
1

High Performance Computing on Linux Clusters 12 February 2002

Computational Science and Engineering Department Daresbury Laboratory 

Martyn F. Guest

Computational Science and Engineering Department 
m.f.guest@dl.ac.uk

Benchmarking Linux Clusters:Benchmarking Linux Clusters:
Application Performance on HighApplication Performance on High--End and End and 

CommodityCommodity--class Computersclass Computers

1. SINGLE PROCESSOR BENCHMARKS: Performance of Various 
Computers in  Computational Chemistry

2. APPLICATION PERFORMANCE on HIGH-END and 
COMMODITY-TYPE COMPUTERS
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OutlineOutline
ll CostCost--effective higheffective high--end, departmental and desktop computationend, departmental and desktop computation
nn Cluster Computing Cluster Computing -- where do clusters fit?where do clusters fit?

nn Background to Cluster Computing at Daresbury LaboratoryBackground to Cluster Computing at Daresbury Laboratory

ll CommodityCommodity--based Systemsbased Systems
nn SingleSingle--node performancenode performance & the & the Interconnect bottleneckInterconnect bottleneck
nn Prototype Systems;  CS1 Prototype Systems;  CS1 -- CS7CS7

ll HighHigh--end Systemsend Systems
nn Cray T3E/1200E,  IBM SP/WH2Cray T3E/1200E,  IBM SP/WH2--375, SGI Origin 3800, Compaq 375, SGI Origin 3800, Compaq 

Alpha Server SC and Cray Alpha Server SC and Cray SuperClusterSuperCluster

ll Application performanceApplication performance on Highon High--end and Commodity Clustersend and Commodity Clusters
nn Electronic Structure and Molecular Simulation (next lecture)Electronic Structure and Molecular Simulation (next lecture)
nn Materials SimulationMaterials Simulation

ll CRYSTAL, CPMD & CASTEPCRYSTAL, CPMD & CASTEP
nn Engineering (ANGUS & FLITE3D) Engineering (ANGUS & FLITE3D) 

ll Application performance analysisApplication performance analysis
nn VAMPIR andVAMPIR and instrumentinginstrumenting the GA Toolsthe GA Tools
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Distributed
systems

MPP
systems

ll Gather (unused) resourcesGather (unused) resources
ll System SW manages resourcesSystem SW manages resources
ll System SW adds valueSystem SW adds value

ll 10% 10% -- 20% overhead is OK20% overhead is OK
ll Resources drive applicationsResources drive applications

ll Time to completion is not criticalTime to completion is not critical
ll TimeTime--sharedshared
ll Commercial: Commercial: PopularPowerPopularPower, United , United 

Devices, Devices, CentrataCentrata, , ProcessTreeProcessTree, , 
Applied Meta, etc.Applied Meta, etc.

ll Bounded set of resources Bounded set of resources 

ll Apps grow to consume all cyclesApps grow to consume all cycles
ll Application manages resourcesApplication manages resources

ll System SW gets in the waySystem SW gets in the way
ll 5% overhead is maximum5% overhead is maximum

ll Apps drive purchase of equipmentApps drive purchase of equipment
ll RealReal--time constraintstime constraints
ll SpaceSpace--sharedshared
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Cluster Computing Cluster Computing --Where Do Clusters Fit?Where Do Clusters Fit?
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Capability Computing Capability Computing -- Cost Cost 
Effectiveness & DependenciesEffectiveness & Dependencies

S p e c i f i c a t i o n U s a g e C o s t
U n i t s

C P U M e m o r y I/O

M P P / A S C I
1280 CPUs,  IBM SP

(1 TB)

H P C
c o m m u n i t y 1 0 , 0 0 0 2 , 0 0 0 2 , 0 0 0 2 0 0 - 3 0 0

S M P
16-processor SGI
Origin 3800, R14k

(8GB RAM )

D e p a r t m e n t 1 0 0 1 5 2 0 2 0 - 3 0

P C
Pentium-4 /  2GHz

(512 MByte,  30 GB)
D e s k t o p 1 1 1 1

Capability Capability 

CapacityCapacity

3 year continual access to 32 CPUs:3 year continual access to 32 CPUs:
HighHigh--end (£0.5 / CPU hour)  : £419,358end (£0.5 / CPU hour)  : £419,358
inin--house Beowulf :   £50,000house Beowulf :   £50,000

Commodity Systems (1.5 x N)Commodity Systems (1.5 x N)

Commodity Systems (1.5 x N ??)Commodity Systems (1.5 x N ??)
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ll CoursesCourses
nn Graphics and VisualisationGraphics and Visualisation
nn System Management (Compaq/DEC, System Management (Compaq/DEC, 

SGI, IBM, SUN, HP and Linux)SGI, IBM, SUN, HP and Linux)
nn Fortran 90Fortran 90

ll Newsletters Newsletters ((HPCGridHPCGrid))

ll Machine Evaluation Workshop (MEW)Machine Evaluation Workshop (MEW)

ll Information ServicesInformation Services
nn Anonymous FTP/ WWW software archiveAnonymous FTP/ WWW software archive

ll Telephone and eTelephone and e--mail supportmail support

ll Surveys and User DatabaseSurveys and User Database

ll Technical Developments (Beowulf systems)Technical Developments (Beowulf systems)

The Distributed Computing Support Programme (DisCo) at Daresbury covers a 
variety of activities:

CLRC’s DisCoCLRC’s DisCo ProgrammeProgramme

http://www. cse.clrc.ac. uk/Activity/Disco
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Daresbury Beowulf ProjectDaresbury Beowulf Project

Objective IObjective I

ll Inexpensive and robust way to Inexpensive and robust way to 
“build” a 32“build” a 32--node commodity based node commodity based 
~20 Gflop server (IA32 / IPF / Alpha) ~20 Gflop server (IA32 / IPF / Alpha) 
for < £100K. Scalability is desired to for < £100K. Scalability is desired to 
128 node systems;128 node systems;

ll Add commodity based 10 Add commodity based 10 TByteTByte
archive for < £100K.archive for < £100K.
nn Costs: expected to decrease by Costs: expected to decrease by 

a factor of  two every  2 yearsa factor of  two every  2 years
ll Departmental resource (JREI/JIF Departmental resource (JREI/JIF --

EPSRC funded)EPSRC funded)
ll Clustered Application solutionsClustered Application solutions
ll GRID DemonstratorGRID Demonstrator

Objective IIObjective II

ll Extend developments of I to Extend developments of I to 
demonstrate scalability to a 512demonstrate scalability to a 512--
node system. Prototype a 128node system. Prototype a 128--node node 
commodity based ~100 commodity based ~100 GflopGflop server server 
(Alpha/IA32/IPF)(Alpha/IA32/IPF)

ll Demonstrate both Demonstrate both metacomputing metacomputing 
and visualisation potential through and visualisation potential through 
collaborative partnership.collaborative partnership.

ll Support a broad range of Support a broad range of 
applications, with a focus on applications, with a focus on 
computational chemistry.computational chemistry.

ll HighHigh--end resource that will be end resource that will be 
competitive with current highcompetitive with current high--end end 
systems and ASCI SMP clusters.systems and ASCI SMP clusters.

DepartmentalDepartmental

High EndHigh End
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HighHigh--end Commodityend Commodity--based Systems based Systems 

ClusterClusterSiteSite Nodes/Nodes/ PeakPeak CPU CPU InterconnectInterconnect

ProcessorsProcessors (Gflop)(Gflop)

1. Locus1. Locus Locus, USALocus, USA 708/1416708/1416 14161416 PIII/1000 PIII/1000 FastEthFastEth..

2. 2. BiopentiumBiopentium InpharmaticaInpharmatica 800/1220800/1220 10611061 PIII/700+PIII/700+ FastEthFastEth..

3. Genesis3. Genesis Shell, NLShell, NL 1030/10381030/1038 10371037 PIII/1000PIII/1000 GigabitEGigabitE

4. Platinum4. Platinum NCSANCSA 516/1032516/1032 10321032 PIII/1000PIII/1000 MyrinetMyrinet

5. RHIC5. RHIC BrookhavenBrookhaven 638/1276638/1276 991991 PIII/PII.PIII/PII. FastEthFastEth..

6. 6. CBRC MagiCBRC Magi AIST,JapanAIST,Japan 520/1040520/1040 967967 PIII/933PIII/933 MyrinetMyrinet

7. Score III7. Score III RWCP, JapanRWCP, Japan 512/1024512/1024 955955 PIII/933PIII/933 MyrinetMyrinet

8. ICE Box8. ICE Box Utah, USAUtah, USA 303/388303/388 815815 PIII + AMDPIII + AMD FastEthFastEth..

9. 9. IncyteIncyte IncyteIncyte, USA, USA 767/1511767/1511 754754 PIII/450+PIII/450+ GigabitEGigabitE

10. CPLANT10. CPLANT SandiaSandia 628628 628628 EV6/500EV6/500 MyrinetMyrinet

“Need for real workloads on large clusters. To date mainly experimental systems, so 
failures are viewed as inevitable”, but ...
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Hardware and Software Evaluation:Hardware and Software Evaluation:
nn CPUCPU
ll PC systems PC systems -- Intel 1 GHz Pentium III,Intel 1 GHz Pentium III,

Pentium 4 (2.0 GHz), AMD K7 1.4 GHzPentium 4 (2.0 GHz), AMD K7 1.4 GHz
ll Itanium Itanium (SGI (SGI TroonTroon, HP RX4610), HP RX4610)
ll Alpha systems Alpha systems -- DS20E/667, ES40/833, DS20E/667, ES40/833, 

CS20/833, UP2000 CS20/833, UP2000 (667 & 833 MHz)
nn NetworksNetworks
ll Fast Ethernet options, cards,  Fast Ethernet options, cards,  

switches, channelswitches, channel--bonding, ….bonding, ….
ll 100Mbit switch, 100Mbit switch, 
ll SCI, SCI, QSNetQSNet andand MyrinetMyrinet interconnect (Cray interconnect (Cray SuperclusterSupercluster, CS20), CS20)

nn System SoftwareSystem Software
ll message passing S/W (LAM MPI, LAM MPImessage passing S/W (LAM MPI, LAM MPI--VIA (100 us to 60 us), VIA (100 us to 60 us), 

MPICH),libraries (ATLAS, NASA, MKL), compilers (MPICH),libraries (ATLAS, NASA, MKL), compilers (AbsoftAbsoft, PGI, , PGI, 
Intel’s Intel’s ifcifc, GNU/g77), GA tools (PNNL), GNU/g77), GA tools (PNNL)
ll resource management software (resource management software (LobosQLobosQ, PBS, Beowulf, , PBS, Beowulf, LSFLSF etc.)etc.)

Technical Progress in 2000/2001Technical Progress in 2000/2001

www.cse.clrc.ac.uk/Activity/DisCo



5

High Performance Computing on Linux Clusters 12 February 2002

Computational Science and Engineering Department Daresbury Laboratory 

Joint Research Equipment Initiative (JREI)Joint Research Equipment Initiative (JREI)

ll Analysis of JREI’2000 (no limit) and JREI’2001 (£200K limit)Analysis of JREI’2000 (no limit) and JREI’2001 (£200K limit)

ll Previous JREI competitions dominated by SMP servers Previous JREI competitions dominated by SMP servers 
e.g. SGI e.g. SGI -- Origin 2000, Onyx2, VR. Origin 2000, Onyx2, VR. 

ll Emerging role of Beowulf Systems ...Emerging role of Beowulf Systems ...

Equipment         Equipment         Number  of ProposalsNumber  of Proposals
Category           Category           JREI’2000         JREI’2001JREI’2000         JREI’2001

Proprietary systemsProprietary systems 1616 1818

Proprietary ClustersProprietary Clusters 11 22

IA32/AMD ClustersIA32/AMD Clusters 2  2  1313

VR, visualisationVR, visualisation 55 33

TOTAL TOTAL 24  24  3636
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Benchmarking Linux Clusters:Benchmarking Linux Clusters:
SINGLE PROCESSOR PERFORMANCE:SINGLE PROCESSOR PERFORMANCE:

ll SPEC (Standard Performance Evaluation Corporation)SPEC (Standard Performance Evaluation Corporation)
nn SPEC 95 and SPEC CPU 2000SPEC 95 and SPEC CPU 2000

ll Single Processor Benchmarks (i.e. serial) Single Processor Benchmarks (i.e. serial) -- SPECfpSPECfp ??
nn Matrix and application “kernels”Matrix and application “kernels”
nn Application packages (GAMESSApplication packages (GAMESS--UK, DL_POLY)UK, DL_POLY)
nn Comparison involves over 150 computers (supercomputers, Comparison involves over 150 computers (supercomputers, 

workstations, PCs and MPP nodes)workstations, PCs and MPP nodes)

nn URLs:URLs:
ll PowerpointPowerpoint PresentationPresentation

–– ht tp : / /www.d l .ac .h t tp : / /www.d l .ac .ukuk/TCSC/d i sco /Benchmarks //TCSC/d i sco /Benchmarks /ppointppoint / index./ index.htmhtm

ll PaperPaper
–– ht tp : / /www.d l .ac .h t tp : / /www.d l .ac .ukuk/ T C S C / d i s c o / B e n c h m a r k s / p a p e r // T C S C / d i s c o / B e n c h m a r k s / p a p e r /compchemcompchem . h t m l. h t m l

Outline
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SPARSE MMO FORTRAN BENCHMARK, 1988SPARSE MMO FORTRAN BENCHMARK, 1988--20012001

1988
 Sparsity in B matrix 0% 50%

VAX 8200 (VMS V4.5) 1152 593.1
GOULD NP-1 (scalar) 148 76.0
FPS-164 (OPT=3) 60.0 32.8
HP/Apollo DN10020 44.2 22.8
CONVEX C-120 33.0 20.6
ALIANT FX/8 (3CES) 32.0 18.9
FPS-264 (OPT=3) 15.9 8.6

Cyber-205(OPT=DPRS) 19.2 10.2
IBM 3090-150 VF 11.3 6.0
Cray 1S (COS 1.14) 4.8 2.9
Cray XMP/4 (COS 1.15) 2.8 1.8

2001
Sparsity in B matrix 0%      50%

DEC Alpha PWS 433 1.4 0.7
Pentium III/550 1.1 0.6
DEC Alpha 8400/5-625 1.0 0.5
IBM RS/6000-397 0.8 0.4
SGI Origin2000/250 0.8 0.4
Cray T3E/1200 0.6 0.3
SGI Origin2000/R12k-400 0.4 0.3
SGI Origin3800/R14k-500 0.4 0.2
Compaq Alpha ES40/833 0.3 0.2
HP PA/9000 J6000/552 0.3 0.2
IBM RS/6000 44P/270 0.2 0.1
Compaq Alpha ES45/1000 0.2 0.1
Pentium 4/2000 0.1 0.1
IBM p-Series 690 0.1 0.0

FUJITSU VPP-300 1.2 0.8
CRAY Y-MP C98/4256 0.9 0.6
NEC SX-5 0.2 0.2

(R = A X B; Single CPU Performance, seconds)
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Machine Processor

AMD Athlon K7 - 1.0, 1.2, 1.4 GHz

Pentium - PC Pentium II - 400, 450, 500, 550

Pentium III- 850, 866, 1 GHz

Pentium 4- 1.4, 1.5, 2.0 GHz

SUN Ultra80/450 UltraSPARC-2 / 450 MHz

SUN 1000 Model 1750 UltraSPARC-3 / 750 MHz

SUN Fire 6800 / 900 Cu UltraSPARC-3 / 900 MHz

HP PA-9000 / J5000 PA8500  / 440 MHz

HP PA-9000 / J6000 PA8600  / 552 MHz

HP PA-9000 / J6700 PA8700  / 750 MHz

HP RX4610 Itanium / 733 MHz (2 MB L3)

Compaq  AlphaServer DS20 AXP A21264 / 500 MHz
Compaq AlphaServer DS20E AXP A21264 / 667 MHz

Compaq AlphaServer ES40 AXP A21264A / 667 MHz
API UP2000 6/833 AXP A21264A/833 MHz (4Mb L2)

Compaq AlphaServer ES40 AXP A21264A / 833 MHz

Compaq AlphaServer ES45 AXP A21264C / 1000 MHz

MACHINES UNDER EVALUATIONMACHINES UNDER EVALUATION
Machine Processor

SGI Origin3800/R14k R14000/R14010 500 MHz 

SGI Origin3800/R12k  R12000/R12010 400 MHz SGI 
Origin2000/R12k  R12000/R12010 400 MHz SGI 
Origin2000/R12k  R12000/R12010 300 MHz
SGI Octane2/ R12k R12000/R12010 400 MHz
SGI O2/R12k-SC R12000/R12010 270 MHz

IBM  RS/6000IBM  RS/6000--44P/270  RS/6000 Power3 375 MHz44P/270  RS/6000 Power3 375 MHz

IBM pIBM p--Series 690 Series 690 RS/6000 /POWER4 1.3GHzRS/6000 /POWER4 1.3GHz

Supercomputers

NEC SX-5, SX-4  Cray Y-MP/J90-10, 
FUJITSU VPP/300, Cray YMP C98/4256

MPP Nodes

Cray T3E/1200 AXP EV56 600 MHz

IBM SP2 / P2SC P2SC 120, 160 MHz

IBM SP / Power3 RS/6000 WH2 - 375 MHz

RS/6000 NH - 222 MHz
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MEW11 MEW11 -- Summary PISummary PI relative to the relative to the Compaq Alpha Compaq Alpha 
DS20E/667DS20E/667
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Performance relative to the Compaq Alpha ES40/833 

The WhetstoneThe Whetstone--97 Benchmark.97 Benchmark.
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ll Compute intensive categories Compute intensive categories 
nn integer versus floating pointinteger versus floating point
nn conservative versus aggressive compilationconservative versus aggressive compilation
nn speed versus throughputspeed versus throughput

ll Composite Metrics Composite Metrics -- SPEC95SPEC95

ll SPECratioSPECratio -- T(measured system) / T (reference) T(measured system) / T (reference) 

ll Reference = Reference = Sun SPARCstation 10/40Sun SPARCstation 10/40

ll SPECfp95 SPECfp95 -- geometric mean of 10 ratios, one for each benchmarkgeometric mean of 10 ratios, one for each benchmark

ll SPECint95 SPECint95 -- geometric mean of 8 ratios, one for each benchmarkgeometric mean of 8 ratios, one for each benchmark

SPEC BenchmarksSPEC Benchmarks

SPEED THROUGHPUT

Aggressive
SPECint95 SPECint _rate95
SPECfp95 SPECfp_rate95

Conservat ive
SPECint _base95 SPECint _rate_base95

SPECfp_base95SPECfp_rate_base95

NOT:
• Graphics
• Network
• I/O

http://www.specbench.org
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SPEC95 Products SPEC95 Products -- Floating point Floating point 
Benchmark Suite (SPECfp95)Benchmark Suite (SPECfp95)

Benchmark Reference † Application Area
Time (secs)

101. tomcatv 3600 Fluid Dynamics /
Geometr ic translat ion

102.swim 8600 Weather Predict ion
103.su2cor 1400 Quantum Physics
104.hydro2d 2400 Astrophysics
107. mgrid 2500 Electromagnetism
110. applu 2200 Fluid Dynamics
125.turb3d 4100 Turbulence simulation
141. apsi 2100 Weather predict ion
145. fpppp 9600 Computat ional Chemistry
146.wave 3000 Electromagnetics

† SUN SPARCstat ion 10/40 
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SPEC CPU 2000 SPEC CPU 2000 -- Floating point Floating point 
Benchmark Suite (SPECfp2000)Benchmark Suite (SPECfp2000)

Benchmark Language Descript ion

168. wupwise F77 Physics: Quantum chromodynamics

171.swim F77 Shallow water modell ing
172. mgrid F77 Multigrid solver: 3D potential f ield

173. applu F77 Partial differential equations
177.mesa C 3D graphics l ibrary

178. galgel F90 Computational f luid dynamics
179.art C Image recognition / neural networks
183. equake C Seismic wave propagation simulat ion

187. facerec F90 Image processing: Face recognit ion
188. ammp C Computat ional  chemistry

189. lucas F90 Number theory / primality test ing
191.fma3d F90 Finite-element crash simulation
200. s ixt rack F77 Nuclear physics accelerator design

301. apsi F77 Metereology : Pollutant distribution

Reference: 300 MHz Ultra 5/10 = 100
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SPEC CPU 2000 SPEC CPU 2000 -- SPECfp2000SPECfp2000
Values relative to Values relative to Compaq Alpha ES40/833Compaq Alpha ES40/833
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†



10

High Performance Computing on Linux Clusters 12 February 2002

Computational Science and Engineering Department Daresbury Laboratory 

SPEC CPU 2000 SPEC CPU 2000 -- SPECint2000SPECint2000
Values relative to Compaq Alpha ES40/833Values relative to Compaq Alpha ES40/833
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 Dell Pwredge 1500SC 1.4GHz PIII

†
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Single Processor Benchmark SuiteSingle Processor Benchmark Suite

ll Benchmark suite developed to incorporate:Benchmark suite developed to incorporate:
nn Matrix “kernels” (MATRIXMatrix “kernels” (MATRIX--89 and MATRIX89 and MATRIX--97) 97) 

nn Application “kernels”Application “kernels”

nn Application packages (e.g. GAMESSApplication packages (e.g. GAMESS--UK, DL_POLY)UK, DL_POLY)

ll Implemented on Supercomputers, servers (Implemented on Supercomputers, servers (superminissuperminis), ), 
workstations, PCs and parallel machinesworkstations, PCs and parallel machines
nn Matrix Operations /  Matrix multiplication and matrix diagonalisMatrix Operations /  Matrix multiplication and matrix diagonalisationation

nn Computational Chemistry Kernels Computational Chemistry Kernels -- four typical application kernels four typical application kernels 
(direct(direct--SCF, MD, QMC andSCF, MD, QMC and Jacobi eigenJacobi eigen solver) solver) 

nn STREAM (memory bandwidth)STREAM (memory bandwidth)

nn Quantum Chemistry Calculations Quantum Chemistry Calculations -- twelve typical applications, including twelve typical applications, including 
SCF, directSCF, direct--SCF, CASSCF, MCSCF, directSCF, CASSCF, MCSCF, direct--CI and MRDCI and MRD--CI, MP2, 2nd CI, MP2, 2nd 
derivatives (GAMESSderivatives (GAMESS--UKUK--89 and GAMESS89 and GAMESS--UKUK--99)99)

nn Molecular Dynamics Calculations Molecular Dynamics Calculations -- six typical simulationssix typical simulations
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SINGLE PROCESSOR BENCHMARKS  I. Matrix OperationsSINGLE PROCESSOR BENCHMARKS  I. Matrix Operations

MATRIX OPERATIONS (MATRIXMATRIX OPERATIONS (MATRIX--89 and MATRIX89 and MATRIX--97)97)

ll SPARSE Matrix MultiplySPARSE Matrix Multiply BenchMarkBenchMark
nn MMO operation is central to the efficient operation of modern QCMMO operation is central to the efficient operation of modern QC codes. codes. 

In this benchmark a series ofIn this benchmark a series of MMOsMMOs (R = A X B) are performed involving (R = A X B) are performed involving 
matrices of increasing order:matrices of increasing order:

–– MATRIXMATRIX--89: 10, 20, 30, … , 100 (B is sparse)89: 10, 20, 30, … , 100 (B is sparse)

–– MATRIXMATRIX--97: 50, 100, 150, … , 500 (B is sparse)97: 50, 100, 150, … , 500 (B is sparse)

ll Diagonalisation BenchmarkDiagonalisation Benchmark
nn Based onBased on diagonalisingdiagonalising a series of real symmetric matrices. Measures a series of real symmetric matrices. Measures 

the performance of 8 routines from mathematical libraries and QCthe performance of 8 routines from mathematical libraries and QC codes:codes:
–– MATRIXMATRIX--89: 10, 20, 30, … , 10089: 10, 20, 30, … , 100

–– MATRIXMATRIX--97: 50, 100, 150, 200, 250, 30097: 50, 100, 150, 200, 250, 300

ll QQ††HQ BenchmarkHQ Benchmark
nn Designed to extend MMO benchmark by allowing for the use of librDesigned to extend MMO benchmark by allowing for the use of library ary 

routines e.g. BLAS. Uses both a scalar and vector algorithm:routines e.g. BLAS. Uses both a scalar and vector algorithm:
–– MATRIXMATRIX--89: 10, 20, 30, … , 15089: 10, 20, 30, … , 150

–– MATRIXMATRIX--97: 20, 40, 60, … , 30097: 20, 40, 60, … , 300

Memory bandwidth

-lblas
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Performance relative to GNU g77 on Pentium 4/2000

Fortran Compilers Fortran Compilers -- Performance Performance 
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Performance relative to the Compaq Alpha ES40/833

MatrixMatrix--97: SPARSE MMO Benchmark.97: SPARSE MMO Benchmark.
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Performance relative to the Compaq Alpha ES40/833
MatrixMatrix--97: Q97: Q††HQ MMO Benchmark.HQ MMO Benchmark.
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Performance relative to the Compaq Alpha ES40/833

MatrixMatrix--97: Diagonalisation Benchmark97: Diagonalisation Benchmark
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Performance relative to the Compaq Alpha ES40/833

The MatrixThe Matrix--97 Benchmarks.97 Benchmarks.
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COMPUTATIONAL CHEMISTRY COMPUTATIONAL CHEMISTRY 
KERNELSKERNELS

Programs that are realistic models of actual chemical applicatioPrograms that are realistic models of actual chemical applications orns or

algorithms algorithms 
nn Self consistent Field (SCF)Self consistent Field (SCF)

ll SCF code using distributed primitive 1sSCF code using distributed primitive 1s gaussiangaussian functions as a basis (thus functions as a basis (thus 
emulating the use of s, p, functions); performs directemulating the use of s, p, functions); performs direct--SCF calculation on BeSCF calculation on Be44
(60 functions).(60 functions).

nn Molecular Dynamics (MD)Molecular Dynamics (MD)
ll This code bounces a few thousand argon atoms around in a box witThis code bounces a few thousand argon atoms around in a box with periodic h periodic 

boundary conditions. LJ pairboundary conditions. LJ pair--wise interactions are used with integration of the wise interactions are used with integration of the 
Newtonian equations of motion.Newtonian equations of motion.

nn Quantum Monte Carlo (QMC) Quantum Monte Carlo (QMC) 
ll This code evaluates the energy of the simplest explicitly correlThis code evaluates the energy of the simplest explicitly correlated electronicated electronic

wavefunction wavefunction for the He atom using afor the He atom using a variational montevariational monte--carlocarlo method without method without 
importance sampling.importance sampling.

nn JacobiJacobi iterative linear equation solver (JACOBI)iterative linear equation solver (JACOBI)
ll JACOBI uses a naiveJACOBI uses a naive jacobijacobi iterative algorithm to solve a linear equation.iterative algorithm to solve a linear equation.

All the time is spent in a large matrixAll the time is spent in a large matrix --vector multiplication.vector multiplication.
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Performance relative to the Compaq Alpha ES40/833

Computational Chemistry Kernels Computational Chemistry Kernels -- DirectDirect--SCF.SCF.
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Performance relative to the Compaq Alpha ES40/833
Chemistry Kernels Chemistry Kernels -- Molecular Dynamics.Molecular Dynamics.

57

124

68

90

69

59

37

63

52

98

76

107

83

41

23

121

100

80

0 20 40 60 80 100 120

 IBM RS/6000 44P-270

 IBM 690 Turbo/POWER4 1.3 GHz

 HP PA-9000/J6000-552

 HP PA-9000/J6700-750

 Cray T3E/1200

 SGI Origin3800/R14k-500

 SGI Origin3800/R12k-400

 SGI O2 R12k/270

 SUN Fire 6800 / 900 Cu

 SUN Blade 1000 / 750

 Compaq Alpha ES45/1000

 Compaq Alpha ES40/833

 API UP2000 6/833

 Compaq Alpha DS20E/667

 HP RX4610 Itanium 733/2MB

 Pentium 4 / 2000 

 AMD Athlon K7 / 1400

 Pentium III / 1000

NEC SX-5 : 99NEC SX-5 : 99

High Performance Computing on Linux Clusters 12 February 2002

Computational Science and Engineering Department Daresbury Laboratory 

Performance relative to the Compaq Alpha ES40/833

Chemistry Kernels Chemistry Kernels -- Quantum Monte Carlo.Quantum Monte Carlo.
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Performance relative to the Compaq Alpha ES40/833

Chemistry Kernels Chemistry Kernels -- JacobiJacobi Solver.Solver.
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STREAM: Measured Sustainable STREAM: Measured Sustainable 
Memory Bandwidth in HPC (TRIAD)Memory Bandwidth in HPC (TRIAD)
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Performance relative to the Compaq Alpha ES40/833

Computational Chemistry Kernels.Computational Chemistry Kernels.
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Computational Activities

Ab InitioAb Initio MOLECULAR ELECTRONIC MOLECULAR ELECTRONIC 
STRUCTURE.STRUCTURE.

ll Investigation of chemical reaction pathways and mechanisms;Investigation of chemical reaction pathways and mechanisms;

ll Computation of molecular equilibrium geometries or transition stComputation of molecular equilibrium geometries or transition state ate 
structures;structures;

ll HarmonicHarmonic vibrationalvibrational analysis, prediction ofanalysis, prediction of vibrationalvibrational frequencies frequencies 
and Infrared and Raman Intensities;and Infrared and Raman Intensities;

ll Evaluation of molecular properties (Evaluation of molecular properties (multipolemultipole moments, electrostatic moments, electrostatic 
properties);properties);

ll Evaluation ofEvaluation of ionizationionization potentials and electronic excitation energies; potentials and electronic excitation energies; 

ll Treatment of “Large” molecules;Treatment of “Large” molecules;
nn directdirect--SCF techniques,SCF techniques, ECPsECPs
nn QM/MM, free energy perturbation calculationsQM/MM, free energy perturbation calculations
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MOLECULAR ELECTRONIC STRUCTURE MOLECULAR ELECTRONIC STRUCTURE 
SOFTWARESOFTWARE

ll GAUSSIANGAUSSIAN--9898
nn GaussianGaussian Inc. (Pittsburgh)Inc. (Pittsburgh)

ll M.J.M.J. FrischFrisch and coand co--workersworkers

ll CADPACCADPAC
nn R.D. AmosR.D. Amos

ll Cambridge UniversityCambridge University

ll MOLPROMOLPRO
nn P.J. Knowles and H.J. WernerP.J. Knowles and H.J. Werner

ll Birmingham UniversityBirmingham University

ll GAMESS and GAMESSGAMESS and GAMESS--UKUK
nn M.W. Schmidt, N. Dakota StateM.W. Schmidt, N. Dakota State
nn M.F. Guest at al., DaresburyM.F. Guest at al., Daresbury

ll SPARTANSPARTAN
nn W.W. HehreHehre

ll University of CaliforniaUniversity of California

ll TURBOMOLE (MSI)TURBOMOLE (MSI)
nn R.R. AhlrichsAhlrichs

ll University ofUniversity of KarlsruheKarlsruhe

ll QCHEMQCHEM
nn M. Head Gordon et alM. Head Gordon et al

ll BerkeleyBerkeley

ll NWChemNWChem
nn J. Nichols, R.J. Harrison  ….J. Nichols, R.J. Harrison  ….

ll EMSL / PNNLEMSL / PNNL
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GAMESSGAMESS--UKUK

GAMESSGAMESS--UK is the general purposeUK is the general purpose ab initioab initio molecular electronic structure molecular electronic structure 
program for performing SCFprogram for performing SCF--, MCSCF, MCSCF-- and DFTand DFT--gradient calculations, together gradient calculations, together 
with a variety of techniques for post Hartreewith a variety of techniques for post Hartree FockFock calculations.calculations.

nn The program is derived from the original GAMESS code, obtained fThe program is derived from the original GAMESS code, obtained from Michel rom Michel 
Dupuis in 1981 (then at the NRCC), and has been extensively modiDupuis in 1981 (then at the NRCC), and has been extensively modified and fied and 
enhanced over the past decade.enhanced over the past decade.

nn This work has included contributions from numerous authorsThis work has included contributions from numerous authors††, and has been , and has been 
conducted largely at the CCLRC Daresbury Laboratory, under the aconducted largely at the CCLRC Daresbury Laboratory, under the auspices of the uspices of the 
UK's Collaborative Computational Project No. 1 (CCP1). Other majUK's Collaborative Computational Project No. 1 (CCP1). Other major sources that or sources that 
have assisted in the onhave assisted in the on--going development and support of the program include going development and support of the program include 
various academic funding agencies in the Netherlands, and ICI plvarious academic funding agencies in the Netherlands, and ICI plc.c.

Additional information on the code may be found from links at:Additional information on the code may be found from links at:
http://www.dl.ac.http://www.dl.ac.ukuk/CFS/CFS

† M.F. Guest, J.H. van Lenthe, J. Kendrick, K. Schoffel & P. Sherwood, with contributions 
from R.D. Amos, R.J. Buenker, H.H. van Dam, M. Dupuis, N.C. Handy, I.H. Hillier, P.J. 
Knowles, V. Bonacic-Koutecky, W. von Niessen, R.J. Harrison, A.P. Rendell, V.R. 
Saunders, A.J. Stone and D.Tozer.

† M.F. Guest, J.H. van Lenthe, J. Kendrick, K. Schoffel & P. Sherwood, with contributions 
from R.D. Amos, R.J. Buenker, H.H. van Dam, M. Dupuis, N.C. Handy, I.H. Hillier, P.J. 
Knowles, V. Bonacic-Koutecky, W. von Niessen, R.J. Harrison, A.P. Rendell, V.R. 
Saunders, A.J. Stone and D.Tozer.
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ll Developed as CCP5 parallel MD code Developed as CCP5 parallel MD code 
by W. Smith and T.R. Foresterby W. Smith and T.R. Forester

ll UK + International user communityUK + International user community
ll Adopted by Materials Consortium 1995Adopted by Materials Consortium 1995

Boundary ConditionsBoundary Conditions
ll None (e.g. isolated macromolecules)None (e.g. isolated macromolecules)
ll Cubic periodic boundariesCubic periodic boundaries

ll Orthorhombic periodic boundariesOrthorhombic periodic boundaries
ll ParallelpipedParallelpiped periodic boundariesperiodic boundaries

ll Truncated octahedral periodic Truncated octahedral periodic 
boundariesboundaries

ll Rhombic dodecahedral periodic Rhombic dodecahedral periodic 
boundariesboundaries

ll Slabs (i.e. x,y periodic, zSlabs (i.e. x,y periodic, z nonperiodicnonperiodic))

Target SystemsTarget Systems
ll Atomic systems & mixtures (Atomic systems & mixtures (NeNe,, ArAr, etc.), etc.)

ll Ionic melts & crystals (Ionic melts & crystals (NaClNaCl,, KClKCl etc.)etc.)

ll Polarisable ionicsPolarisable ionics (ZSM(ZSM--5,5, MgOMgO etc.)etc.)

ll Molecular liquids & solids (CClMolecular liquids & solids (CCl 44,, BzBz etc.)etc.)

ll MolecularMolecular ionicsionics (KNO(KNO33, NH, NH44Cl, HCl, H22O etc.)O etc.)

ll Synthetic polymers ([PhCHCHSynthetic polymers ([PhCHCH 22]]nnetcetc.).)

ll Biopolymers and macromoleculesBiopolymers and macromolecules

ll Polymer electrolytes, Membranes, Polymer electrolytes, Membranes, 

ll Aqueous solutions, MetalsAqueous solutions, Metals

MD Algorithms/EnsemblesMD Algorithms/Ensembles

ll VerletVerlet leapfrog,leapfrog, VerletVerlet leapfrog + RDleapfrog + RD--SHAKESHAKE

ll Rigid units with FIQA and RDRigid units with FIQA and RD--SHAKESHAKE

ll Linked rigid units with QSHAKELinked rigid units with QSHAKE

ll Constant T (Constant T (BerendsenBerendsen) with) with VerletVerlet leapfrog leapfrog 
and with RDand with RD--SHAKESHAKE

ll Constant T (Evans) withConstant T (Evans) with VerletVerlet leapfrog andleapfrog and
with RDwith RD--SHAKESHAKE

ll Constant T (Hoover) withConstant T (Hoover) with VerletVerlet leapfrogleapfrog

DL_POLY:  A Parallel Molecular DynamicsDL_POLY:  A Parallel Molecular Dynamics
Simulation PackageSimulation Package
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GAMESSGAMESS--UK and DLUK and DL__POLY BenchmarksPOLY Benchmarks

12 Typical QC Calculations12 Typical QC Calculations

ModuleModule Basis (Basis (GTOsGTOs)  Species)  Species
1.  SCF1.  SCF STOSTO--3G (124)3G (124) MorphineMorphine

2.  SCF2.  SCF 66--31G 31G (154)(154) CC66HH33(NO(NO 22))33

3.  ECP Geometry3.  ECP Geometry ECPDZ ECPDZ (70)(70) NaNa77MgMg++

4.  Direct4.  Direct--SCFSCF 66--31G 31G (82)(82) CytosineCytosine

5.  CAS5.  CAS--geometrygeometry TZVP TZVP (52)(52) HH22COCO

6.  MCSCF6.  MCSCF EXT1      (74)EXT1      (74) HH22COCO

7.  Direct7.  Direct--CICI EXT2 EXT2 (64)(64) HH22CO/HCO/H22+CO+CO

8.  MRD8.  MRD--CI (26M)CI (26M) ECP        (59)ECP        (59) TiClTiCl44

9.  MP29.  MP2--geometrygeometry 66--31G*    (70)31G*    (70) HH33SiNCOSiNCO

10. SCF 2nd 10. SCF 2nd derivsderivs.6.6--31G 31G (64)(64) CC55HH55NN

11. MP2 2nd 11. MP2 2nd derivsderivs.6.6--31G*    (60)31G*    (60) CC44

12. Direct12. Direct--MP2MP2 DZP        (76)DZP        (76) CC55HH55NN

Six Typical SimulationsSix Typical Simulations
SimulationSimulation AtomsAtoms TimeTime

stepssteps

1. Na1. Na--KK disilicatedisilicate glassglass 10801080 300300

2. Metallic Al with2. Metallic Al with 256256 80008000

SuttonSutton--Chen potentialChen potential

3. 3. Valinomycin Valinomycin in 1223in 1223 38373837 100100

water moleculeswater molecules

4. Dynamic shell model 4. Dynamic shell model 768768 10001000

water with 1024 siteswater with 1024 sites

5. Dynamic shell model 5. Dynamic shell model 768768 10001000

MgCl2 with 1280 sitesMgCl2 with 1280 sites

6. Model membrane, 2 6. Model membrane, 2 31483148 10001000

membrane chains, 202 membrane chains, 202 

solute and 2746 solvent  moleculessolute and 2746 solvent  molecules
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The GAMESSThe GAMESS--UK Benchmark I. CPUUK Benchmark I. CPU
Performance relative to the Compaq Alpha ES40/833
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Performance relative to the Compaq Alpha ES40/833
The GAMESSThe GAMESS--UK Benchmark II. WallUK Benchmark II. Wall
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SPECfp2000 and the GAMESSSPECfp2000 and the GAMESS--UK BenchmarkUK Benchmark

SPECfp95

GAMESS-UK

49

150

56

75

60

52

90

54

100

83

75

80

92

59

40

75

93

124

63

52

81

62

100

85

67

132

97

67

124

174

138

68

0 30 60 90 120 150 180

 IBM RS/6000 44P-270

 IBM 690 Turbo/POWER4 1.3 GHz

 HP PA-9000/J6000-552

 HP PA-9000/J6700-750

 SGI Origin3800/R14k-500

 SGI Origin3800/R12k-400

 SUN Fire 6800 / 900 Cu

 SUN Blade 1000 / 750

 Compaq Alpha ES45/1000

 Compaq Alpha ES40/833

 API UP2000 6/833

 Compaq Alpha DS20E/667

 HP RX4610 Itanium 733/2MB

 Pentium 4 / 2000 

 AMD Athlon K7 / 1400

 Pentium III / 1000 

GAMESS-UK

SPECfp2000

Performance relative
to the Compaq Alpha
ES40/833

High Performance Computing on Linux Clusters 12 February 2002

Computational Science and Engineering Department Daresbury Laboratory 

The GAMESSThe GAMESS--UKUK--99 Benchmark99 Benchmark

10 Typical QC Calculations10 Typical QC Calculations
ModuleModule Basis (Basis (GTOsGTOs)) SpeciesSpecies

1.  Direct1.  Direct-- SCFSCF 66--31G 31G (227)(227) MorphineMorphine
2.  SCF2.  SCF 66--31G**  (265)31G**  (265) CC66HH33(NO(NO22))33

3.  DFT B3LYP3.  DFT B3LYP 66--311G* (167)311G* (167) CytosineCytosine
4.  MCSCF4.  MCSCF CCCC--PVTZ (100)PVTZ (100) HH22COCO
5.  Direct5.  Direct--CICI CCCC--PVTZ (100)PVTZ (100) HH22CO/HCO/H22+CO+CO
6.  CCSD(T)6.  CCSD(T) TZV+2d+1f  (144)TZV+2d+1f  (144) CC44

7.  MP27.  MP2--geometrygeometry TZVP    (105)TZVP    (105) HH33SiNCOSiNCO
8.  SCF 2nd 8.  SCF 2nd derivsderivs.. 66--311G** (144)311G** (144) CC55HH55NN
9.  MP2 2nd 9.  MP2 2nd derivsderivs.. TZVP(C2d)  (104) TZVP(C2d)  (104) CC44

10. Direct10. Direct--MP2MP2 66--31G*    (130)31G*    (130) CytosineCytosine

Benchmark Time: 49.9 minutes on Compaq AlphaServer ES40/833
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The GAMESSThe GAMESS--UKUK--99  Benchmark99  Benchmark
Performance relative to the Compaq ES40/833
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The GAMESSThe GAMESS--UK  and GAMESSUK  and GAMESS--UKUK--99 Benchmark99 Benchmark
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The DLThe DL__POLY Benchmark. POLY Benchmark. 
Performance relative to the Compaq Alpha ES40/833
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SPECfp2000 and the DLSPECfp2000 and the DL__POLY BenchmarkPOLY Benchmark
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Summary IndexSummary Index relative to the relative to the Compaq Alpha ES40/833Compaq Alpha ES40/833
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The MATRIX-97, Chemistry Kernels and GAMESS-UK Benchmarks
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Machine Costs:Machine Costs: Proprietary & Commodity SolutionsProprietary & Commodity Solutions
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SPECfp2000 and STREAMSPECfp2000 and STREAM
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SINGLE PROCESSOR BENCHMARKS: SUMMARYSINGLE PROCESSOR BENCHMARKS: SUMMARY

ll Distributed Computing Support (Distributed Computing Support (DisCoDisCo))
nn Summary of ActivitiesSummary of Activities
nn http://www.http://www.csecse..clrcclrc.ac..ac.ukuk/Activity/Disco/Activity/Disco

ll SPECfpSPECfp and Computational Chemistry Benchmark (serial)and Computational Chemistry Benchmark (serial)
nn Comparison involves 150 computers (supercomputers,  workstatioComparison involves 150 computers (supercomputers,  workstations, ns, 

PCs and MPP nodes)PCs and MPP nodes)
nn Matrix’89 and Matrix’97 kernels (MMO, diagonalisation)Matrix’89 and Matrix’97 kernels (MMO, diagonalisation)

nn Application “kernels” (SCF, MD, QMC and JACOBI + STREAM)Application “kernels” (SCF, MD, QMC and JACOBI + STREAM)
nn Application packages (GAMESSApplication packages (GAMESS--UK, DL_POLY)UK, DL_POLY)

ll Machine COSTS vs. Performance:  URLs:Machine COSTS vs. Performance:  URLs:
nn PowerpointPowerpoint presentationpresentation

ll http://www.dl.ac.http://www.dl.ac.ukuk/TCSC/disco/Benchmarks//TCSC/disco/Benchmarks/ppointppoint/index./index.htmhtm

nn PaperPaper
ll http://www.dl.ac.http://www.dl.ac.ukuk/TCSC/disco/Benchmarks/paper//TCSC/disco/Benchmarks/paper/compchemcompchem.html.html
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Benchmarking Linux Clusters:Benchmarking Linux Clusters:
Application Performance on HighApplication Performance on High--End and End and 

CommodityCommodity--class Computersclass Computers

http://www.dl.ac.http://www.dl.ac.ukuk/CFS/parallel/benchmarks/CFS/parallel/benchmarks
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Single or DualSingle or Dual--ProcessorsProcessors

ll The decision to buy single or dual processor PCs is driven The decision to buy single or dual processor PCs is driven 
by the nature of the target application(s). Consider by the nature of the target application(s). Consider 
number of scenarios: number of scenarios: 
nn The application working set fits in main memory. The application working set fits in main memory. 
nn The application is characterised by demanding memory The application is characterised by demanding memory 

bandwidth requirements.bandwidth requirements.
nn The application requires a large amount of disk I/O. The application requires a large amount of disk I/O. 

ll Remember that both CPUs on a dual processor system Remember that both CPUs on a dual processor system 
must share the same network communications, potentially must share the same network communications, potentially 
halving the communications bandwidth relative to a single halving the communications bandwidth relative to a single 
CPU system.CPU system.
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Memory Bandwidth EffectsMemory Bandwidth Effects

Number of CPUs

Measured Time (seconds)

ANGUS: Conjugate Gradient + ILU

Number of CPUs

CS7 AMD K7/1000 MP + SCICS7 AMD K7/1000 MP + SCI CS2 CS2 QSNet QSNet Alpha ClusterAlpha Cluster

DL_POLY: Ewald Benchmark
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I/O BenchmarkI/O Benchmark

Dual CPUDual CPU

Single CPUSingle CPU

407.45 + 409.04407.45 + 409.04

390.22390.22

CPU time (s)CPU time (s)

30:40.49 + 30:53.0230:40.49 + 30:53.02

11:26.4311:26.43

Elapsed T (min)Elapsed T (min)

22.1 + 22.022.1 + 22.0

56.8%56.8%

Efficiency (%)Efficiency (%)

Application has large I/O requirementsApplication has large I/O requirements -- e.g.e.g. In periodic HF code, CRYSTAL, In periodic HF code, CRYSTAL, 
the conventional SCF calculation processes 2ethe conventional SCF calculation processes 2e-- integrals fi le from disk.integrals fi le from disk.

Stripe the integrals file across 2 disks:

Dual CPUDual CPU 425.65 + 423.48425.65 + 423.48

CPU time (s)CPU time (s)

12:10.48 + 10:30.5912:10.48 + 10:30.59

Elapsed T (min)Elapsed T (min)

58.2 + 67.158.2 + 67.1

Efficiency (%)Efficiency (%)

Single and dual Intel Pentium II-266,  128MB SDRAM /  CPU
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Commodity Systems (Commodity Systems (CSxCSx))
Prototype / Evaluation HardwarePrototype / Evaluation Hardware

SystemsSystems LocationLocation CPUsCPUs ConfigurationConfiguration
CS1CS1 DaresburyDaresbury 3232 Pentium III / 450 MHz; fast Pentium III / 450 MHz; fast 

ethernetethernet (EPSRC)(EPSRC)
CS2CS2 DaresburyDaresbury 6464 24 X dual UP2000/EV6724 X dual UP2000/EV67--667, 667, 

QSNet QSNet Alpha/LINUX cluster,Alpha/LINUX cluster,
8 X dual CS20/EV678 X dual CS20/EV67--833833

CS3CS3 RALRAL 1616 AthlonAthlon AMD K7 850MHz;AMD K7 850MHz;
myrinetmyrinet interconnectinterconnect

CS4CS4 SaraSara 3232 AthlonAthlon AMD K7 1.2 GHz;AMD K7 1.2 GHz;
fast fast ethernetethernet

CS6CS6 CLiCCLiC 528528 Pentium III / 800 MHz; fastPentium III / 800 MHz; fast
ethernet ethernet ((ChemnitzerChemnitzer Cluster)Cluster)

CS7CS7 DaresburyDaresbury 6464 AMD K7/1000 MP; SCALIAMD K7/1000 MP; SCALI
SCI interconnect (“SCI interconnect (“ukcpukcp”)”)

ProtoypeProtoype SystemsSystems
CS0CS0 DaresburyDaresbury 1010 10 CPUS, Pentium II/26610 CPUS, Pentium II/266
CS5CS5 DaresburyDaresbury 1616 8 X dual Pentium III/933, SCALI8 X dual Pentium III/933, SCALI

High Performance Computing on Linux Clusters 12 February 2002
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Commodity Systems (CS1)Commodity Systems (CS1)
ll Master  NodeMaster  Node

nn 440LX based motherboard with on440LX based motherboard with on--
board Adaptec Ultra Wide SCSI board Adaptec Ultra Wide SCSI 

nn Intel Pentium IIIntel Pentium II -- 266 CPU 266 CPU 

nn 256MB SDRAM 256MB SDRAM 

nn 4MB AGP Graphics card 4MB AGP Graphics card 

nn 2 x PCI Fast Ethernet NIC 2 x PCI Fast Ethernet NIC 

nn 4GB (system) and 9GB (user) Ultra 4GB (system) and 9GB (user) Ultra 
Wide SCSI disk Wide SCSI disk 

ll Compute Nodes (x32) Compute Nodes (x32) 
nn 440BX based motherboard 440BX based motherboard 

nn Intel Pentium IIIIntel Pentium III-- 450 CPU 450 CPU 

nn 256MB ECC PC100 SDRAM 256MB ECC PC100 SDRAM 

nn Minimal AGP Graphics card Minimal AGP Graphics card 

nn 2 x PCI Fast Ethernet NIC 2 x PCI Fast Ethernet NIC 

nn 10GB U10GB U-- DMA (ATADMA (ATA-- 33) disk33) disk

ll Networking Networking 
nn 2 x Extreme Summit 48 Fast Ethernet 2 x Extreme Summit 48 Fast Ethernet 

switchesswitches
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Commodity Systems (CS2, Loki)Commodity Systems (CS2, Loki)
ll Master node Master node 

nn UP2000 with 2 X 667 MHz Alpha 21264A (4MB UP2000 with 2 X 667 MHz Alpha 21264A (4MB 
L2), 2GB SDRAM; 36GB UWL2), 2GB SDRAM; 36GB UW--SCSI user diskSCSI user disk

ll 64 compute processors: 64 compute processors: 
nn 48 x 667 MHz + 16 x 833 MHz. 48 x 667 MHz + 16 x 833 MHz. 
nn EV67 21264A with 512MB ECC SDRAM (1GB EV67 21264A with 512MB ECC SDRAM (1GB 

per node), 9GB SCSI diskper node), 9GB SCSI disk

nn QSNetQSNet PCI Adaptor + 100 Mb/s Ethernet NIC PCI Adaptor + 100 Mb/s Ethernet NIC 
(for NFS and console management). (for NFS and console management). 

ll 2nd Fast Ethernet switch dedicated to the 2nd Fast Ethernet switch dedicated to the 
parallel communications traffic. parallel communications traffic. 

ll High Performance Interconnect:High Performance Interconnect:
nn 128128--wayway QsNetQsNet Elite switch chassisElite switch chassis
nn Extreme Summit48 Ethernet switchExtreme Summit48 Ethernet switch

ll System Software:System Software:
nn RH 6.2 LINUX, Compaq C/Fortran compilers, RH 6.2 LINUX, Compaq C/Fortran compilers, 

libraries etc., GCC, RMS for LINUX, MPICH, IP libraries etc., GCC, RMS for LINUX, MPICH, IP 
and SHMEM and SHMEM libslibs
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Commodity Systems (CS3, Commodity Systems (CS3, WulfgarWulfgar))
ll Master Node: Master Node: 

nn ASUS K7M slot A MotherboardASUS K7M slot A Motherboard
nn AMD 650AMD 650 MHz MHz AthlonAthlon
nn 256256 MB PC100 ECC SDRAMMB PC100 ECC SDRAM
nn 44 MB AGP Graphics Card MB AGP Graphics Card 
nn Intel 10/100 Fast Ethernet NICIntel 10/100 Fast Ethernet NIC
nn 1515 GB IBM IDE ATAGB IBM IDE ATA--66 system disk66 system disk
nn 3636 GB IBM UW SCSI diskGB IBM UW SCSI disk
nn Adaptec 2940 U2W SCSI controllerAdaptec 2940 U2W SCSI controller

l Compute Nodes (x16): 
n ASUS K7M slot A Motherboard
n AMD 850 MHz Athlon
n 256 MB PC100 ECC SDRAM
n 4 MB AGP Graphics Card
n Intel 10/100 Fast Ethernet NIC
n 15 GB IBM IDE ATA-66 system 

disk
n Myrinet PCI64A LAN card

l Networking: 
n 24 port 3COM SuperStore II 3300 

10/100 switch
n 16 port Myrinet LAN switch 
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Commodity Systems (CS4, SARA Yellow)Commodity Systems (CS4, SARA Yellow)
ll Yellow cluster, processors: Yellow cluster, processors: 

nn AMD AMD AthlonAthlon 1200 MHz (initially 700 MHz) 1200 MHz (initially 700 MHz) 
nn 8Gbyte/node disk 8Gbyte/node disk 

ll Network:Network:
nn 100Mbit switched100Mbit switched ethernetethernet between nodesbetween nodes
nn 1Gbit 1Gbit ethernetethernet to the fileservers to the fileservers 

ll Fileservers (one for each cluster): Fileservers (one for each cluster): 
nn Processor: Pentium III 650 MHz Processor: Pentium III 650 MHz 
nn Memory: 1024Memory: 1024 Mbyte Mbyte 
nn Disk: 200Disk: 200 GbyteGbyte RaidRaid diskarraydiskarray ((MylexMylex) ) 

ll Software: Software: 
nn Operating system: Operating system: Debian Debian kernel 2.2.17kernel 2.2.17
nn BootprocessingBootprocessing system: system: BpBatch BpBatch 

ll C compilers: C compilers: 
nn Gcc Gcc 2.95.2, Portland Group C 3.12.95.2, Portland Group C 3.1--33

ll Fortran compilers: Fortran compilers: 
nn ff2c2c, , g77 2.95.2g77 2.95.2, , Portland Group Fortran90 3.1Portland Group Fortran90 3.1--33

ll Libraries: Libraries: 
nn MPICHMPICH, , PVM3PVM3, , NAG mark 19NAG mark 19, , ScalapackScalapack

ll Batch system: Batch system: PBSPBS
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Commodity Systems (CS6, Commodity Systems (CS6, CLiCCLiC))

ll Compute nodes (x528)Compute nodes (x528)
nn IntelIntel PentiumIIIPentiumIII, 800 MHz , 800 MHz 
nn ASUSASUS--MainboardMainboard CUBX CUBX 
nn 512 MB SDRAM PC100512 MB SDRAM PC100
nn Seagate Barracuda II 20,4 GB Seagate Barracuda II 20,4 GB 
nn gfxcardgfxcard ATI 3DATI 3D CargerCarger 4MB 4MB 
nn 2 x network adapter Level One FNC 2 x network adapter Level One FNC 

0108TX 0108TX 
ll Server nodes (x2)Server nodes (x2)

nn Intel Intel PentiumIIIPentiumIII, 800 MHz , 800 MHz 
nn ASUSASUS--MainboardMainboard CUBX CUBX 
nn 1 GB SDRAM PC1001 GB SDRAM PC100
nn Seagate Barracuda II 20,4 GB Seagate Barracuda II 20,4 GB 
nn floppy, floppy, gfxcardgfxcard ATI 3D 4MB ATI 3D 4MB 
nn 2 x Gigabit Ethernet Server Adapter 2 x Gigabit Ethernet Server Adapter 

SK 9843SK 9843--SKSK--Net GE SX  Net GE SX  
ll 1 server for managing power1 server for managing power--onon
ll Power supply: USV 125Power supply: USV 125 kVA kVA 

l 1st network (internal)
n Extreme Black Diamond 6x 96-Port 

10/100BASE-TX Module 
l 2nd network (with uplink to campusnet)

n Cisco Catalyst:
n 3x 4000 Gigabit Ethernet Module 
n 13x 3548 XL Enterprise Edition 
n 28x 1000BASE-SX GBIC converter 

l Software:
n Linux Redhat 6.2, kernel 2.2.16-3
n PVM, MPI, BLAS-3.0-4, lapack-3.0-4
n PBS 
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Commodity Systems (CS7, Commodity Systems (CS7, ukcpukcp))
ll Master node Master node 

nn Dual Pentium III 933MHz, 1GB SDRAM; Dual Pentium III 933MHz, 1GB SDRAM; 
60GB IDE user disk, 20GB IDE system 60GB IDE user disk, 20GB IDE system 
diskdisk

ll 64 compute processors: 64 compute processors: 
nn 32 dual 1GHz 32 dual 1GHz AthlonAthlon MPMP
nn DDR ECC SDRAM (1GB per node), 20GB DDR ECC SDRAM (1GB per node), 20GB 

IDE diskIDE disk
nn 6464--bit Dolphin SCI 2D PCI card + 100 bit Dolphin SCI 2D PCI card + 100 

Mb/s Ethernet NIC (for NFS and console Mb/s Ethernet NIC (for NFS and console 
management)management). . 

ll System Software:System Software:
nn RH 7.1 LINUX, PGI C/Fortran compilers, RH 7.1 LINUX, PGI C/Fortran compilers, 

libraries etc., GCC, libraries etc., GCC, ScaliWorldScaliWorld (MPI, PBS, (MPI, PBS, 
desktop tools).desktop tools).

nn CS5CS5 (8 dual Pentium III/930 nodes) (8 dual Pentium III/930 nodes) 
provided initial access to SCALI/SCI.provided initial access to SCALI/SCI.
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HighHigh--End SystemsEnd Systems

ll Cray T3E/1200ECray T3E/1200E
nn 816 processor system at Manchester (CSAR service)816 processor system at Manchester (CSAR service)
nn 600 600 Mz Mz EV56 Alpha processor with 256 MB memoryEV56 Alpha processor with 256 MB memory

ll IBM SP/WH2IBM SP/WH2--375  (32 CPU system at DL)375  (32 CPU system at DL)
nn 44--way Winterhawk2 SMP “thin nodes” with 2 GB memoryway Winterhawk2 SMP “thin nodes” with 2 GB memory
nn 375 MHz Power3375 MHz Power3--II processors with 8 MB L2 cacheII processors with 8 MB L2 cache

ll CompaqCompaq AlphaServerAlphaServer SC SC -- 667 (APAC) and 833 MHz CPUs667 (APAC) and 833 MHz CPUs
nn 44--way ES40/667 and /833 SMP nodes with 2 GB memoryway ES40/667 and /833 SMP nodes with 2 GB memory
nn Alpha 21264a (EV67) CPUs with 8 MB L2 cache Alpha 21264a (EV67) CPUs with 8 MB L2 cache 
nn Quadrics “fat tree” interconnect (5Quadrics “fat tree” interconnect (5 usecusec latency, 150 MB/sec B/W)latency, 150 MB/sec B/W)

ll SGI Origin 3800SGI Origin 3800
nn SARA (1000 CPUs) SARA (1000 CPUs) -- NumalinkNumalink with R14k/500 &  R12k/400 CPUswith R14k/500 &  R12k/400 CPUs

ll Cray Cray Supercluster Supercluster at at EagenEagen
nn Linux Alpha Cluster (96 X API CS20s Linux Alpha Cluster (96 X API CS20s -- dual 833 MHz EV67 CPUs) dual 833 MHz EV67 CPUs) 

nn Myrinet Myrinet interconnect, Red Hat 6.2 interconnect, Red Hat 6.2 
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Interconnect Comparison Interconnect Comparison -- MPIMPI

References
SP Switch Performance (IBM Document) 1998
Fujitsu April 1997
HLRS Germany 1997
NASA Ames Laboratory 1997
QSW 1998
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PointPoint--toto--Point (Mbytes/sec)Point (Mbytes/sec)

PingPongPingPong; ; PingPingPingPing; ; SendrecvSendrecv; ; 
ExchangeExchange

Collective Operations (Time Collective Operations (Time --
usecusec) ) -- as function of no.of CPUsas function of no.of CPUs

AllreduceAllreduce; Reduce; Reduce_scatter; ; Reduce; Reduce_scatter; 
AllgatherAllgather; ; AllgathervAllgatherv; ; AlltoallAlltoall; ; BcastBcast, , 
BarrierBarrier

Message Lengths:Message Lengths:

0 to 4194304 Bytes0 to 4194304 Bytes

Systems InvestigatedSystems Investigated

ll Cray T3E/1200ECray T3E/1200E

ll SGI Origin3800/R14kSGI Origin3800/R14k --500 (500 (TerasTeras))
ll IBM SP/WH2IBM SP/WH2--375 375 -- using both 2using both 2-- &&

44-- CPUs per quadCPUs per quad--SMP node SMP node 
ll Cray Cray SuperClusterSuperCluster (833MHz EV68 (833MHz EV68 

dual CS20 nodes with dual CS20 nodes with myrinetmyrinet))
l IBM Regatta H (intra node)
ll CS1 PIII/450  + Fast CS1 PIII/450  + Fast ethernetethernet, MPICH, MPICH

ll CS2 Alpha Linux Cluster dual UP2000/667 CS2 Alpha Linux Cluster dual UP2000/667 

ll CS3 AMDCS3 AMD AthlonAthlon/850 +/850 + MyrinetMyrinet, MPICH, MPICH
ll CS5 dual PIII/930 + SCALI interconnectCS5 dual PIII/930 + SCALI interconnect
ll CS6 PIII/800  + Fast CS6 PIII/800  + Fast ethernetethernet, MPICH, MPICH

ll CS7 AMD K7/1000 MP + SCALICS7 AMD K7/1000 MP + SCALI

Communications BenchmarkCommunications Benchmark
PMB:  Pallas MPI Benchmark Suite (V2.2)PMB:  Pallas MPI Benchmark Suite (V2.2)
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PingPongPingPong PerformancePerformance
PMB Benchmark (Pallas)PMB Benchmark (Pallas)
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PingPongPingPong PerformancePerformance
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MPI_MPI_allreduceallreduce PerformancePerformance
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Interconnect Benchmark Interconnect Benchmark -- EFF_BWEFF_BW
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QSNet QSNet Alpha/LINUX ClusterAlpha/LINUX Cluster

ll Performance of Collective MPI operationsPerformance of Collective MPI operations

ll Shared Memory Performance:Shared Memory Performance:
nn Cost effectiveness of UP2000 stems from use of commodity SDRAMS Cost effectiveness of UP2000 stems from use of commodity SDRAMS 

(c.f. STREAM figures) and 1/2 number of paths to memory as Compa(c.f. STREAM figures) and 1/2 number of paths to memory as Compaq q 
DS20 platform (effect on interDS20 platform (effect on inter--node MPI performance);node MPI performance);

nn Expected to impact on applications with heavy memory usageExpected to impact on applications with heavy memory usage

ll Effect of variations in messaging schemes:Effect of variations in messaging schemes:
nn Programming model for QLCProgramming model for QLC--alpha uses flat MPI/SHMEM model alpha uses flat MPI/SHMEM model 

implemented across clustered SMP solutions.implemented across clustered SMP solutions.

nn Intra node Intra node commscomms. Supported as either direct memory copies or via . Supported as either direct memory copies or via 
Elan NIC. Default for intraElan NIC. Default for intra--node in MPI is shared memory while in node in MPI is shared memory while in 
SHMEM interface default is to use Elan. Complex SHMEM interface default is to use Elan. Complex -- messages currently messages currently 
poll ...poll ...

ll LINUX Issues and Performance:LINUX Issues and Performance:
nn Page colouring: support for multiPage colouring: support for multi--way associative caches (L2) to way associative caches (L2) to 

provide optimum strategy for cache reuse. provide optimum strategy for cache reuse. 
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Application CodesApplication Codes
Performance comparisons between CommodityPerformance comparisons between Commodity--based systems and both current  based systems and both current  
MPP (MPP (CSAR Cray T3E/1200ECSAR Cray T3E/1200E) and ASCI) and ASCI--style SMPstyle SMP--node platforms (node platforms (IBM SP / IBM SP / 
WH2WH2--375, Compaq 375, Compaq AlphaServer AlphaServer SC (ES40/6SC (ES40/6--667, 6667, 6--833), SGI Origin 3800 and 833), SGI Origin 3800 and 
Prototype Cray Prototype Cray SuperclusterSupercluster::

ll Chemistry Chemistry and Materialsand Materials
nn DL_POLY DL_POLY -- parallel MD code with many applicationsparallel MD code with many applications
nn GAMESSGAMESS--UK, UK, NWChem  NWChem  & & TurbomoleTurbomole -- AbAb initioinitio Electronic structure codesElectronic structure codes
nn CRYSTAL, VASP, CASTEPCRYSTAL, VASP, CASTEP -- UKCP CarUKCP Car--Parrinello total energy materials codeParrinello total energy materials code

ll Molecular BiologyMolecular Biology
nn CHARMM (NIH and BASF), DL_POLY, …CHARMM (NIH and BASF), DL_POLY, …

ll EngineeringEngineering
nn ANGUSANGUS -- regularregular--grid domain decomposition engineering code with conjugategrid domain decomposition engineering code with conjugate--

gradient and multigradient and multi--grid solversgrid solvers

nn FLITE3DFLITE3D -- finitefinite--element irregularelement irregular--grid engineering codegrid engineering code

ll Climate ModellingClimate Modelling
nn Unified ModelUnified Model (Atmospheric Climate Modelling)(Atmospheric Climate Modelling)

Performance Metric (% 32Performance Metric (% 32--node Cray T3E)node Cray T3E)
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1.   T (321.   T (32--nodes Cray T3E/1200E)  /   T (32 CPUs )nodes Cray T3E/1200E)  /   T (32 CPUs ) CSxCSx

[ T 32-node T3E /  T 32-node CS1 Pentium III/450 + FE]
T 32-node T3E /  T 32-node CS6 Pentium III/800 + FE

T T 3232--nodenode T3E /  T T3E /  T 3232--CPUCPU CS2 Alpha Linux Cluster + CS2 Alpha Linux Cluster + QuadrixQuadrix

2.   T (322.   T (32--CPUs SGI Origin 3800) / T (32 CPUs) CS2 Alpha Linux ClusterCPUs SGI Origin 3800) / T (32 CPUs) CS2 Alpha Linux Cluster

T T 3232--CPUCPU SGI Origin 3800 /  T SGI Origin 3800 /  T 3232--CPUCPU CS2 Alpha Linux ClusterCS2 Alpha Linux Cluster

Performance MetricsPerformance Metrics

Attempt to quantify delivered performance from the CommodityAttempt to quantify delivered performance from the Commodity --based systems based systems 
against current  MPP (CSAR Cray T3E/1200E)and ASCIagainst current  MPP (CSAR Cray T3E/1200E)and ASCI --s ty le  SMPsty le  SMP--node node 

platforms (e.g. SGI Origin 3800) i.e.platforms (e.g. SGI Origin 3800) i.e.

Performance Metr ic (% 32Performance Metr ic (% 32--node Cray T3E)node Cray T3E)
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NaCl; 27,000 ions, 27,000 ions, 
EwaldEwald + MTS,+ MTS,
75 time steps, 75 time steps, 
CutoffCutoff=24Å=24Å

Number of CPUs

Measured Time (seconds)

T3ET3E128128 = 94= 94184%,470%
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HighHigh--End Computational ChemistryEnd Computational Chemistry
The The NWChemNWChem SoftwareSoftware

ll Developed as part of the construction of the Environmental MolecDeveloped as part of the construction of the Environmental Molecular Sciences ular Sciences 
Laboratory (EMSL) at PNNL.Laboratory (EMSL) at PNNL.

ll Funded to be used as an integrated component in solving Funded to be used as an integrated component in solving DOE’sDOE’s grand grand 
challenge environmental restoration problemschallenge environmental restoration problems

ll Designed and developed to be a Designed and developed to be a highly efficient  and portable MPP highly efficient  and portable MPP 
computational chemistry package, computational chemistry package, pproviding computational chemistry solutions roviding computational chemistry solutions 
which are which are scalable with respect to chemical system size as well as MPP scalable with respect to chemical system size as well as MPP 
hardware sizehardware size

ll Extensible framework supporting development of new methods in Extensible framework supporting development of new methods in 
computational chemistry; computational chemistry; NWChemNWChem ArchitectureArchitecture

ll ObjectObject--oriented designoriented design
–– abstraction, data hiding, handles, APIsabstraction, data hiding, handles, APIs

ll Parallel programming modelParallel programming model
–– nonnon--uniform memory access, global arrays (uniform memory access, global arrays (GAsGAs))

ll InfrastructureInfrastructure

–– Global Arrays (GA)Global Arrays (GA) , Parallel I/O, RTDB, MA,, Parallel I/O, RTDB, MA, Linear algebra (Linear algebra (PeiGSPeiGS)) ......
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Si 28O 67H 30 1 6 8 7 / 3 9 2 8 2 5 6 2766s

Measured Parallel Efficiency for NWChem - DFT on 
IBM-SP; Wall Times to Solution for SCF Convergence
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Parallel Implementations of GAMESSParallel Implementations of GAMESS--UKUK

ll Extensive use of Global Array (GA) Tools and Parallel Extensive use of Global Array (GA) Tools and Parallel 
Linear Algebra from Linear Algebra from NWChemNWChem Project (EMSL)Project (EMSL)

ll SCF and DFT energies and gradientsSCF and DFT energies and gradients
nn Replicated data, but …Replicated data, but …

nn GA Tools for caching of I/O for restart and checkpoint filesGA Tools for caching of I/O for restart and checkpoint files

nn Storage of 3Storage of 3--centre 2centre 2--e integrals in DFTe integrals in DFT Jfit Jfit 

nn Linear Algebra (viaLinear Algebra (via PeIGsPeIGs, DIIS/, DIIS/MMOsMMOs, Inversion of 2c, Inversion of 2c--2e matrix)2e matrix)

ll SCF second derivativesSCF second derivatives
nn Distribution of <Distribution of <vvoovvoo> and <> and <vovovovo> integrals via > integrals via GAsGAs

ll MP2 gradientsMP2 gradients
nn Distribution of <Distribution of <vvoovvoo> and <> and <vovovovo> integrals via > integrals via GAsGAs
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Elapsed Time (seconds)

96%,256%

T3ET3E128128 = 436= 436

Impact of Impact of Serial Serial Linear Algebra:Linear Algebra:
TTIBMIBM --SPSP (16) = (16) = 26562656 [1289][1289]

TTIBMIBM --SPSP (32) = (32) = 21842184 [  821][  821]
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Materials Simulation CodesMaterials Simulation Codes

Plane Wave DFT Codes:
• CASTEP
• VASP
• CPMD

These codes have similar functionality, These codes have similar functionality, 
power and problems. CASTEP is the power and problems. CASTEP is the 

flagship code of UKCP and hence flagship code of UKCP and hence 
subsequent discussions wil l focus on this.subsequent discussions wil l focus on this.

Local Gaussian Basis Set Codes:
• CRYSTAL

This code presents a different set of 
problems when considering 

performance on HPC(x).

SIESTA and CONQUEST:SIESTA and CONQUEST:
•• O(n) scaling codes which will be extremely attractive to usersO(n) scaling codes which will be extremely attractive to users. . 
•• Both are currently development rather than production codes. Both are currently development rather than production codes. 
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CRYSTAL98: Periodic SCF for CRYSTAL98: Periodic SCF for MgOMgO and TiOand TiO22
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CRYSTAL CRYSTAL -- 20002000
ll Distributed Data implementationDistributed Data implementation

ll Benchmark:  Benchmark:  

nn An Acid Centre inAn Acid Centre in Zeol i teZeol i te--Y (Y (FaujasiteFaujasite))

nn Single point energySingle point energy

nn 145 atoms / cell, No symmetry / 8k145 atoms / cell, No symmetry / 8k --pointspoints

nn 2208 basis functions, (62208 basis functions, (6 --2 1 G2 1 G*  *  ))
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Plane Wave Methods: CASTEPPlane Wave Methods: CASTEP

∑
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• Direct minimisat ion of the total energy (avoiding diagonalisation )

• Pseudopotent ials must be used to keep the number of plane
waves manageable

• Large number of  basis funct ions N~106 (especial ly for heavy 
atoms).

The plane wave expansion means that the bulk of the computation comprises large 3D 
Fast Fourier Transforms ( FFTs ) between real and momentum space. 

• These are distributed across the processors in various ways.

• The actual FFT routines are optimized for the cache size of t he processor.
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UK CarUK Car--Parrinello ConsortiumParrinello Consortium
ll The Cambridge Serial Total Energy Package CASTEP The Cambridge Serial Total Energy Package CASTEP 

(M. Payne et al.) calculates the total energy, forces and (M. Payne et al.) calculates the total energy, forces and 
stresses in a 3Dstresses in a 3D--periodic system.periodic system.

ll Rev. Mod.Phys. 64 (1992) 1045Rev. Mod.Phys. 64 (1992) 1045

ll DFT, planeDFT, plane--waves, pseudowaves, pseudo--potentials & potentials & FFT'sFFT's

CASTEP CASTEP -- The UK CarThe UK Car--Parrinello Parrinello ConsortiumConsortium

CASTEP 4.2CASTEP 4.2 ββ Key Features:Key Features:
ll Ultrasoft  Ultrasoft  pseudopseudo--potentials with nonpotentials with non--linear core corrections linear core corrections 

ll Range of minimisation methods: Density Mixing, RMRange of minimisation methods: Density Mixing, RM--DIIS, DIIS, 
Conjugate Gradients bandConjugate Gradients band--byby--band & allband & all--bands.  Full structural bands.  Full structural 
relaxation and MD relaxation and MD 

ll LD andLD and GGAsGGAs, spin, spin--polarisationpolarisation
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Parallelization Parallelization of CASTEPof CASTEP

ll A Number of A Number of parallelizationparallelization methods are implemented:methods are implemented:
nn kk--point:point: a processor holds all thea processor holds all the wavefunctionwavefunction for a kfor a k--point point 

(MPI_ALLTOALLV is NOT required) BUT for large unit cells (MPI_ALLTOALLV is NOT required) BUT for large unit cells NNkk ⇒⇒1 i.e 1 i.e 
small CPU count.small CPU count.

nn GG--vector:vector: a processor holds part of thea processor holds part of the wavefunctionwavefunction for all kfor all k--points points 
(MPI_ALLTOALLV is over ALL CPUs) i.e. biggest systems with 1 K p(MPI_ALLTOALLV is over ALL CPUs) i.e. biggest systems with 1 K pointoint

nn mixed mixed kGkG:: kk--points are allocated amongst processors, thepoints are allocated amongst processors, the wavefunctionswavefunctions
subsub--allocated amongst processors associated with their particular kallocated amongst processors associated with their particular k--
points i.e. MPI_ALLTOALLV  is over points i.e. MPI_ALLTOALLV  is over NNCPUsCPUs // NNkk -- intermediate cases.intermediate cases.

ll On HPC hardware the desired method is either k or On HPC hardware the desired method is either k or kG kG as this as this 
minimizes interminimizes inter--processor communication, specifically processor communication, specifically 
MPI_ALLTOALLV. MPI_ALLTOALLV. 

ll However, on large numbers of processors such distributions will However, on large numbers of processors such distributions will still still 
be problematic. New algorithms will therefore need to be developbe problematic. New algorithms will therefore need to be developed ed 
to overcome latency problems. to overcome latency problems. 
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CPU CPU OptimizationsOptimizations: : 
Efficiency on CommodityEfficiency on Commodity--based  Systemsbased  Systems

ll CASTEP on the Cray T3E and SGI CASTEP on the Cray T3E and SGI 
Origin 3800 systems use FFT code Origin 3800 systems use FFT code 
fullyfully optimizedoptimized for the processor L1for the processor L1--
cache. cache. 

ll Extended to other cacheExtended to other cache--based based 
processors. FFT operations are processors. FFT operations are 
performed on chunks of data that fit in performed on chunks of data that fit in 
L1L1--cache and run at maximum speed. cache and run at maximum speed. 
i.e. FFT exploited efficiently on cachei.e. FFT exploited efficiently on cache--
based CPUs.based CPUs.

ll Example:Example:
64 processor (32 dual 1GHz AMD K7) 64 processor (32 dual 1GHz AMD K7) 
system, SCALI interconnectsystem, SCALI interconnect

TiNTiN: A : A TiNTiN 32 atom slab,  8 k32 atom slab,  8 k --points, points, 
single point energy calculation withsingle point energy calculation with
MullikenMulliken analysis,analysis,
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CASTEP 4.2  CASTEP 4.2  -- Parallel BenchmarkParallel Benchmark
ChabaziteChabazite
ll Acid sites in aAcid sites in a zeolitezeolite. (Si. (Si1111 OO2424

Al H)Al H)
ll VanderbiltVanderbilt ulatrasoftulatrasoft pseudopseudo--

potentialpotential

ll PulayPulay density mixingdensity mixing minimiserminimiser
schemescheme

ll single k point total energy, 96 single k point total energy, 96 
bandsbands

ll 15045 plane waves on 3D FFT 15045 plane waves on 3D FFT 
grid size = 54x54x54; grid size = 54x54x54; 
convergence in 17 SCF cyclesconvergence in 17 SCF cycles

CPUs

42%,166%

Measured Time (seconds)

Time (comms)
IBM SP/WH2 -375 157

Cray T3E/1200E 90
CS1 PIII/450+FE 660

CS6 PIII/800+FE 600
CS7 AMD K7/1000 + SCI 242
CS2 QSNet Alpha 111

SGI Origin 3800/R14k 71
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CPMD CPMD -- CarCar--Parrinello Molecular DynamicsParrinello Molecular Dynamics

CPMDCPMD
ll Version 3.3:Version 3.3: HutterHutter,, AlaviAlavi,, DeutshDeutsh,,

BernasconiBernasconi, St., St. GoedeckerGoedecker, Marx, , Marx, 
Tuckerman and Parrinello (1995Tuckerman and Parrinello (1995--1999)1999)

ll DFT, planeDFT, plane--waves, pseudowaves, pseudo--potentials potentials 
and and FFT'sFFT's

Benchmark Example: Benchmark Example: Liquid WaterLiquid Water
ll Physical Specifications:Physical Specifications:

32 molecules, Simple cubic periodic box of 32 molecules, Simple cubic periodic box of 
length 9.86 A, Temperature 300Klength 9.86 A, Temperature 300K

ll MD parametersMD parameters;;
Time step 7 au = 0.169Time step 7 au = 0.169 fsfs; Length test run ; Length test run 
200 steps = 34200 steps = 34 fsfs

ll Electronic StructureElectronic Structure; ; 
BLYP functional,BLYP functional, TrouillierTrouillier MartinsMartins
pseudopotentialpseudopotential, , RecriprocalRecriprocal spacespace cutoffcutoff 7070
RyRy = 952 = 952 eVeV

CPUs
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Cray T3E/1200E

62%

SpeedupSpeedup

ElapsedElapsed

TimeTime

((secssecs. ). )

SprikSprik and and Vuilleumier Vuilleumier (Cambridge)(Cambridge)
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ll Performances on NH2 nodes Performances on NH2 nodes 
nn 256 CPUs and 8 MPI tasks/node 256 CPUs and 8 MPI tasks/node 

including IO (RD30WFN / including IO (RD30WFN / 
WR30WFN)WR30WFN)

nn 390390 MflopsMflops per CPU, 99.8per CPU, 99.8 GflopsGflops
nn 252*252*252 252*252*252 -- 8 MPI 8 MPI tpntpn

nn Use of ESSL routines instead of Use of ESSL routines instead of 
LapackLapack; Some routines were ; Some routines were 
""OpenMPedOpenMPed””

ll Mixed mode Mixed mode MPI and OMP (IBM)MPI and OMP (IBM)
ll CPMD is dominated by ESSL SMP CPMD is dominated by ESSL SMP 

routines (ROTATE and OVLAP).routines (ROTATE and OVLAP).
ll 4 MPI4 MPI tpntpn and 2 SMPand 2 SMP tpntpn is 1.36 faster is 1.36 faster 

than flat MPI on a given MESHthan flat MPI on a given MESH

ll Power4 estimates: Power4 estimates: The key is The key is 
FFTCOM (MPall2all). Average  speedup FFTCOM (MPall2all). Average  speedup 
of 2.0 on a Rof 2.0 on a R--HH LPARdLPARd systemsystem

CPMD on HighCPMD on High--end Computersend Computers

0
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3000

16 32 64 128 256

Parallel efficency on 256 
NH2 CPUs: 75%

Elapsed Time (seconds)Elapsed Time (seconds)

Number of CPUsNumber of CPUs
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ANGUS: Combustion modelling (regular grid)ANGUS: Combustion modelling (regular grid)
The Cray T3E/1200, IBM SP/WH2 and Beowulf SystemsThe Cray T3E/1200, IBM SP/WH2 and Beowulf Systems

CPUs

Measured Time (seconds)
Direct numerical simulations (DNS) Direct numerical simulations (DNS) 
of turbulent preof turbulent pre-- mixed combustion mixed combustion 
solving the augmentedsolving the augmented NavierNavier --
Stokes equations for fluid flow.Stokes equations for fluid flow.

Discretisation Discretisation of equations is of equations is 
performed using standard 2nd order performed using standard 2nd order 
central differences on a 3Dcentral differences on a 3D-- grid.grid.

Pressure solver util ises either a Pressure solver util ises either a 
conjugate gradient method with conjugate gradient method with 
modif ied incomplete LU premodif ied incomplete LU pre--
conditioner or a multiconditioner or a multi-- grid solver grid solver 
(both make extensive use of Level 1 (both make extensive use of Level 1 
BLAS) or fast Fourier transform.BLAS) or fast Fourier transform.

Conjugate Gradient + ILU

Grid Size Grid Size -- 14414433

4580 4394

2380

1864

1090
776

0

2000

4000

6000

8 16 32

CS1 PIII/450 + FE/LAM
CS6 PIII/800 + FE/LAM
CS5 dual PIII/930 + SCALI
CS3 AMD K7/850 + Myrinet
CS7 AMD K7/1000 MP + SCALI
CS2 QSNet Alpha Cluster/667
Cray T3E/1200E
IBM SP/WH2-375

60%,145%
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ANGUS: Combustion modelling (regular grid)ANGUS: Combustion modelling (regular grid)
Memory Bandwidth Effects: The IBM SP and Alpha Linux SystemMemory Bandwidth Effects: The IBM SP and Alpha Linux System

Number of CPUs

Measured Time (seconds)

Conjugate Gradient + ILU

Grid Size Grid Size -- 14414433
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0 2000 4000 6000
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FLITE3D: An Industrial Aerospace CodeFLITE3D: An Industrial Aerospace Code

Processors

Measured Time 

(seconds)

A finiteA finite-- element code for solving the element code for solving the Euler Euler equations governing air equations governing air 
f low over whole aircraft. f low over whole aircraft. Parallelisation Parallelisation of the code was undertaken of the code was undertaken 
for British Aerospace Military Aircraft and for British Aerospace Military Aircraft and AerostructuresAerostructures Division. Division. 
A multiA multi-- grid solver is used.grid solver is used.

F18 test, 3444350 elements

104%,480%
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Atmospheric Climate Atmospheric Climate ModellingModelling
University of Reading and UK Meteorological Office

The Unified Model system consists of the full UKMO operational fThe Unified Model system consists of the full UKMO operational f orecasting suite & the orecasting suite & the 

coupled Oceancoupled Ocean--Atmosphere model used for cl imate prediction.Atmosphere model used for cl imate prediction.

For a 5For a 5-- day model period in atmosphereday model period in atmosphere-- only configuration, the T3E & Origin 2000 produce  good only configuration, the T3E & Origin 2000 produce  good 
speedups and the Beowulf systems scale well  to 8 processors.  Thspeedups and the Beowulf systems scale well  to 8 processors.  This version of the model has many is version of the model has many 
short messages and barriers & so is not particularly well coded.short messages and barriers & so is not particularly well coded.
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Beowulf Comparisons with the T3E & O3800/R14kBeowulf Comparisons with the T3E & O3800/R14k--500500
CSxCSx -- PentiumIIIPentiumIII + FE+ FE
% of 32% of 32--node Cray T3E/1200Enode Cray T3E/1200E
GAMESSGAMESS--UKUK CS1CS1 CS6CS6
SCFSCF 5353--69%69% 96%96%
DFTDFT 6565--85%85% 130130--178%178%
DFT (DFT (JfitJfit)) 4444--77%77% 6565--131%131%
DFT GradientDFT Gradient 90%90% 130%130%
MP2 GradientMP2 Gradient 44%44% 73%73%
SCF ForcesSCF Forces 80%80% 127%127%

NWChemNWChem (DFT (DFT JfitJfit)) 5050--60%60%

REALCREALC 67%67%

CRYSTALCRYSTAL 145%145%

DLPOLYDLPOLY
EwaldEwald--based based 9595--107%107% 151151--184%184%
bond constraintsbond constraints 3434--56%56% 69%69%

CHARMMCHARMM 96%96% 172%172%

CASTEPCASTEP 33%33% 42%42%

CPMDCPMD 62%62%

ANGUSANGUS 60%60% 68%68%

FLITE3DFLITE3D 104%104%

CS2 CS2 -- QSNetQSNet Alpha Linux ClusterAlpha Linux Cluster
% of 32% of 32--node Cray T3E and O3800/R14knode Cray T3E and O3800/R14k --500500

GAMESSGAMESS--UKUK
SCFSCF 256%256% 99%99%
DFT † DFT † 301301--361%361% 99%99%
DFT (DFT (JfitJfit)) 219219--379%       89379%       89--100%100%
DFT Gradient † DFT Gradient † 289%289% 89%89%
MP2 GradientMP2 Gradient 228%228% 87%87%
SCF ForcesSCF Forces 154%154% 86%86%

NWChemNWChem (DFT(DFT JfitJfit) † ) † 150150--288% 288% 7474--135%135%

CRYSTAL CRYSTAL †† 349%349%
DLPOLYDLPOLY
EwaldEwald--based † based † 363363--470%470% 95%95%
bond constraintsbond constraints 143143--260%260% 82%82%

CHARMM CHARMM †† 404%404% 78%78%

CASTEP   CASTEP   166%166% 78%78%

ANGUSANGUS 145%145%

FLITE3D FLITE3D †† 480%480%
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Collaborations: Performance ModellingCollaborations: Performance Modelling

Objectives

• Determine relative merits of clusters and low/medium servers for a 
number of applications (including those from industry).

• Separation of algorithmic & architectural components of performance.

• Performance prediction on various machine and network architectures.

Collaboration between Pallas GmbH and CLRC to investigate 
performance measurement and prediction on both PC & Alpha-based
Beowulf systems, and on HPC servers, using Vampir and Dimemas.
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Vampir 2.5

VVisualization and 
AAnalysis of
MPIMPI
Prrograms

GAMESS-UK on High-end and Commodity 

class machines
• extensions to handle GA applications

Performance Analysis of GAPerformance Analysis of GA--
based Applications using based Applications using VampirVampir
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SummarySummary
ll Cluster Computing Cluster Computing -- where do clusters fit?where do clusters fit?
ll CommodityCommodity--based Systemsbased Systems

nn SingleSingle--node performance and Interconnectsnode performance and Interconnects
nn Prototype Systems;  CS1 Prototype Systems;  CS1 -- CS7CS7

ll Application performance on Commodity ClustersApplication performance on Commodity Clusters
nn Application performance analysis Application performance analysis -- role of VAMPIR role of VAMPIR 
nn Comparison with HighComparison with High--end Systemsend Systems

ll Cray, IBM, SGI, and Compaq Cray, IBM, SGI, and Compaq 
n Electronic Structure and Molecular Simulation

l GAs and Linear Algebra (PeIGS)
l GAMESS-UK, NWChem ,DL_POLY and CHARMM

nn MaterialsMaterials
ll CRYSTAL, CPMD & CASTEPCRYSTAL, CPMD & CASTEP

nn Computational EngineeringComputational Engineering
ll ANGUS & FLITE3DANGUS & FLITE3D

nn Linux Alpha Cluster delivers between 150Linux Alpha Cluster delivers between 150--400%400%
of T3E/1200E, 78of T3E/1200E, 78--100% of SGI Origin 3800/R14k100% of SGI Origin 3800/R14k--500500

CS2 CS2 -- QSNetQSNet Alpha Alpha 
Linux ClusterLinux Cluster

% of 32 CPU % of 32 CPU 
O3800/R14kO3800/R14k--500500

GAMESSGAMESS--UKUK
SCFSCF 99%99%
DFT DFT 99%99%
DFT (DFT (JfitJfit)) 8989--100%100%
DFT Gradient  DFT Gradient  89%89%
MP2 GradientMP2 Gradient 87%87%
SCF ForcesSCF Forces 86%86%

DLPOLYDLPOLY
EwaldEwald--based  based  95%95%
bond constraintsbond constraints 82%82%

CASTEPCASTEP 78%78%


