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�� Established a supercomputer center in 1989Established a supercomputer center in 1989
�� Host to Australian Partnership in Advanced Computing Host to Australian Partnership in Advanced Computing 

(APAC) peak machines(APAC) peak machines
�� 1680 node SGI 1680 node SGI AltixAltix systemsystem

�� 154 node P4 Cluster154 node P4 Cluster

�� Department of Computer ScienceDepartment of Computer Science
�� Long history of HPC researchLong history of HPC research

�� MPP project with Fujitsu (AP product range)MPP project with Fujitsu (AP product range)

�� Winner of 2000 Gordon Bell PrizeWinner of 2000 Gordon Bell Prize

�� Several projects including Australian Research Council funded Several projects including Australian Research Council funded 
project with Sun Microsystems and Gaussian Incproject with Sun Microsystems and Gaussian Inc
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Group ActivitiesGroup Activities
1.1. Gaussian performance/development/applicationGaussian performance/development/application
2.2. Controlling and tracking numerical errorsControlling and tracking numerical errors

•• Use of IntervalsUse of Intervals
3. Performance simulation/modeling/analysis

� Full machine simulation
� Dynamic binary translation (Valgrind/Cachegrind)
� Memory placement (NUMA)

4. Self-tuning software
� Modern architectures are complex: can we build intelligent 

software that uses them optimally?
� DynInst and LLVM

5. More flexible cluster computing environments
� Beowulf clusters are cheap and have revolutionized 

computations, but can we make them more flexible?
� What is the prospect for software distributed shared memory

The Gaussian ProgramThe Gaussian Program
�� Widely used computational chemistry packageWidely used computational chemistry package

�� Spectral solution of SchrSpectral solution of Schröödinger equation for atoms, dinger equation for atoms, 
molecules and solidsmolecules and solids

�� Comprises Comprises ~~80 executables and 80 executables and ~~ 1.2M lines of 1.2M lines of 
code (mainly Fortran)code (mainly Fortran)
�� Computations run executables in chain via Computations run executables in chain via execexec callscalls

�� ParallelParallel
�� OpenMPOpenMP on shared memoryon shared memory
�� Linda on distributed memoryLinda on distributed memory
�� Hybrid OMP/LindaHybrid OMP/Linda

�� ANU/Sun/Gaussian collaborative project part ANU/Sun/Gaussian collaborative project part 
funded by Australian Research Council grantfunded by Australian Research Council grant
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OutlineOutline

�� Single CPU performanceSingle CPU performance
�� ProcessorProcessor
�� Operating SystemOperating System
�� CompilerCompiler

�� Next generation methodsNext generation methods
�� Linear scalingLinear scaling
�� Controlling errorsControlling errors

�� Numerical enhancementsNumerical enhancements
�� Parallel GaussianParallel Gaussian
�� The FutureThe Future
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Al2O3 surface 2D PBC
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Single Processor Standard VersionSingle Processor Standard Version
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Performance Relative to Itanium
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Next Generation MethodsNext Generation Methods

�� Computational cost scales with number of atoms (n)Computational cost scales with number of atoms (n)
�� Traditional methods were Traditional methods were O(nO(n44)) or moreor more

�� Screening reduces to Screening reduces to O(nO(n33))

�� Much work to develop Much work to develop O(nO(n)) or or linear scalinglinear scaling methodsmethods
�� Requires use of fast Requires use of fast multipolemultipole methodsmethods
�� DiagonalizationDiagonalization replaced by direct minimizationreplaced by direct minimization
�� All dense matrix operations must now be sparseAll dense matrix operations must now be sparse

�� When does the transition occurWhen does the transition occur
�� Can we build intelligent software to automate switch?Can we build intelligent software to automate switch?

�� Data structures and operations now both Data structures and operations now both O(nO(n))
�� Memory placement importantMemory placement important
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O(nO(n)) -- The Current StateThe Current State
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Controlling and Tracking Controlling and Tracking 
Numerical Errors for Numerical Errors for O(nO(n) Methods) Methods

AimsAims
�� Explore feasibility of widespread interval applicationExplore feasibility of widespread interval application

�� Especially computational chemistryEspecially computational chemistry

�� Effect of truncation errorsEffect of truncation errors
�� Can we include truncation errors into interval widthCan we include truncation errors into interval width

�� e.g. truncation of series in fast e.g. truncation of series in fast multipolemultipole methodmethod

�� Rounding errorsRounding errors
�� Explore rounding error as a function of algorithmExplore rounding error as a function of algorithm

�� e.ge.g different recursion algorithms for integral computationdifferent recursion algorithms for integral computation

�� Novel interval algorithmsNovel interval algorithms
�� Rigorous determination of global minimum Rigorous determination of global minimum 

�� e.ge.g molecular structure optimization (ideally suited to molecular structure optimization (ideally suited to 
computational grids)computational grids)
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Interval StrategyInterval Strategy

�� Take existing floating point codeTake existing floating point code

�� Use Sun interval support (or other) to Use Sun interval support (or other) to 
quickly recast code to use intervalsquickly recast code to use intervals

�� Develop optimized handwritten functions Develop optimized handwritten functions 
for areas where performance is criticalfor areas where performance is critical
�� (Some caveats regarding closure)(Some caveats regarding closure)

�� Compare interval and floating point resultsCompare interval and floating point results

�� Restructure code to improve accuracyRestructure code to improve accuracy

Example NExample N--Body ProblemBody Problem

�� Evaluate electrostatic energy and force for Evaluate electrostatic energy and force for 
system of charged particles interacting via system of charged particles interacting via 
Coulomb potentialCoulomb potential
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Simple Energy ComputationSimple Energy Computation

�� Assuming unit chargeAssuming unit charge
�� each term depends only on distanceeach term depends only on distance

�� Some pairs are closer than othersSome pairs are closer than others

�� Rounding error arises as: Rounding error arises as: 

1.01.0××2211 + 1.0+ 1.0××22--5353 = = 1.01.0××2211

�� Possible improvement by ordering Possible improvement by ordering 
summationsummation
�� small terms firstsmall terms first

PairwisePairwise Energy EvaluationEnergy Evaluation
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Fast Fast MultipoleMultipole MethodMethod

�� Replaced by infinite seriesReplaced by infinite series

+ + + �¹

�� Long range interactionsLong range interactions

�� Truncated at some levelTruncated at some level

Fast Fast MultipoleMultipole Energy EvaluationEnergy Evaluation
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Back to GaussianBack to Gaussian

Solid State CalculationsSolid State Calculations
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�� Gaussian 03 included new functionality to Gaussian 03 included new functionality to 
perform calculations with Periodic Boundary perform calculations with Periodic Boundary 
Conditions (PBC)Conditions (PBC)
�� We are using to study We are using to study GaGa on Al2O3 surfaceon Al2O3 surface

�� Local basis set rather than plane wavesLocal basis set rather than plane waves
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Improving Solid State CalculationsImproving Solid State Calculations
�� Gaussian uses density fitting Gaussian uses density fitting 

� X=
a

aar )()(~ rdr
�� � ==

= nm
nmnm

nm
nmn hhhhr

m
,

*
,

,

** )()()()()( rrPrrCCr
occi

ii

( )�� � ==
mnls

lsmn lsmn
rr

PP
r

rr
drdrJ

2
1)()(

2
1

12

21
21

( )�� � ==
ab

ba ba
rr

PP
r

rr
drdrJ

~~
2
1)(~)(~

2
1

12

21
21

�� Coulomb energy  Coulomb energy  O(nO(n44))

�� Fitted Coulomb energy  Fitted Coulomb energy  O(nO(n22))
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Density fittingDensity fitting
� Error
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� Minimize error

�� Matrix formMatrix form

Modifications to Density fittingModifications to Density fitting

�� For solid state calculations the linear equations For solid state calculations the linear equations 
are solved iteratively, using GMRESare solved iteratively, using GMRES

�� Precondition:Precondition:
�� DiagonalDiagonal

�� Symmetric  blockSymmetric  block--diagonaldiagonal

�� NonNon--symmetric blocksymmetric block--diagonaldiagonal

�� Very poor convergenceVery poor convergence
�� In some cases fails to convergeIn some cases fails to converge

�� We modified the preconditioning using incomplete We modified the preconditioning using incomplete 
LU decomposition technique (ILUT). LU decomposition technique (ILUT). 
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Original GMRES and ILUTOriginal GMRES and ILUT
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• 4403 sec for Block Diagonal preconditioning;
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Parallel GaussianParallel Gaussian
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Parallel Test397 Parallel Test397 HartreeHartree--FockFock
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Parallel Test397 B3LYPParallel Test397 B3LYP
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Future Gaussian DirectionFuture Gaussian Direction

�� Integrate new PBC algorithm into standard Integrate new PBC algorithm into standard 
releaserelease

�� Detailed analysis of sparse matrix Detailed analysis of sparse matrix 
operationsoperations

�� Developing performance models to enable Developing performance models to enable 
better cache blockingbetter cache blocking

�� Use of intervals to Use of intervals to analyseanalyse integral integral 
accuracyaccuracy

�� Cluster Gaussian (Linda/Cluster Gaussian (Linda/OpenMPOpenMP))
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