1Performance Prediction of Parallel Self ConsistentField ComputationJ. Papay, T.J. Atherton, M.J. Zemerly and G.R. NuddParallel Systems Group, Department of Computer Science,University of Warwick, Coventry, UKEmail: {yuri, tja, jamal, grn}@dcs.warwick.ac.ukAbstractThis paper presents a methodology for performance prediction of parallelalgorithms and illustrates its use on a large scale computational chemistryapplication. The performance prediction uses a component time characterisationtechnique which splits up the sequential code into computational componentsand measures the time for each of them. The parallel algorithm is built fromthese components by adding communication routines. A "Processor ActivityGraph" (PAG) providing a graphical representation of the parallel algorithmruntime behaviour is used for predicting the execution time. For a case study aSelf Consistent Field (SCF) computation has been selected which forms thebasis of many computational chemistry packages [4,5]. The performance modelof SCF computation has been built and the predictions have been comparedwith the results of measurements. The measurements have been provided on amesh connected distributed memory parallel computer (128 T800 ParsytecSuperCluster). The prediction error is less than 10%. Performance optimisationof the application has been achieved by reducing the communication overheadand changing the data representation.1. IntroductionOne of the main concerns of parallel computing is to port sequential programs onto amultiprocessor platform. This process requires to take into account the resource limitationsof the target machine such as the number of processors, size of memory, latency andbandwidth of the communication network. Performance is one of the key factors that must

2be taken into account in design, development and tuning of a parallel algorithm. The overallperformance is affected by the characteristics of the target machine and the software.Performance prediction allows to change the parallelisation technique and machineparameters and to observe the results of the modifications without porting the code orchanging the existing hardware. Typical performance measures for parallel systems areexecution time, speedup, system utilisation, throughput, MIPS, MFLOP, etc. Executiontime was selected as a performance metric because it is a meaningful measure and widelyused in parallel computing. Two approaches are usually used for evaluation ofparallelisation techniques (see Figure 1).Fragmentation Performance model

OptimisationValidation Coding & measurementsParallelisation

Predictions

Performance test Coding & measurements

Performance testFigure 1 - Parallel algorithm development cyclesThe traditional approach (marked by hashing) relies on rewriting the parallel code and allthe optimisation experiments are provided on a parallel machine. This approach of trial anderror in performance tuning is not efficient since it uses expensive parallel machine time,requires a significant programming effort to modify the parallel code and time to obtain themeasurements. A different approach based on early performance prediction is taken in this

3paper which first develops a performance model of parallel application and uses this modelas an experimental testbed for performance optimisation in order to prevent excessivesoftware development costs. The starting point is the fragmentation stage which splits upthe sequential code into its components. These are timed and a mathematical expressiongiving the execution time is derived for each of them. These components and expressionsare used later for building the parallel program and its performance model. The secondstage is parallelisation which combines the computational modules of the sequential codewith the communication modules which are required for parallelisation. The communicationmodels can be derived by benchmarking the parallel machine. The parallelisation does notinvolve writing the parallel code but requires to derive the algorithm’s Processor ActivityGraph (PAG). A PAG is a graphical representation of the parallel algorithm and representsthe scheduling of computational blocks and communication modules. In the third stage theperformance model of the parallel algorithm is built which is based on PAG. Thepredictions generated by the performance model give the expected execution times of theparallel algorithm for various number of processors. This is an iterative process whichcarries on until the performance target has been met. Coding and measurements are themost time consuming stages since they require to write the parallel code and to takemeasurements on a real parallel machine. The validation stage compares the predictionsprovided by the performance model with the measurements obtained by running the parallelcode on a parallel machine.This paper is organised in the following way: in section 2 a background to performanceprediction and computational chemistry is given; section 3 describes the parallelisation ofSelf Consistent Field computation and presents its performance model; section 4 illustratesthe usage of performance model for optimisation.

42. Related WorkAn important step in parallel application design is to find out what performance can weexpect before we start to develop the actual parallel code. Many researchers characterisedparallel systems on the component level (e.g. cache, CPU, etc.) with or without combiningthe effects of all the components [6]. Hennessy and Patterson provided a comprehensivecharacterisation of a single micro-processor through characterising its components.Namely, the CPU, the memory hierarchy and the I/O. They argued that the execution timeis the most meaningful performance measure for computer systems and they focused theirprocessor characterisation on this measure.Hockney [7] developed a model for SIMD and MIMD machines based on three programand hardware parameters. The program parameters are: ss- total number of scalar floatingpoint operations, sc - total amount of data transferred and qc- total number of messages.The characteristics of processor, memory system, interconnection network and operatingsystem are given by parameters such as:

r∞s- asymptotic performance of scalar operations,

r∞c - asymptotic communication bandwidth,

n1/2c - half performance message length. Themodel gives a timing formula which is the sum of times for scalar operations andcommunications.Saavedra-Barrera et al. [9] described a way to predict performance by combiningbenchmarking and hardware characterisation. The idea is to develop and use a machinecharacteriser which measures the performance of a given system in terms of a Fortranabstract machine. This analysis yields a set of parameters which characterises the systemand spotlights its strong and weak points. Each parameter correspondents to the executiontime for a primitive operation in Fortran. The authors characterised a large number ofmachines ranging from workstations to supercomputers.Basu et al. [1] derived simple analytical execution models for evaluating the performance ofparallel message passing systems. They modelled the execution of an algorithm as repetitivesteps of computations and communications. Both overlapped and non-overlapped executionmodels have been analysed. In a non-overlapping model the computations are separated

5from communications by a zero cost synchronisation. In overlapping models thecomputation and communication are completely or partially overlapped. Basu et al. usedmeasurements of overlapping fractions between communication and computation from theparallelised code and extrapolated the results to larger systems.Due to the rapid increase of computing power the computational approach to chemistry hasbecome a powerful alternative to the traditional experiments. Computational Chemistry hasbecome a major consumer of computing resources in academic and industrial applications[3]. The Self-Consistent Field (SCF) computation which forms the heart of many "AbInitio" Computational Chemistry codes is investigated in this paper. The SCF computationis an approximation of the Schrodinger wave model of particle motion which determinesthe chemical properties of atoms, the motion of electrons and the interaction betweenparticles. The SCF code has been implemented on various computational platforms such asvector machines and network of workstations [5]. A little work has been done so far onimplementing the SCF computation on Distributed Memory MIMD machines [8]. Theliterature addressing computational chemistry related problems focuses on parallelisationtechniques applicable to different parallel platforms. Various data partition techniques for amolecular dynamics program CHARMM have been compared by Hwang et al. [8]. Theexperimental results obtained on iPSC/860, Paragon, T3D, SP2 parallel machines showedthat irregular data partition which takes into account the locality of particles and assignsneighbouring atoms to the same processor provides better performance and scalingproperties than regular partitions. The paper compares the advantages and disadvantages ofreplicated and distributed data partitions and concludes that the distributed data techniquealthough enables to simulate larger problems requires additional programming effort tomaintain the distributed data.Biswas et al. [2] evaluated the implementation of molecular dynamics computation ondifferent parallel platforms: NCube2 and network of DEC 5000 workstations. The authorsconcluded that this problem since it requires a large number of communications performsbetter on NCube2. The communication speed for the network of workstations is limited by

6the bandwidth of Ethernet and also by the inefficient implementation of broadcast in thePVM environment.This paper addresses the following problems: parallelisation of SCF computation,implementation on the Parsytec SuperCluster, development of an accurate analyticalperformance model which enables to predict the execution time of the code on variousparallel computers and optimisation studies.3. Parallelisation of the SCF computation3.1. The sequential codeThe sequential SCF computation is an iterative loop which tests the convergence ofcomputation.. The main stages of computation are :• initialisation• iterative cycle involves the following steps• One Electron Energy Calculation (ONEEL)• A Two Electron Energy Calculation (TWOEL)• Matrix Diagonalisation (DIAGON) and computation of Density matrix (DENS).• output of final resultsTwo subroutines dominate the computation: evaluation of two-electron integrals anddiagonalisation. The former scales as O(N4), while the latter scales as O(N3), where N isthe number of atoms. The results of profiling the sequential code are presented in Table 1.Time, sINITONEELTWOELDIAGTDENSatom=14.160.4741.861.80.05atom=24.533.02831.8416.640.35atom=44.5216.812952123.762.12Table 1 - Execution time distribution

7The computational models have been derived by representing each subroutine by aSoftware Execution Graph (SEG) and an analytical expression which gives the executiontime. Here for illustration purposes performance models of two key subroutines are given,these are ONEEL (Figure 2) and TWOEL (Figure 3)IKYH

J=1,I

DDOTDFILLI=ME+1,NBFN,NPROCFigure 2 - Software execution graph of ONEELThe analytical expression for the execution time of ONEEL subroutine is given by (1):

TONEEL = tDFILL + (tLOOP1 + (tLOOP2 +tH ))+

J =1I∑ tDDOT

I=ME+1,NPROC NBFN∑(1)ωηερε τΔΦΙΛΛ, τΛΟΟΠ1, τΛΟΟΠ2, τΗ ανδ τΔΔΟΤ αρε χομπυτατιον μοδυλεσ ρεπρεσεντεδ βψ τηειρεξεχυτιον τιμεσ. 8 Π1=1/ΝΠΡΟΧ ΙΦ1ΑΔΝ Λ=1,ΛΗΙ ΑΣΓ1Ι=ΝΒΦΝ,1ϑ=Ι,1Π2ΙΦ2ΑΣΓ2ΓΔΔΟΤΚ=1,ΙΦιγυρε 3 − Σοϕτωαρε εξεχυτιον γραπη οϕ ΤΩΟΕΛ συβρουτινεΤηε αναλψτιχαλ εξπρεσσιον ϕορ τηε εξεχυτιον τιμε οϕ ΤΩΟΕΛ συβρουτινε ισ γιϖεν βψ (2):

TTWOEL = tASG1 + (tLOOP1 + (tLOOP2 +tIF1 + P1

J =I1∑ * (tLOOP3 +tIF2 K=1I∑ I=NBFN 1∑ +(1− P2)* (tLOOP4 +tG +tADN)))))

L=1LHI∑ +tDDOT(2)where tASG1, tASG2, tLOOP1, tLOOP2, tIF1, tLOOP3, tIF2, tLOOP4, tG, tADN, tDDOT are computationmodules. NPROC is the number of processors, P1 and P2 are probabilities.3.2. Parallelisation of SCF computationFor parallelisation of the SCF computation a functional decomposition has been selected.The data involved in computation is replicated on each processor. The computational workis represented by modifying the element (I,J) of the Fock matrix which represents theenergy level of particles. This operation can be performed in parallel since there is no data- 9dependency between matrix elements. The size of lower triangular Fock matrix is15N(15N+1)/2, where N is the number of atoms. For the ONEEL computation separaterows of the Fock matrix are selected by each processor. In TWOEL computation the workis distributed by elements of the Fock matrix rather than rows. This decompositionprovides better load balancing. The output of parallelisation stage is the Processor ActivityGraph (PAG) which is a graphical representation of the parallel computation. Theadvantages of PAG are the following:• shows the dynamic behaviour of the parallel algorithm• shows the overlap between computation and communication, the level of parallelismand load imbalance.• enables to predict the execution time of the parallel algorithm.A PAG for a single iteration of parallel SCF computation running on four processors isgiven in Figure 4.p0p1p2p3 INIRMDFILLONEELINIRMINIRMINIRMDFILLDFILLDFILLONEELONEELONEELisend/packisend/packisend/pack unpacksumisend/packTWOELTWOELTWOELTWOELisend/packisend/packisend/pack unpackTINITTONELCOMM1TTWOELCOMM2 p0p1p2p3sumisend/pack isend/packisend/packisend/pack unpacksumisend/pack

DIAGONMAKDENDENDIFDAMPisend/pack isend/pack checkCOMM3TDIAGTDENSCOMM4Figure 4 - Processor activity graph of the parallel SCF computationThe PAG shows that communications required for the parallel algorithm are: point-to-pointcommunication and multicast. The analytical models for these communications can bederived by benchmarking the parallel machine.

103.3. Models of PVM communicationsSending a message in PVM requires three steps, these are: initsend, pack and send. Thereceiving processor executes receive and unpack. Initsend (PVMFINITSEND) resets the sendbuffer every time new data is to be sent. Measurements taken on the Parsytec SuperCluster forInitsend showed that it is a constant and equal to tisend = 1111.27

μσ (ωιτη στανδαρδ δεϖιατιονοϕ 18.95). Τηε χοστ οϕ ποιντ−το−ποιντ χομμυνιχατιον ϕορ τηε Παρσψτεχ ΣυπερΧλυστερ χαν βεμοδελλεδ βψ εθυατιον (3): l > p^s & d =12499.031.216--

l ≤ ps & d >12491.31-0.000123.170.768

l > ps & d >12267.121.834110.030.0039Table 2 - Parameters of the quiet network communication modelFigure 4 shows the performance of point-to-point communication for short messages (32b-96b).

11Distance

Time, �s2400260028003000320034003600380012345678910m(32b)m(64b)m(96b)p(32b)p(64b)p(96b)Figure 5 - Measurements (m) and predictions (p) of point-to-point communication for shortmessagesFigure 6 shows the absolute percentage differences between predicted and measuredexecution times.Distance

% Difference00.10.20.30.40.50.60.70.81357911131532b64b96bFigure 6 - Absolute percentage differences between predictions and measurements of point-to-point communication for short messagesFigure 7 shows the performance of point-to-point communication for long messages (2Kb-8Kb).

12Distance

Time, �s0500010000150002000012345678910m(2Kb)m(4Kb)m(8Kb)p(2Kb)p(4Kb)p(8Kb)Figure 7 - Measurements and predictions of point-to-point communication for long messagesFigure 8 shows the percentage differences between the predicted and measured times forlong messages.Distance

% Difference00.20.40.60.811.21.41.61.82135791113152kb4kb8kbFigure 8 - Absolute percentage difference between predictions and measurements for longmessagesMulticast is a frequently used communication pattern in many numerical applications. Theanalytical model for multicast is given by:

Tmcast (l,p) = α 1 +β1llog(l)+ γ1plog(p)+δ1lplog(l)log(p) l ≤ ps

α 2 +β2llog(l)+ γ2 plog(p)+δ2lplog(l)log(p) l > ps (4) 13ωηερε λ ισ τηε μεσσαγε λενγτη ανδ π ισ τηε νυμβερ οϕ προχεσσορσ. Τηε παραμετερσ ϕορ εθυατιον(4) ηαϖε βεεν οβταινεδ βψ λεαστ σθυαρεσ ϕιττινγ οϕ μεασυρεμεντσ οβταινεδ ϕρομ ΠαρσψτεχΣυπερΧλυστερ. Τηεσε παραμετερσ αρε γιϖεν ιν Ταβλε 3.

αβγ

δl ≤ ps 6617.911.87571125.90.132712

l > ps4743.90.123052239.4550.0390338Table 3 - Parameters of the multicast modelFigure 9 gives the measurements and predictions for multicast for different message sizes (32b-96b) and number of processors.Processors

Time, μs01000020000300004000050000600007000048163264128m(32b)m(96b)p(32b)p(96b)Figure 9 - Measurements (m) and predictions (p) of multicast for short messagesFigure 10 shows the absolute percentage differences between predicted and measuredexecution times.

14Processors

% Difference024681012144816326412832b96bFigure 10 - Absolute percentage differences between predictions and measurements forshort messagesFigure 11 shows the measurements and predictions for multicasting long messages (2kb-8kb).Processors

Time, μs0500000100000015000002000000250000048163264128m(2kb)m(4kb)m(8kb)p(2kb)p(4kb)p(8kb)Figure 11 - Measurements (m) and predictions (p) for multicasting long messagesFigure 12 shows the absolute percentage differences between predicted and measured executiontimes.

15Processors

% Difference010203040481632641282kb4kb8kbFigure 12 - Absolute percentage differences between predictions and measurements formulticasting long messagesExperimental measurements on packing and unpacking showed that the cost of packing isequal to unpacking. An analytical model for packing/unpacking of double (REAL8) data isgiven by (5):

tpack (l) = 286.91+8.2 l (5)Figures 5-12 show that the communication models used in this paper are accurate and witha confidence can be used for performance predictions.3.3. A performance model of parallel SCF computationThe performance model is derived from the Processor Activity Graph (PAG) which is agraphical representation of parallel computation. The execution time of parallel SCFcomputation is given by analytical expressions as follows

Txp(N,p) = TINIRM +TDFILL +iteration *(TONEEL +TCOMM1 +TTWOEL +TCOMM2 +

TCOMM3 +TDIAG +TDENS +TCOMM4 ) (6)

TCOMM1 = tcoll(len1,p)+(p − 1)*tadd +tisend +tpack (len1)+tmcast (len1,p − 1) (7) 16

TCOMM2 = tcoll(len1,p)+(p − 1)*tadd +tisend +tpack (len1)+tmcast (len1,p − 1) (8)

TCOMM3 = tcoll(len2,p)+(p − 1)*nnbfn*tadd +tisend +tpack (len2)+tmcast (len2,p − 1) (9)

TDENS = TMAKDEN +TDENDIF +TDAMP (10)

TCOMM4 = tisend +tpack (len2)+tmcast (len2,p − 1)+tisend +tpack (len2)+tmcast (len2,p − 1) (11)where Txp is the execution time of the parallel program, TINIRM, TDFILL,TONEEL, TCOMM1,TCOMM2, TCOMM3, TCOMM4, TTWOEL, TDIAG, TDENS, TMAKDEN, TDENDIF, TDAMP are execution timesof subroutines and communication modules, tcoll is the cost of collection, len1 (8bytes) andlen2 (nnbfn =15*N*(N+1)/2 bytes).3.4. Validation of the performance modelValidation involves comparison of predictions generated by the performance model withmeasurements. The SCF code has been ported on Parsytec Supercluster, forcommunications the PVM/PARIX message passing library had been used. Themeasurements have been taken on p0 processor for 1, 2 and 4 atom configurations, theresults of measurements and predictions are given in Table 4 and Figure 13.N\p1248163264128measurement(1)48.4327.8917.7313.1111.8413.6219.8936.79prediction(1)47.8827.7717.7413.3312.4314.7421.6637.62measurement(2)856.49442.16235.23132.9885.7569.9178.04119.43prediction(2)853.38440.78234.34132.8986.4772.1983.68128.72measurement(4)13099.26627.723390.961779.71985.76614.41486.87N/Aprediction(4)13034.476601.83386.871786.67991.14625.94505.56578.04Table 4 - Measured and predicted execution times

17Processors Time, s1101001000100001000001248163264128m(1)p(1)m(2)p(2)m(4)p(4)Figure 13 - Execution time measurements (m) and predictions (p) for 1, 2 and 4 atomsFigure 14 shows the absolute percentage differences between predicted and measuredexecution times for various number of atoms and processors.Processors

% Difference01234567891248163264128ATOM=1ATOM=2ATOM=4Figure 14 - Absolute percentage difference between measurements and predictionsThe comparison of predictions and measurements shows that the accuracy of theperformance model is about 8%. Since the accuracy of the performance model is acceptablefurther optimisations and performance tuning can be provided on the model rather than onthe parallel computer. This approach provides fast prototyping, it is flexible and does notrequire expensive and time consuming experiments.

184. Optimisation of the SCF computationThe optimisation task is concerned with reducing the time the algorithm spends incomputations and communications. The computation can be optimised by selecting anappropriate parallelisation strategy which yields good load balancing. The communicationtime can be reduced by using techniques such as locality of access, avoidance of hotspotsin the communication network, overlap of computation and communication. Theperformance model of SCF computation developed in the previous section enables toinvestigate various optimisation techniques and to obtain accurate performance predictionswithout the need to spend time to rewrite the parallel code and taking the measurements.The optimisation technique addressed here intends to reduce the communication overheadby combining messages and modifying the data packing format. Combining messagesallows to save on the message startup time which for PVM/PARIX is 1111 msec. Tovalidate the accuracy of predictions we compare them with measurements of the optimisedcode (Table 5, Figure 15).N\p1248163264128measurement(1)48.4327.5417.2412.3310.4711.0914.6526.15prediction(1)47.8827.4917.3112.611.0912.1916.6427.61measurement(2)856.49440.39232.73129.0578.9457.0753.2970.22prediction(2)853.38439.59232.42129.580.1359.9359.5580.75measurement(4)13099.26620.823381.261764.33958.31574.27384.93N/Aprediction(4)13034.476597.433379.641773.73966.75578.64412.4393.1Table 5 - Measured and predicted execution times for 1,2 and 4 atoms

19Processors

Time, s1101001000100001000001248163264128m(1)p(1)m(2)p(2)m(4)p(4)Figure 15 - Execution time measurements (m) and predictions (p)Figure 16 shows the absolute percentage differences between predicted and measuredexecution times for various number of atoms and processors.Processors

% Difference024681012141248163264128ATOM=1ATOM=2ATOM=4Figure 16 - Absolute percentage difference between the measurements and the predictionsfor 1,2 and 4 atomsThe validation has shown that the performance model preserved its accuracy and it can beused as a testbed for optimisation studies. The execution time improvements (inpercentages) obtained from the optimised SCF computation are shown in Figure 17.

20Processors

Improvement, %010203040501248163264128Atom(1)Atom(2)Atom(4)Figure 17 - Performance improvements of the optimised SCF computation5. SummaryIn this paper we presented a methodology for building and optimising large parallel programsusing early performance prediction. The experience with SCF computation showed thatparallelisation and performance prediction do not require a detailed knowledge of quantumchemistry background. This case study demonstrated that scientific simulations have a largeruntime and require massive computational resources. Direct experimentation on a parallelmachine is time consuming, expensive and requires a substantial programming effort.Therefore it is beneficial to develop a performance model of the application which provides anexperimental testbed for optimisations without the need to use expensive computationalresources and spend time to modify the parallel program. In this paper a performance model ofparallel SCF computation has been developed which has been validated by measurements andshowed 8% error. This performance model has been used for optimisation studies andpredicted performance improvement with an error of 12%.

21AcknowledgementThis work is funded by the ESPRIT project 6942 (PEPS) - Performance Evaluation ofParallel Systems. The authors wish to thank Mr. Trevor Chambers, Mr. Michael Stevens(National Physical Laboratory), Dr. Paul Sherwood (Daresbury Laboratory) and theParallel Systems Group at Warwick University for the valuable discussions of this work.Bibliography[1]A. Basu, S. Srinivas, K. G. Kumar, A. Paulraj. A Model for Performance Predictionof Message Passing Multiprocessors Achieving Concurrency by DomainDecomposition. Proc. of the Joint Int. Conf. on Vector and Parallel Processing,(editor) Burkhart, H., Lecture Notes in Computer Science, 457, 10-13 September,Zurich, Switzerland, Springer-Verlag, pp. 75-85, 1990.[2]R. Biswas, D.E. Turner, A. Zdetis. Comparison of parallel and distributedcomputing for classical molecular dynamics, Ames Laboratory - USDOE,Department of Physics and Astronomy, Iowa State Uniersity, 1993 (Submitted toComputer Physics Communications)[3]D.A. Case. Computer Simulations of Protein Dynamics and Thermodynamics. IEEEComputer/CS&E, October 1993, 47-57.[4]M. F. Guest and J. Kendrick, GAMESS Users Manual. SERC DaresburyLaboratory CCP1/86/1, 1986 .[5]M.F. Guest et. al. Parallelism in Quantum Chemistry. Parallel Supercomputing,SERC Daresbury Laboratory, 1992.[6]J. L. Hennessy and D. A. Patterson. Computer Architecture: A QuantitativeApproach, Morgan Kaufmann Publishers, 1990.[7]R. W. Hockney, C.R. Jesshop: Parallel Computers 2, Architectue, Programming andAlgorithms , Second edition, Institute of Physics Publishing, Bristol, 1988.[8]Y.Hwang, R. Das, J.H. Saltz, M. Hodoscek, B. R. Brooks. Parallelizing MolecularDynamics Programs for Distributed Memory Machines, IEEE Computational Science& Engineering, Summer 1995, 18-29.[9]R. H. Saavedra-Barrera, A. J. Smith, and E. Miya. Machine characterisation basedon an abstract high-level language machine, IEEE Trans. on Computers 38 (12)(1989) 1659-1679.