS project initial
goal:

ToTo createcreate GAMESS GAMESS versionversion whichwhich willwill runrun
asas fastfast asas possiblepossible onon IntelIntel--basedbased systemssystems..



What is the PC GAMESS?What is the PC GAMESS?

TheThe PC GAMESS PC GAMESS isis ourour freelyfreely--
availableavailable IntelIntel--specificspecific versionversion ofof thethe
GAMESSGAMESS (US) (US) programprogram..
ByBy nownow, , approximatelyapproximately 400400--600 600 usersusers
(10(10--15% 15% ofof allall GAMESS GAMESS usersusers) ) overover
thethe worldworld..



The PC GAMESS key features:TheThe PC GAMESS PC GAMESS keykey featuresfeatures::

StronglyStrongly modifiedmodified toto achieveachieve thethe maximummaximum possiblepossible
performanceperformance onon IntelIntel--basedbased platformsplatforms;;
FunctionallyFunctionally extendedextended toto provideprovide QC QC methodsmethods whichwhich areare notnot
currentlycurrently presentpresent inin thethe regularregular GAMESS GAMESS versionversion;;
WrittenWritten toto supportsupport bothboth sharedshared memorymemory ((viavia multithreadingmultithreading
onon SMPSMP systemssystems) ) andand distributeddistributed memorymemory ((viavia MPIMPI onon LANsLANs
andand PC PC clustersclusters) ) parallelparallel modelsmodels ofof executionexecution;;
RunsRuns onon allall popularpopular PC PC OperatingOperating SystemsSystems: : 

Win32:Win32: NTNT ((thethe basebase OS OS forfor PC GAMESS) PC GAMESS) & Win9x& Win9x
LinuxLinux ((onlyonly partialpartial supportsupport atat presentpresent))
OS/2OS/2

DifferentDifferent executablesexecutables tunedtuned forfor PentiumPentium, , PentiumPentium ProPro, , 
PentiumPentium II II andand PentiumPentium III III CPUsCPUs. . 



Current goals of the PC 
GAMESS project:

Current goals of the PC 
GAMESS project:

SupportSupport ofof modernmodern highhigh--levellevel highlyhighly--
correlatedcorrelated calculationcalculation techniquestechniques..
BetterBetter SMP SMP supportsupport..
BetterBetter distributeddistributed memorymemory parallelparallel
algorithmsalgorithms..
BetterBetter performanceperformance onon newnew Intel’sIntel’s CPUsCPUs..
BetterBetter LinuxLinux supportsupport..



The PC GAMESS on the Web:The PC GAMESS on the Web:

httphttp://://classic.chem.msu.suclassic.chem.msu.su//grangran//gamessgamess//index.htmlindex.html



Optimization techniquesOptimization techniques



Common problems of all QC 
packages: 

Common problems of all QC 
packages: 

NonNon--uniformuniform qualityquality ofof programprogram sourcessources..
VarietyVariety ofof algorithmsalgorithms andand datadata structuresstructures..
BothBoth sparsesparse andand densedense datadata..
HugeHuge CPU, CPU, memorymemory, , andand diskdisk spacespace
requirementsrequirements..



What has been done to GAMESS to
make it PC GAMESS?

What has been done to GAMESS to
make it PC GAMESS?

SourceSource--levellevel changeschanges..
IntelIntel--specificspecific optimizationoptimization..
SupportSupport ofof parallelparallel executionexecution ((bothboth SMP SMP 
andand distributeddistributed memorymemory systemssystems).).
FastFast I/O I/O andand memorymemory managementmanagement..
DevelopmentDevelopment ofof ourour ownown QC QC codecode..



Structure of the PC GAMESS code:Structure of the PC GAMESS code:

24%

33%

18%

11%
5%

9%
Slightly modified
GAMESS code
Modified GAMESS
code
Fully rewritten
GAMESS code
New code written in
MSU
PC GAMESS low-
level libraries
Third-party code



Source-level changesSource-level changes



Source-level changes:SourceSource--levellevel changeschanges::

MultipleMultiple bugbug fixesfixes..
MultipleMultiple sourcesource--levellevel changeschanges toto improveimprove
performanceperformance..
MultipleMultiple changeschanges inin thethe internalinternal datadata
structuresstructures..
MultipleMultiple modulesmodules havehave beenbeen entirelyentirely
rewrittenrewritten toto speedspeed upup thethe programprogram..



Source-level changes: key ideasSourceSource--levellevel changeschanges:: key ideas

BasicBasic rulesrules::
ChoiceChoice ofof optimaloptimal calculationcalculation strategystrategy withwith
minimalminimal numbernumber ofof operationsoperations, , memorymemory andand diskdisk
requirementsrequirements..
MemoryMemory accessaccess optimizationoptimization byby changingchanging datadata
layoutlayout..
LoopLoop simplificationsimplification. . 
LoopLoop splittingsplitting. . AvoidingAvoiding multiplemultiple datadata streamsstreams atat a a 
timetime..
DiviDividede removalremoval..
ComplexComplex codecode simplificationsimplification. . DataData dependencedependence
removalremoval..



Source-level changes: key ideasSourceSource--levellevel changeschanges:: key ideas

DenseDense datadata casecase::
ReformulationReformulation ofof algorithmsalgorithms inin termsterms ofof linearlinear
algebraalgebra objectsobjects, , ifif possiblepossible
ExtensiveExtensive useuse ofof BLAS BLAS routinesroutines..
BLAS BLAS levellevel 3 3 usageusage isis highlyhighly preferredpreferred..



Source-level changes: key ideasSourceSource--levellevel changeschanges:: key ideas

SparseSparse datadata casecase::
MovingMoving fromfrom unstructuredunstructured sparsesparse datadata toto densedense
datadata withwith blockblock structurestructure, , ifif possiblepossible. . 
UseUse ofof BLAS BLAS andand sparsesparse BLAS BLAS extensionsextensions, , 
whenwhen appropriateappropriate..
UseUse ofof efficientefficient assemblyassembly--writtenwritten routinesroutines..



Source level changes: Example #1 Source level changes: Example #1 
DiviDividede removalremoval::

S = S = ΣΣ aaii//bbii
IdeaIdea:: aa11/b/b11 + a+ a22/b/b2 2 = (a= (a11bb22+b+b11aa22)/b)/b11bb22
a = a(1)a = a(1)
b = b(1) b = b(1) 
dodo i=2,ni=2,n
a = a•b(i)a = a•b(i) + b•a(i)+ b•a(i)
b = b•b(i)b = b•b(i)

endend dodo
S = a/bS = a/b

OneOne dividividede → → threethree multiplymultiply..
PotentialPotential problemproblem: FP : FP overflowoverflow//underflowunderflow.  .  



Source level changes: Example #2Source level changes: Example #2

MatrixMatrix--matrixmatrix multiplicationmultiplication::
Y = CY = C11•X•C•X•C22 = (C= (C11•X)•C•X)•C22 = C= C11•(X•C•(X•C22))
DimensionsDimensions:: CC11 m m byby n,  X  n n,  X  n byby n,n,
CC22 n n byby k,   k,   andand Y  m Y  m byby k.k.
NumberNumber ofof FP FP operationsoperations::

FirstFirst wayway:: 2•m•n•n 2•m•n•n + + 2•m•n•k2•m•n•k
SecondSecond wayway:: 2•k•n•n  2•k•n•n  + + 2•m•n•k2•m•n•k
DifferenceDifference:: 2•(2•(mm--kk)•n)•n22

ConclusionConclusion:: thethe orderorder ofof multiplicationsmultiplications
cancan bebe veryvery importantimportant..



Source level changes: Example #3Source level changes: Example #3

SparseSparse datadata reorderingreordering::
Z = X•YZ = X•Y, , matricesmatrices X X andand Y Y havehave manymany zerozero elementselements ((e.ge.g., ., 
duedue toto symmetrysymmetry).).

Z X Y

After reordering of lines and columns of matrices:

Only nonzero blocks should be multiplied.

0

0

0

0

0

0



Source level changes: Example #4Source level changes: Example #4
FockFock matrixmatrix updateupdate: : changingchanging memorymemory layoutlayout..

InitialInitial codecode versionversion::
DIMENSION D(*), F(*), IA(*)DIMENSION D(*), F(*), IA(*)
DO M=1,NINTDO M=1,NINT

GET NEXT V AND CORRESPONDING INDICES I,J,K,LGET NEXT V AND CORRESPONDING INDICES I,J,K,L
NIJ = IA(I) + JNIJ = IA(I) + J
NIK = IA(I) + KNIK = IA(I) + K
NIL = IA(I) + LNIL = IA(I) + L
NKL = IA(K) + LNKL = IA(K) + L
NJK = IA(MAX(J,K)) + MIN(J,K)NJK = IA(MAX(J,K)) + MIN(J,K)
NJL = IA(MAX(J,L)) + MIN(J,L)NJL = IA(MAX(J,L)) + MIN(J,L)

V4  = V*4.0D0V4  = V*4.0D0

F(NIJ) = F(NIJ) + V4*D(NKL)F(NIJ) = F(NIJ) + V4*D(NKL)
F(NKL) = F(NKL) + V4*D(NIJ)F(NKL) = F(NKL) + V4*D(NIJ)
F(NIK) = F(NIK) F(NIK) = F(NIK) -- V *D(NJL)V *D(NJL)
F(NJL) = F(NJL) F(NJL) = F(NJL) -- V *D(NIK)V *D(NIK)
F(NIL) = F(NIL) F(NIL) = F(NIL) -- V *D(NJK)V *D(NJK)
F(NJK) = F(NJK) F(NJK) = F(NJK) -- V *D(NIL)V *D(NIL)

END DOEND DO



Source level changes: Example #4Source level changes: Example #4

ProblemProblem:: WhyWhy thethe codecode aboveabove isis slowslow??
TheThe consecutiveconsecutive valuesvalues ofof indicesindices NIJNIJ, , NIKNIK, , 
NILNIL, , NKLNKL, , NJKNJK, , andand NJLNJL usuallyusually showshow nono
regularregular patternspatterns..
OnOn eacheach iterationiteration, 12 , 12 cachecache lineslines areare fetchedfetched, , 
andand 6 6 ofof themthem areare modifiedmodified..

SolutionSolution::
UseUse ofof differentdifferent memorymemory layoutlayout. . ConvertConvert arraysarrays
DD andand FF intointo oneone structurestructure, , alignedaligned onon thethe cachecache
lineline boundaryboundary..
InIn thisthis casecase, , onlyonly 6 6 cachecache lineslines areare fetchedfetched andand
modifiedmodified onon eacheach iterationiteration..



Source level changes: Example #4Source level changes: Example #4
FockFock matrixmatrix updateupdate: : changingchanging memorymemory layoutlayout..

CodeCode withwith datadata localitylocality improvedimproved::
STRUCTURE /D_F/STRUCTURE /D_F/

DOUBLE PRECISION D,FDOUBLE PRECISION D,F
END STRUCTUREEND STRUCTURE
RECORD /D_F/ DF(*)RECORD /D_F/ DF(*)

DO M=1,NINTDO M=1,NINT
......

DF(NIJ).F = DF(NIJ).F + V4*DF(NKL).DDF(NIJ).F = DF(NIJ).F + V4*DF(NKL).D
DF(NKL).F = DF(NKL).F + V4*DF(NIJ).DDF(NKL).F = DF(NKL).F + V4*DF(NIJ).D

DF(NIK).F = DF(NIK).F DF(NIK).F = DF(NIK).F -- V *DF(NJL).DV *DF(NJL).D
DF(NJL).F = DF(NJL).F DF(NJL).F = DF(NJL).F -- V *DF(NIK).DV *DF(NIK).D

DF(NIL).F = DF(NIL).F DF(NIL).F = DF(NIL).F -- V *DF(NJK).DV *DF(NJK).D
DF(NJK).F = DF(NJK).F DF(NJK).F = DF(NJK).F -- V *DF(NIL).DV *DF(NIL).D

END DOEND DO



Source level changes: Example #4Source level changes: Example #4
FockFock matrixmatrix updateupdate: : datadata dependencedependence removalremoval..
CompilerCompiler--generatedgenerated codecode isis stillstill slowslow becausebecause
statementsstatements #1#1--6 6 shouldshould bebe executedexecuted inin orderorder ((somesome
ofof indicesindices cancan occasionallyoccasionally coincidecoincide):):

DO M=1,NINTDO M=1,NINT
......
DF(NIJ).F = DF(NIJ).F + V4*DF(NKL).D  ! (1)DF(NIJ).F = DF(NIJ).F + V4*DF(NKL).D  ! (1)

DF(NKL).F = DF(NKL).F + V4*DF(NIJ).D  ! (2)DF(NKL).F = DF(NKL).F + V4*DF(NIJ).D  ! (2)

DF(NIK).F = DF(NIK).F DF(NIK).F = DF(NIK).F -- V *DF(NJL).D  ! (3)V *DF(NJL).D  ! (3)

DF(NJL).F = DF(NJL).F DF(NJL).F = DF(NJL).F -- V *DF(NIK).D  ! (4)V *DF(NIK).D  ! (4)

DF(NIL).F = DF(NIL).F DF(NIL).F = DF(NIL).F -- V *DF(NJK).D  ! (5)V *DF(NJK).D  ! (5)

DF(NJK).F = DF(NJK).F DF(NJK).F = DF(NJK).F -- V *DF(NIL).D  ! (6)V *DF(NIL).D  ! (6)
END DOEND DO



Source level changes: Example #4Source level changes: Example #4
FockFock matrixmatrix updateupdate: : datadata dependencedependence removalremoval..
InIn mostmost casescases (95(95--99%), 99%), allall indicesindices areare differentdifferent. . 
PossiblePossible solutionssolutions::

CheckCheck forfor coincidedcoincided indicesindices andand handlehandle thisthis casecase
separatelyseparately, , otherwiseotherwise ignoreignore datadata dependencedependence. . 
SeparationSeparation ofof datadata withwith coincidedcoincided indicesindices intointo
specialspecial arraysarrays oror recordsrecords. . InIn generalgeneral casecase, , ignoreignore
datadata dependencedependence. . HandleHandle specialspecial casescases separatelyseparately..
RemovalRemoval ofof datadata dependencedependence byby usingusing severalseveral
temporarytemporary datadata recordsrecords ((nextnext slideslide))..
UseUse ofof specialspecial highlyhighly--optimizedoptimized assemblyassembly--
writtenwritten routineroutine..



Source level changes: Example #4Source level changes: Example #4
FockFock matrixmatrix updateupdate: : datadata dependencedependence removalremoval..

CodeCode withwith partiallypartially removedremoved datadata dependencedependence::

RECORD /D_F/ DF1(*), DF2(*), DF3(*) RECORD /D_F/ DF1(*), DF2(*), DF3(*) 

DO M=1,NINTDO M=1,NINT

......

DF1(NIJ).F = DF1(NIJ).F + V4*DF1(NKL).DDF1(NIJ).F = DF1(NIJ).F + V4*DF1(NKL).D

! (1)! (1)

DF1(NKL).F = DF1(NKL).F + V4*DF1(NIJ).DDF1(NKL).F = DF1(NKL).F + V4*DF1(NIJ).D

DF2(NIK).F = DF2(NIK).F DF2(NIK).F = DF2(NIK).F -- V *DF2(NJL).DV *DF2(NJL).D

! (2)! (2)

DF2(NJL).F = DF2(NJL).F DF2(NJL).F = DF2(NJL).F -- V *DF2(NIK).DV *DF2(NIK).D

DF3(NIL).F = DF3(NIL).F DF3(NIL).F = DF3(NIL).F -- V *DF3(NJK).DV *DF3(NJK).D

! (3)! (3)

DF3(NJK).F = DF3(NJK).F DF3(NJK).F = DF3(NJK).F -- V *DF3(NIL).DV *DF3(NIL).D

END DOEND DO



Source level changes: Example #5Source level changes: Example #5
ExternalExternal exchangeexchange contributionscontributions: : looploop splittingsplitting..

InitialInitial codecode ((simplifiedsimplified modelmodel):):
DO M = 1,NINTDO M = 1,NINT

GET NEXT V12P,V13P,V23P, AND CORRESPONDING INDICES I,J,K,LGET NEXT V12P,V13P,V23P, AND CORRESPONDING INDICES I,J,K,L

IAI = IA(I)IAI = IA(I)
IAJ = IA(J)IAJ = IA(J)
IAK = IA(K)IAK = IA(K)

IJ  = IAI + JIJ  = IAI + J
KL  = IAK + LKL  = IAK + L
EMP3P = EMP3P + V23P*DDOT(EMP3P = EMP3P + V23P*DDOT(NPAIRS,CijAONPAIRS,CijAO(1,IJ),1,CijAO(1,KL),1)(1,IJ),1,CijAO(1,KL),1)

IL = IAI + LIL = IAI + L
JK = IAJ + KJK = IAJ + K
EMP3P = EMP3P + V12P*DDOT(EMP3P = EMP3P + V12P*DDOT(NPAIRS,CijAONPAIRS,CijAO(1,IL),1,CijAO(1,JK),1)(1,IL),1,CijAO(1,JK),1)

IK = IAI + KIK = IAI + K
JL = IAJ + LJL = IAJ + L
EMP3P = EMP3P + V13P*DDOT(EMP3P = EMP3P + V13P*DDOT(NPAIRS,CijAONPAIRS,CijAO(1,IK),1,CijAO(1,JL),1)(1,IK),1,CijAO(1,JL),1)

END DOEND DO

CommentComment: : allall datadata residereside inin L2 L2 cachecache..



Source level changes: Example #5Source level changes: Example #5
ExternalExternal exchangeexchange contributionscontributions: : looploop splittingsplitting..

NewNew codecode ((upup toto 5050--80% 80% fasterfaster):):
DO M = 1,NINTDO M = 1,NINT

......

EMP3P = EMP3P +EMP3P = EMP3P +

V23P*DDOT(V23P*DDOT(NPAIRS,CijAONPAIRS,CijAO(1,IJ),1,CijAO(1,KL),1)(1,IJ),1,CijAO(1,KL),1)

END DOEND DO

DO M = 1,NINTDO M = 1,NINT

......

EMP3P = EMP3P +EMP3P = EMP3P +

V12P*DDOT(V12P*DDOT(NPAIRS,CijAONPAIRS,CijAO(1,IL),1,CijAO(1,JK),1)(1,IL),1,CijAO(1,JK),1)

END DOEND DO

DO M = 1,NINTDO M = 1,NINT

......

EMP3P = EMP3P +EMP3P = EMP3P +

V13P*DDOT(V13P*DDOT(NPAIRS,CijAONPAIRS,CijAO(1,IK),1,CijAO(1,JL),1)(1,IK),1,CijAO(1,JL),1)

END DOEND DO

NoteNote: : allall datadata stillstill inin L2 (L2 (notnot L1) L1) cachecache..



Source level changes: Example #5Source level changes: Example #5

ExternalExternal exchangeexchange contributionscontributions: : looploop splittingsplitting..

WhyWhy newnew codecode isis fasterfaster??

EachEach looploop iterationiteration usesuses onlyonly twotwo datadata streamsstreams!!



Intel-specific optimizationIntel-specific optimization



Intel-specific optimization:Intel-specific optimization:

IntelIntel--specificspecific sourcesource--levellevel optimizationoptimization..
CreationCreation andand useuse ofof highlyhighly--optimizedoptimized lowlow--
levellevel librarylibrary ofof thethe QC QC primitivesprimitives (LQCP).(LQCP).
ExtensiveExtensive usageusage ofof BLAS BLAS levellevel 3 (MKL).3 (MKL).
CPU CPU typetype, L1, , L1, andand L2 L2 cachecache sizesize
autodetectionautodetection. . ThisThis informationinformation isis usedused forfor
automaticautomatic finefine--tuningtuning byby severalseveral timetime--
criticalcritical partsparts ofof thethe PC GAMESS.PC GAMESS.



Where assembly code (LQCP) was
introduced?

Where assembly code (LQCP) was
introduced?

Contents of the LQCP library

9

28

22

25

Real time data
packing &
unpacking code

Time-critical QC-
specific code

Time-critical
complex service
code

BLAS
exstensions



Why assembly code (LQCP) was
introduced?

Why assembly code (LQCP) was
introduced?

AssemblyAssembly--writtenwritten codecode isis thethe fastestfastest..
DifferentDifferent versionsversions ofof librarylibrary areare finefine--tunedtuned forfor
differentdifferent Intel’sIntel’s CPUsCPUs. . 
AssemblyAssembly--writtenwritten librarylibrary reducesreduces thethe
dependencedependence onon compiler’scompiler’s qualityquality andand reliabilityreliability..
AssemblyAssembly--writtenwritten codecode allowsallows oneone toto useuse newnew
CPU CPU instructionsinstructions ((e.ge.g., ., cachecache--manipulationmanipulation).).
AssemblyAssembly--writtenwritten codecode allowsallows creationcreation ofof fastfast
OSOS--independentindependent SMP SMP synchronizationsynchronization
primitivesprimitives..



How to improve performance of
assembly code? 

How to improve performance of
assembly code? 

TypicalTypical problemproblem:: notnot enoughenough integerinteger
registersregisters..
IdeaIdea:: espesp cancan bebe usedused asas anan additionaladditional basebase
pointerpointer..
HowHow doesdoes itit workwork::

AdditionalAdditional spacespace forfor thethe temporarytemporary stackstack shouldshould bebe
reservedreserved asas thethe partpart ofof thethe datadata toto bebe processedprocessed..
OnOn entryentry, , routineroutine switchesswitches toto thisthis temporarytemporary stackstack..
ItIt isis nownow possiblepossible toto useuse espesp toto addressaddress datadata becausebecause thethe
offsetoffset toto thethe datadata blockblock isis knownknown andand itit isis fixedfixed..
OnOn exitexit, , oldold stackstack isis restoredrestored. . 



Use of optimized librariesUse of optimized libraries



Use of optimized libraries.Use of optimized libraries.

TwoTwo basicbasic librarieslibraries: MKL : MKL andand LQCP.LQCP.
GoalGoal:: optimizedoptimized librarieslibraries shouldshould bebe usedused asas
extensivelyextensively asas possiblepossible..
ToolsTools:: codecode andand datadata structuralstructural changeschanges toto
allowallow usageusage ofof optimizedoptimized librarieslibraries. . 



Use of optimized libraries: Example.UseUse ofof optimizedoptimized librarieslibraries: : ExampleExample..

OriginalOriginal codecode sequencesequence::
DO MB=1,NVIRDO MB=1,NVIR

DO MJ=1,NOCDO MJ=1,NOC

DO MK=1,NOCDO MK=1,NOC

DO MA=1,NVIRDO MA=1,NVIR

MAI  = IA(MA+NOC)MAI  = IA(MA+NOC)

TERM = T(MA,MJ,MK)TERM = T(MA,MJ,MK)

DO MI=1,NOCDO MI=1,NOC

MAI   = MAI+1MAI   = MAI+1

DIKAB = E(MI) + E(MK) DIKAB = E(MI) + E(MK) -- E(MA+NOC) E(MA+NOC) -- E(MB+NOC)E(MB+NOC)

P(MI,MJ) = P(MI,MJ) P(MI,MJ) = P(MI,MJ) -- TERM*X(MK,MAI,MB+NOC)/DIKABTERM*X(MK,MAI,MB+NOC)/DIKAB

END DOEND DO

END DOEND DO

END DOEND DO

END DOEND DO

END DOEND DO



Use of optimized libraries: Example.UseUse ofof optimizedoptimized librarieslibraries: : ExampleExample..
FirstFirst stepstep::

DO MB=1,NVIRDO MB=1,NVIR

DO MK=1,NOCDO MK=1,NOC

DO MA=1,NVIRDO MA=1,NVIR

MAI  = IA(MA+NOC)MAI  = IA(MA+NOC)

DO MI=1,NOCDO MI=1,NOC

MAI = MAI+1MAI = MAI+1

DIKAB = E(MA+NOC) + E(MB+NOC) DIKAB = E(MA+NOC) + E(MB+NOC) -- E(MI) E(MI) -- E(MK)E(MK)

X(MK,MAI,MB+NOC) = X(MK,MAI,MB+NOC)/DIKABX(MK,MAI,MB+NOC) = X(MK,MAI,MB+NOC)/DIKAB

DO MJ=1,NOCDO MJ=1,NOC

P(MI,MJ) = P(MI,MJ) + T(MA,MJ,MK)*X(MK,MAI,MB+NOC)P(MI,MJ) = P(MI,MJ) + T(MA,MJ,MK)*X(MK,MAI,MB+NOC)

END DOEND DO

END DOEND DO

END DOEND DO

END DOEND DO

END DOEND DO



Use of optimized libraries: Example.UseUse ofof optimizedoptimized librarieslibraries: : ExampleExample..

SecondSecond stepstep, , looploop #1:#1:
DO MB=1,NVIRDO MB=1,NVIR
DO MA=1,NVIRDO MA=1,NVIR
MAI  = IA(MA+NOC)MAI  = IA(MA+NOC)
DO MI=1,NOCDO MI=1,NOC
MAI = MAI+1MAI = MAI+1
DO MK=1,NOCDO MK=1,NOC
DIKAB = E(MA+NOC) + E(MB+NOC) DIKAB = E(MA+NOC) + E(MB+NOC) -- E(MI) E(MI) -- E(MK)E(MK)
X(MK,MAI,MB+NOC) = X(MK,MAI,MB+NOC)/DIKABX(MK,MAI,MB+NOC) = X(MK,MAI,MB+NOC)/DIKAB

END DOEND DO
END DOEND DO

END DOEND DO
END DOEND DO



Use of optimized libraries: Example.UseUse ofof optimizedoptimized librarieslibraries: : ExampleExample..

SecondSecond stepstep, , looploop #2:#2:
DO MB=1,NVIRDO MB=1,NVIR
DO MK=1,NOCDO MK=1,NOC
DO MJ=1,NOCDO MJ=1,NOC
DO MA=1,NVIRDO MA=1,NVIR
MAI = IA(MA+NOC)MAI = IA(MA+NOC)
DO MI=1,NOCDO MI=1,NOC
MAI = MAI+1MAI = MAI+1
P(MI,MJ) = P(MI,MJ) +P(MI,MJ) = P(MI,MJ) +

T(MA,MJ,MK)*X(MK,MAI,MB+NOC)T(MA,MJ,MK)*X(MK,MAI,MB+NOC)
END DOEND DO

END DOEND DO
END DOEND DO

END DOEND DO
END DOEND DO



Use of optimized libraries: Example.UseUse ofof optimizedoptimized librarieslibraries: : ExampleExample..

ThirdThird stepstep, , looploop #2:#2:
DO MB=1,NVIRDO MB=1,NVIR
DO MK=1,NOCDO MK=1,NOC
DO MJ=1,NOCDO MJ=1,NOC
DO MI=1,NOCDO MI=1,NOC
DO MA=1,NVIRDO MA=1,NVIR
MAI  = IA(MA+NOC) + MIMAI  = IA(MA+NOC) + MI
P(MI,MJ) = P(MI,MJ) +P(MI,MJ) = P(MI,MJ) +

T(MA,MJ,MK)*X(MK,MAI,MB+NOC)T(MA,MJ,MK)*X(MK,MAI,MB+NOC)
END DOEND DO

END DOEND DO
END DOEND DO

END DOEND DO
END DOEND DO



Use of optimized libraries: Example.UseUse ofof optimizedoptimized librarieslibraries: : ExampleExample..
FourthFourth stepstep, , looploop #2:#2:

DO MB=1,NVIRDO MB=1,NVIR

DO MK=1,NOCDO MK=1,NOC
DO MI=1,NOCDO MI=1,NOC
DO MA=1,NVIRDO MA=1,NVIR

MAI = IA(MA+NOC) + MIMAI = IA(MA+NOC) + MI
Y(MA,MI) = X(MK,MAI,MB+NOC)Y(MA,MI) = X(MK,MAI,MB+NOC)

END DOEND DO

END DOEND DO
DO MI=1,NOCDO MI=1,NOC
DO MJ=1,NOCDO MJ=1,NOC

DO MA=1,NVIRDO MA=1,NVIR
P(MI,MJ) = P(MI,MJ) + Y(MA,MI)*T(MA,MJ,MK)P(MI,MJ) = P(MI,MJ) + Y(MA,MI)*T(MA,MJ,MK)

END DOEND DO

END DOEND DO
END DOEND DO

END DOEND DO

END DOEND DO



Use of optimized libraries: Example.UseUse ofof optimizedoptimized librarieslibraries: : ExampleExample..

FifthFifth stepstep, , looploop #2:#2:
DO MB=1,NVIRDO MB=1,NVIR
DO MK=1,NOCDO MK=1,NOC
DO MI=1,NOCDO MI=1,NOC
DO MA=1,NVIRDO MA=1,NVIR
MAI = IA(MA+NOC) + MIMAI = IA(MA+NOC) + MI
Y(MA,MI) = X(MK,MAI,MB+NOC)Y(MA,MI) = X(MK,MAI,MB+NOC)

END DOEND DO
END DOEND DO

CALL DGEMM('T','N',NOC,NOC,NVIR,1.0D0,Y,NVIR,CALL DGEMM('T','N',NOC,NOC,NVIR,1.0D0,Y,NVIR,
T(1,1,MK),NVIR,1.0D0,P,NOC)T(1,1,MK),NVIR,1.0D0,P,NOC)

END DOEND DO
END DOEND DO



Use of optimized libraries: Example.UseUse ofof optimizedoptimized librarieslibraries: : ExampleExample..

FinallyFinally, , eliminatingeliminating looploop #1:#1:
DO MB=1,NVIRDO MB=1,NVIR
DO MK=1,NOCDO MK=1,NOC
DO MI=1,NOCDO MI=1,NOC
DO MA=1,NVIRDO MA=1,NVIR
MAI   = IA(MA+NOC) + MIMAI   = IA(MA+NOC) + MI
DIKAB = E(MA+NOC) + E(MB+NOC) DIKAB = E(MA+NOC) + E(MB+NOC) -- E(MI) E(MI) -- E(MK)E(MK)
Y(MA,MI) = X(MK,MAI,MB+NOC)/ DIKABY(MA,MI) = X(MK,MAI,MB+NOC)/ DIKAB

END DOEND DO
END DOEND DO
CALL DGEMM('T','N',NOC,NOC,NVIR,1.0D0,Y,NVIR,CALL DGEMM('T','N',NOC,NOC,NVIR,1.0D0,Y,NVIR,

T(1,1,MK),NVIR,1.0D0,P,NOC)T(1,1,MK),NVIR,1.0D0,P,NOC)
END DOEND DO

END DOEND DO



ParallelizationParallelization



Support of parallel execution:Support of parallel execution:

SMP SMP isis supportedsupported viavia multithreadingmultithreading..
ParallelParallel ((MPIMPI--basedbased) PC GAMESS ) PC GAMESS versionversion
forfor Win32Win32--based based LANsLANs andand clustersclusters..



SMP parallelelizationSMP parallelelization



SMP parallelization.SMP parallelization.
MultithreadingMultithreading isis optimaloptimal parallelizationparallelization
strategystrategy onon sharedshared memorymemory parallelparallel systemssystems..
BenefitsBenefits::

MoreMore efficientefficient..
UsesUses lessless systemsystem resourcesresources..
NoNo unnecessaryunnecessary codecode andand datadata duplicationduplication..
SimpleSimple I/O I/O controlcontrol andand I/O I/O optimizationoptimization..

DrawbacksDrawbacks::
MultithreadedMultithreaded codecode isis moremore complexcomplex..
MultithreadingMultithreading requiresrequires significantsignificant changeschanges inin datadata
layoutlayout. . NoNo calculationscalculations inin COMMONsCOMMONs, , onlyonly inin
automaticautomatic andand dynamicdynamic datadata structuresstructures. . 



SMP parallelization: different ways.SMP parallelization: different ways.
TheThe simplestsimplest wayway::

UseUse ofof MKL MKL builtbuilt inin multithreadingmultithreading..
BenefitsBenefits::

TakesTakes nono additionaladditional effortsefforts..
FullyFully transparenttransparent..
GoodGood scalingscaling ifif largelarge matricesmatrices areare usedused..

DrawbacksDrawbacks::
Win32Win32--specific specific solutionsolution..
ManyMany QC QC methodsmethods dodo notnot allowallow efficientefficient formulationformulation inin termsterms
ofof matrixmatrix--matrixmatrix multiplicationsmultiplications oror LAPALAPACKCK routinesroutines..
MatrixMatrix--formulatedformulated QC QC methodsmethods usuallyusually dealdeal withwith relativelyrelatively
smallsmall matricesmatrices ((e.ge.g., ., fromfrom 100x100 100x100 toto 500x500). 500x500). HenceHence, , thethe
scalingscaling isis usuallyusually notnot veryvery goodgood onon fourfour-- andand eighteight--CPUsCPUs
systemssystems. . 



SMP parallelization: different ways.SMP parallelization: different ways.
TheThe bestbest wayway::

NativeNative supportsupport ofof multithreadingmultithreading. . 
BenefitsBenefits::

WiderWider applicabilityapplicability..
BetterBetter performanceperformance..
BetterBetter scalingscaling..

DrawbacksDrawbacks::
RequiresRequires developmentdevelopment ofof newnew algorithmsalgorithms..
RequiresRequires datadata structuralstructural changeschanges..
TakesTakes additionaladditional programmingprogramming effortsefforts..



SMP parallelization: Real Life.SMP parallelization: Real Life.
CombinationCombination ofof bothboth MKLMKL--levellevel andand nativenative
multithreadingmultithreading modelsmodels..

UseUse ofof MKLMKL--levellevel multithreadingmultithreading::
LargeLarge matricesmatrices..
ComplexComplex matrixmatrix--basedbased algorithmsalgorithms whichwhich areare stillstill toto
bebe rewrittenrewritten toto useuse nativenative multithreadingmultithreading..

UseUse ofof nativenative multithreadingmultithreading::
QC QC algorithmsalgorithms whichwhich cannotcannot bebe formulatedformulated inin termsterms
ofof matrixmatrix--matrixmatrix multiplicationmultiplication. . 
MatrixMatrix--basedbased QC QC algorithmsalgorithms whichwhich werewere alreadyalready
rewrittenrewritten toto useuse nativenative multithreadingmultithreading..
AsynchronousAsynchronous I/O.I/O.

OurOur prioritypriority:: purelypurely nativenative multithreadingmultithreading. . 



SMP parallelization: 
OpenMP vs. manual multithreading.

SMP parallelization: 
OpenMP vs. manual multithreading.

UseUse ofof OpenMPOpenMP
BenefitsBenefits::

EasyEasy toto useuse..
IndustryIndustry standardstandard..
PortabilityPortability acrossacross OpenMPOpenMP--awareaware FortranFortran compilerscompilers..

DrawbacksDrawbacks::
RequiresRequires useuse ofof OpenMPOpenMP--awareaware FortranFortran compilercompiler..



SMP parallelization: 
OpenMP vs. manual multithreading.

SMP parallelization: 
OpenMP vs. manual multithreading.

UseUse ofof manualmanual multithreadingmultithreading
BenefitsBenefits::

PotentiallyPotentially betterbetter performanceperformance..
SimplerSimpler memorymemory usageusage controlcontrol..
FlexibilityFlexibility..
WiderWider portabilityportability acrossacross differentdifferent OS OS andand FortranFortran
compilerscompilers..

DrawbacksDrawbacks::
RequiresRequires muchmuch moremore programmingprogramming effortsefforts..



OpenMP vs. manual multithreading:
Real Life.

OpenMP vs. manual multithreading:
Real Life.

CurrentCurrent statusstatus::
UseUse ofof manualmanual multithreadingmultithreading exclusivelyexclusively..

MainMain ReasonsReasons::
WatcomWatcom compilerscompilers dodo notnot supportsupport OpenMPOpenMP..
SimplerSimpler memorymemory usageusage controlcontrol..

YearYear 2000 2000 plansplans::
MovingMoving toto PGI PGI compilerscompilers..
TestTest OpenMPOpenMP--parallelizedparallelized codecode versionsversions..
SwitchSwitch toto OpenMPOpenMP ifif nono oror littlelittle ((e.ge.g. <5%) . <5%) 
performanceperformance degradationdegradation..



Manual multithreading and
GAMESS legacy code.

Manual multithreading and
GAMESS legacy code.

KeyKey problemproblem::
oldold GAMESS GAMESS codecode usesuses commoncommon blocksblocks toto passpass parametersparameters
andand toto performperform calculationscalculations ((e.ge.g., 2., 2--electron electron integralintegral codecode, 2, 2--
electron electron gradientgradient andand hessianhessian codecode).).

SMPSMP--capablecapable codecode shouldshould::
BeBe reentrantreentrant..
ReceiveReceive allall parametersparameters asas routineroutine argumentsarguments..
ReceiveReceive somesome argumentsarguments byby valuevalue..
PerformPerform allall calculationscalculations usingusing dynamicdynamic andand automaticautomatic datadata
structuresstructures onlyonly..

SolutionSolution::
CodeCode andand datadata changeschanges toto meetmeet thesethese requirementsrequirements ((workwork inin
progressprogress).).



Manual multithreading and
GAMESS legacy code.

Manual multithreading and
GAMESS legacy code.

CommentsComments::
SomeSome performanceperformance penaltypenalty duedue toto useuse ofof
dynamicallydynamically allocatedallocated datadata..
CodeCode changechange requiresrequires largelarge amountamount ofof timetime..
UseUse ofof mixedmixed SMP/MPI SMP/MPI strategystrategy onon SMP SMP 
systemssystems asas a a temporarytemporary solutionsolution..
OpenMPOpenMP usageusage willwill probablyprobably greatlygreatly
simplifysimplify thisthis transitiontransition..



SMP parallelization: Threads
synchronization objects.

SMP parallelization: Threads
synchronization objects.

OSOS--levellevel synchronizationsynchronization objectsobjects..
BenefitsBenefits::

NoNo dummydummy waitwait loopsloops consumingconsuming CPU CPU resourcesresources..
MoreMore CPU CPU resourcesresources forfor otherother threadsthreads, , processesprocesses, , 
andand OS OS itselfitself..

DrawbacksDrawbacks::
SlowSlow duedue toto largelarge systemsystem overheadoverhead..
DifferentDifferent API API andand functionalityfunctionality onon differentdifferent OSesOSes..



SMP parallelization: Threads
synchronization objects.

SMP parallelization: Threads
synchronization objects.

ApplicationApplication--levellevel synchronizationsynchronization objectsobjects..
BenefitsBenefits::

FastFast..
PortablePortable acrossacross differentdifferent OSesOSes..

DrawbacksDrawbacks::
DummyDummy waitwait loopsloops consumeconsume CPU CPU resourcesresources..
LessLess CPU CPU resourcesresources forfor otherother threadsthreads, , processesprocesses, , andand
OS OS itselfitself..



Threads synchronization objects: 
Real Life.

Threads synchronization objects: 
Real Life.

MixedMixed approachapproach..
UseUse ofof OSOS--levellevel synchronizationsynchronization ifif::

LongLong delaysdelays..
SeriousSerious impactimpact onon programprogram oror systemsystem performanceperformance..

UseUse ofof applicationapplication--levellevel synchronizationsynchronization ifif::
ShortShort delaysdelays..
NoNo oror littlelittle impactimpact onon programprogram oror systemsystem
performanceperformance..



Distributed memory
parallelization

Distributed memory
parallelization



Distributed memory parallelization: 
Current status. 

Distributed memory parallelization: 
Current status. 

MainlyMainly inheritedinherited fromfrom thethe originaloriginal
GAMESS GAMESS codecode..
MPIMPI--basedbased..
StaticStatic loadload balancingbalancing..
SupportedSupported byby Win32Win32--based PC GAMESS based PC GAMESS 
versionsversions ((usingusing WMPI v. 1.2).WMPI v. 1.2).
CompatibleCompatible withwith mostmost ofof thethe newnew codecode
whichwhich isis PC GAMESS PC GAMESS specificspecific..
CompatibleCompatible withwith SMP SMP parallelizationparallelization..



MPI and SMP parallelization: Basic
concepts for new code development.
MPI and SMP parallelization: Basic
concepts for new code development.

ThreadThread--safesafe programmingprogramming stylestyle..
MPI MPI parallelizationparallelization overover outermostoutermost loopsloops, SMP , SMP 
parallelizationparallelization overover interinter-- andand innermostinnermost loopsloops..
ReduceReduce communicationscommunications costscosts asas muchmuch asas
possiblepossible, , duplicateduplicate datadata ifif necessarynecessary..
IfIf SMP SMP parallelizationparallelization ofof somesome computationalcomputational
stagestage isis impossibleimpossible oror multithreadedmultithreaded codecode isis stillstill toto
bebe developeddeveloped, , useuse MPIMPI--basedbased codecode toto performperform thisthis
stepstep onon SMP SMP systemsystem. . ThenThen, , switchswitch backback toto SMP SMP 
modemode, , andand soso forthforth. . 



Parallelization sample: 
MP4(T) energy calculation.

Parallelization sample: 
MP4(T) energy calculation.

SkeletonSkeleton ofof thethe simplifiedsimplified MP4(T) MP4(T) energyenergy codecode
DO I=1,NOCDO I=1,NOC
DO J=I,NOCDO J=I,NOC
DO K=J,NOCDO K=J,NOC
GET NECESSARY DATAGET NECESSARY DATA
DO MC=1,NVIRDO MC=1,NVIR
CALL DGEMM()CALL DGEMM()
CALL DGEMM()CALL DGEMM()
REORDER RESULTSREORDER RESULTS

END DOEND DO
DO MC=1,NVIRDO MC=1,NVIR
CALL DGEMM()CALL DGEMM()
CALL DGEMM()CALL DGEMM()
REORDER RESULTSREORDER RESULTS

END DOEND DO
DO MC=1,NVIRDO MC=1,NVIR
CALL DGEMM()CALL DGEMM()
CALL DGEMM()CALL DGEMM()

END DOEND DO
EVALUATE CONTRIBUTION TO MP4(T) ENERGY EVALUATE CONTRIBUTION TO MP4(T) ENERGY 
END DOEND DO

END DOEND DO
END DO END DO 

These loops are distributed
over different nodes

These calculations
are distributed over
CPUs on one node. 
Each node has all
necessary data.



I/O optimizationI/O optimization



Fast I/O and memory management:Fast I/O and memory management:

FastFast nonnon--FortranFortran filefile I/O I/O withwith largelarge filesfiles andand
asynchronousasynchronous I/O I/O supportsupport..
RealReal timetime datadata packingpacking//unpackingunpacking
technologytechnology..
AdvancedAdvanced memorymemory managementmanagement
technologytechnology..



How QC programs use I/O?How QC programs use I/O?

BothBoth sequentialsequential andand randomrandom I/O.I/O.
BothBoth fixedfixed andand variablevariable--sizesize recordsrecords..
BothBoth smallsmall andand largelarge recordsrecords..
TypicalTypical strategystrategy: : writewrite onceonce, , readread multiplemultiple..
I/O I/O operationsoperations areare usuallyusually intermixedintermixed withwith
datadata processingprocessing..
LargeLarge filefile sizessizes..



I/O optimization.I/O optimization.
FortranFortran I/O I/O vsvs nonnon--FortranFortran I/O.I/O.

FortranFortran I/O:I/O:
SlowSlow ((multimulti--bufferedbuffered).).
LimitsLimits maximummaximum filefile sizesize (2 (2 oror 4 GB).4 GB).
SynchronousSynchronous..

nonnon--FortranFortran I/O:I/O:
FastFast ((usesuses OSOS--levellevel API API directlydirectly).).
UsesUses OS OS advancedadvanced I/O I/O featuresfeatures..
SupportsSupports largelarge filesfiles..
AllowsAllows transparenttransparent useuse ofof asynchronousasynchronous I/OI/O..
FlexibleFlexible. . 



How non-Fortran I/O is
implemented?

How non-Fortran I/O is
implemented?

InIn GAMESS, GAMESS, allall unformattedunformatted I/O I/O operationsoperations areare
alwaysalways performedperformed asas callscalls ofof thethe dedicateddedicated I/O I/O 
routinesroutines ((FortranFortran writtenwritten).).
TheseThese routinesroutines checkcheck forfor nonnon--FortranFortran I/O I/O usageusage. . IfIf
enabledenabled, , theythey callcall highhigh--levellevel functionsfunctions fromfrom thethe
nonnon--FortranFortran I/O I/O modulemodule (C (C writtenwritten).).
HighHigh--levellevel nonnon--FortranFortran I/O I/O functionsfunctions callscalls lowlow--
levellevel I/O I/O functionsfunctions..
LowLow--levellevel I/O I/O functionsfunctions callcall OperatingOperating SystemSystem I/O I/O 
API API functionsfunctions (Win32 (Win32 andand OS/2 OS/2 areare currentlycurrently
supportedsupported). ). 



I/O optimization.I/O optimization.

WhyWhy asynchronousasynchronous I/O I/O isis importantimportant??

IncreasesIncreases overalloverall I/O I/O throughoutputthroughoutput..
HidesHides I/O I/O latencieslatencies..
ImprovesImproves performanceperformance allowingallowing
simultaneoussimultaneous datadata processingprocessing andand I/O.I/O.



I/O optimization.I/O optimization.
WhereWhere asynchronousasynchronous I/O I/O isis importantimportant??
SequentialSequential I/O:I/O:

WriteWrite operationsoperations areare asynchronousasynchronous onon OS OS levellevel..
ReadRead operationsoperations areare usedused moremore frequentlyfrequently..
IntensiveIntensive readsreads areare usuallyusually synchronoussynchronous..
ConclusionConclusion:: asynchronousasynchronous readsreads areare importantimportant..

RandomRandom I/O:I/O:
RandomRandom writeswrites areare oftenoften a a bigbig problemproblem forfor OS.OS.
HugeHuge latencieslatencies duedue toto diskdisk mechanicsmechanics..
ConclusionConclusion:: bothboth asynchronousasynchronous readsreads andand
writeswrites areare importantimportant..



Asynchronous I/O implementation.Asynchronous I/O implementation.

UseUse ofof OSOS--levellevel API:API:
SlowSlow..
UnportableUnportable..
DifficultDifficult toto implementimplement transparentlytransparently..

UseUse ofof dedicateddedicated I/O I/O serverserver threadsthreads::
FasterFaster..
PortablePortable..
TransparentTransparent..



Asynchronous I/O implementation.Asynchronous I/O implementation.

SequentialSequential ((fullyfully predictablepredictable) I/O:) I/O:
AllowsAllows fullyfully transparenttransparent implementationimplementation..

RandomRandom ((unpredictableunpredictable) I/O:) I/O:
FullyFully transparenttransparent implementationimplementation isis impossibleimpossible..
EachEach I/O I/O requestrequest isis handledhandled separatelyseparately..
ExplicitExplicit synchronizationsynchronization isis usuallyusually requiredrequired..
MoreMore difficultdifficult toto programprogram andand useuse..



I/O optimization. Additional
hints.

I/O optimization. Additional
hints.

UseUse ofof higherhigher prioritypriority forfor asynchronousasynchronous I/O I/O serverserver
threadsthreads..
UseUse ofof OSOS--specificspecific I/O I/O optimizationoptimization hintshints ((likelike
FILE_FLAG_SEQUENTIAL_SCANFILE_FLAG_SEQUENTIAL_SCAN).).
RecordRecord sizesize alignmentalignment onon clustercluster oror diskdisk sectorsector
boundaryboundary..
FileFile truncationtruncation::

SequentialSequential accessaccess filesfiles:: truncatetruncate atat zerozero lengthlength beforebefore
reusingreusing forfor writingwriting..
RandomRandom accessaccess filesfiles:: nevernever truncatetruncate beforebefore reusingreusing forfor
writingwriting..

RenewalRenewal ofof OSOS--levellevel filefile handleshandles..



New QC codeNew QC code



Development of our own QC codes
which are the PC GAMESS specific:
Development of our own QC codes

which are the PC GAMESS specific:

FastFast MP2 MP2 energyenergy//energyenergy gradientgradient modulesmodules..
FastFast MP3/MP4 MP3/MP4 modulesmodules withwith SMP SMP andand
parallelparallel modemode supportsupport..
NewNew modulesmodules forfor highhigh--levellevel calculationscalculations
basedbased onon coupledcoupled clustercluster approachapproach ((workwork inin
progressprogress).).



The PC GAMESS performance
samples

The PC GAMESS performance
samples



The PC GAMESS performance.The PC GAMESS performance.

ModelModel chemicalchemical systemsystem::

38 38 atomsatoms (C, N, O, H, S, (C, N, O, H, S, ZnZn))
214 214 electronselectrons

SCF SCF calculationcalculation
NumberNumber ofof basisbasis functionsfunctions (N)(N) 216216
NumberNumber ofof atomicatomic integralsintegrals 150 150 millionsmillions
NumberNumber ofof SCF SCF iterationsiterations 1919



SCF calculation running on four
CPUs. 

SCF calculation running on four
CPUs. 

Integrals SCF stage
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The PC GAMESS performance.The PC GAMESS performance.

ModelModel chemicalchemical systemsystem::

11 11 atomsatoms (H, F, (H, F, ClCl))
68 68 electronselectrons

MP4(MP4(fullfull) ) calculationcalculation
NumberNumber ofof basisbasis functionsfunctions (N)(N) 227227
NumberNumber ofof FP FP operationsoperations ~~ 43 • 1043 • 101212



MP4(full) calculation running on cluster of four
P3XP (500 MHz, 1 MB L2 cache, 512 MB RAM). 

PC GAMESS runs in SMP mode on each box.

MP4(full) calculation running on cluster of four
P3XP (500 MHz, 1 MB L2 cache, 512 MB RAM). 

PC GAMESS runs in SMP mode on each box.

MP4(full) parallel scalability testcase
Ncore = 10, Nocc = 34, Nvirt = 193, N = 227, C1 symmetry group
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