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Background

Today's highestperformanceomputersembodysubstantial
amountf parallel hardware.

Theemeging generatiorof supercomputeraimto harness
tensof thousand®f co-operatingprocessorso deliver
numericalprocessingatesthatexceed10'? oating point
operationgersecond ops) - so-called‘tera op machines”.
Designersareaimingto develop“peta op machines’(10%°
ops) in thenext few years.Similar performance
expectationareattachedo non-numericatomputations.

Theapplicationf High Performancé&omputing(HPC)
promiseto revolutionisemary areasof life, for example:

— veri cation of scienti ¢ theoryby computerbased
simulation,

— integratedinteractve designandmanufcturingsystems,
— “virtual reality” homeandarcadegames.

HOWEVER theprogrammingof highly parallelhardware
hasprovedto bedif cult; progressasbeenslow and
achievedmostly“by hand”andby “trial-and-error”.
Convergenceof thecompetingechnologiehastakenan
unusuallylong time andthe HPC market remainshighly
volatile.



Aims and Objectives

CS603studieshasicimplementatiortechnologiegor HPC
systemsandgives“‘hands-on’experienceof a state-of-the-art
HPCsystem— a 16-processo8Gl Origin 3400.

Throughlecturesandespeciallypracticalwork, students
gainanappreciatiorof thefactorsthatin uence the
achiezementof high performancen HPCsystemsThe
modulealsoinvesticatesfuture developmentssuchasthe
“auto-parallelisation’df sequentiaprograms.

Themodulelecturersandtutorsareresearcher the
interdisciplinaryCentrefor Novel Computing(CNC) and
have extensve researctanddevelopmentexperiencan HPC.

Themodulemanagers Dr. Len Freeman.



Modelling and Simulation

Computingis primarily concernedvith modelling; it is
appliedin mary scienti c andengineeringelds where
mathematicaimodelsof “real-world” phenomenarebuilt
andusedfor predictionpurposesSuchmodellingis
worthwhilewheneer the costsof building andrunningthe
mathematicaimodelsarelessthanthe costof observinghe
correspondingeal-world behaiour, andthe predictionsof
the mathematicamodelareacceptablhaccurate.

Modelling andpredictionby computationameanss
generallyknown assimulation. The completesimulation
procesentailsaspect®f:

— mathematics— to describehe mathematicamodel
formally andto developanalgorithmfor its solution;

— programming— to implementthe algorithmto compute
(approximationgo) the quantitiesmplied by the
mathematicaimodel,

— scienti ¢ experimentation— to investicatethe effectsof
varying parameterandargumentsof the model.

It is clearthatsimulationrequiresaninterdisciplinary
approachegffective simulationleadsto a better
understandingf the modelledreal-world system.



Levelsof Abstraction

Practitionerof simulationmustwork at severaldifferentlevels
of abstraction:

Integratingwith theend-useprocess(es).
Modelling the application.
Designinganalgorithmto “solve” the model.
Programminghe computer

Furthermorecomputerarchitectsanddigital systemengineers
cancontributeaswell, althoughthey operateata someavhat
lower level of abstractionsuchas:

Designing/constructinthe computers.

Changingheimplementatiortechnology



Requirementfor HPC

Detailedresultsfor realisticallycomple< situationsn the
real-world requirevery high computationaperformance.

Theapplicationmodelsusuallycontainvery large numbers
of datavalueswhichrequire:

— A correspondinglyarge/high-access-rateemory(to
storethevalues).

— Multiple high-speedgrocessinginits(to process
interactiondetweerthedatavalues).

— A high-bandwidth|ow-lateng/ network (to move data
valuesbetweerthe processinginitsandthe memory
modules.

Usually, thelargerthe numberof datavaluesinvolved,the
moreaccurateandusefulis the simulation.

As a consequencdighly parallelhardware(with 1000sor
tensof 1000sof processinginits/memorymodules)s a key
implementatiorfeatureof modernhigh performance
simulation.



SampleApplication — Granular Materials

NO theoreticaldescriptionof the behaviour of granular
materials.

— Mixing of plasticpelletsfor injectionmoulding.
— Precisiommixing of powdereddrugsto make pills.

Initial understandingpy experimentation.

Figurel: Experimentatesults— tray vibratedhorizontally— Phys.Rev. Lett. 84,20 (2000)

Stripingeffectsoccursatacritical lling fraction
(compacity).

But experimentations expensiveandtime consumingso
thereis a requirrmentor accurate simulationof the
behaviourof granular materials.



Numerical Simulation

2-D hardspheremodel— time-steppingsimulationof
collisionsbetweerparticles.

Fortrancodemodellingcollisionsamongstapproximately
4000particlesover atime periodof 20 seconds.
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Figure3: 0.75compacity(4274particles 400 of themcopper)
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Figure4: 0.80compacity(4593particles, 400 of themcopper)



More sophisticategimulationschemes:

— Non-sphericapatrticles;
— MolecularDynamics;
— Cellular Automata;

3-D models.

Greatemumbersof particles.

High performanceapplicationthatrequiresahigh
performancdparallel)solution.



Technologiedor High Performance
Simulation

Onanearlierslidewe identi ed thelevelsof abstaction
encounteredh simulation. Thetechnologieshatcontrol
thesdevelsof abstractiorare:

— (Interactve) InterfacingandVisualisation.

— ApplicationModelling.

— (Parallel) Algorithm Design.

— (Parallel) SoftwareEngineering.

— ComputerSystemdsArchitecture.

— Digital Microelectronics.
Obtainingthe highestpossiblesimulationperformance
requiresanoptimalmatchbetweertherequirementplaced

on,andthe capabilitiesofferedby, every oneof these
technologies.

In this modulewe do not have time to studyall these
interactiongn detail. ThusCS603will focusontwo key
topics:

— ConcurrenfrogrammingandParallel Performance
Engineering.

— ParallelComputerArchitecture.



HPC TechnologyTrends

Themajortechnologytrendis towardshighly parallel
hardware(1000sof processinginits/memorymodules).

Thisis in responsé¢o thedemand®f usersthey require

performancéevelsof 10'? ops/s (T ops performancefand

more!!) andthe uni-processostate-of-the-armperformances
10° ops/s (G ops performance).

Opinionsdiffer asto whetherthe parallelismneedgso be
madeexplicit atthesourcecodelevel. Oneapproachs to
make parallelismimplicit atthe sourcecodelevel
(InstructionLevel Parallelism);howeverit is clearly
necessaryo de ne parallelismexplicitly attheobjectcode
level, soat leastthe systemprogrammersieedto exert
explicit control. In practice thecurrentlyavailable
high-level programmingapproacheall requiretheuserto
controlparallelactivity usingexplicit constructs.



Concurrent Programming

Algorithmsandprogramdogetherform the bridgebetween
applicationsandhardware.In CS603thereis insufcient
time to tacklethewide rangeof issuesnvolvedin algorithm
designso,for themostpart,the moduleconcentratesn
appropriatgorogrammingechniques.

For historicalreasonsthe mostwidely usedparallel
programmingdanguagesrebasedon FORTRAN; the

lab. exercisesareFortran-basedyou conductexperiments
with simplecodeswhich we provide), but theissues
addressedregeneric.

A key issuefor usersof HPCis theway thatparallelHPC
simulationcodesaremaintained. Thelack of widely
acceptegarallelprogrammingoolsandstandardstogether
with thevolatility of the HPC market, althoughbothare
improving, hasled mary userso maintainsequentiasource
codeandderive parallelHPC codefrom this, asrequired.
This parallelisation processs a centralpartof present-day
HPC;ashintedearliet the processs very hardto automate.



Parallel Overheads

It is acharacteristiof parallelprogramghatthey incur
additionalexecutiontime comparedvith the corresponding
sequentiaprograms.Typical examplesof suchparallel
overheadsre:

— extrawork is requiredto createandcontrolthe parallel
Instructionstreams;

— createdparallelinstructionstreamften nd it necessary
to communicater synchronisavith eachother;

— theamountof parallelwork mayvary from timeto time,
leaving someof the availableprocessordlle.

A simpleexampleof thelatteroverheads thatassociated
with inherentlysequentiatode(i.e. codethatit is impossible
to turninto a parallelform thatcanbe exploited by the
underlyinghardware). This well-known phenomenotis
termedAmdahl' sLaw.
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Performance Measurement, Analysis and
“Tuning”

Themeasurementof performancaes crucialfor the
developmenbf “good” parallelcodes.This usuallyboils
down to the measuremerdf executiontime, althoughwe
frequentlyneeddetailswithin relatively smallsegmentsof
code,andwithin relatively small partsof the parallel
machine Furthermoreexecutiontime is not always
straightforwardto measureccurately. Much of the practical
work of CS603is directedat the problemsof measurement.

Post-measuremennalysisof performanceas anequally
critical processUsuallyparallelperformances
disappointingdueto unwantedexecutiontime overheadslt
is essentiato know where andhow theseoverhead$ave
beenintroducedjn orderto take stepsto reducethem.

Performancétuning” is aniterative cycle of
execution-meas@-analysemadify actionswith theaim of
minimising paralleloverheads.



TechnicalSummary

CS603givesa practicalintroductionto the compleities of
state-of-the-amparallelHPC,focusingon parallelcomputer
systemsandthe developmentof effective concurrent
programdor them.

Themodauleis stronglybasedn the notionof executiontime
overheadshow they arise;how they canbe obsened,
measure@ndexplained(overheadanalysig; how they can
be systematicallyeducedoverheadreductior).

Moderatelyparallelhardwareis hereto stay;it is already
establishedn senerlevel productsandcanbe expectedo
appeatn desk-topset-topandothersuchsystemsn the
very nearfuture. Associatearallelsoftwareis already
beingdevelopedbasedn ongoingHPCresearch.

Froma vocationalpoint-of-view, this moduleprovidesa
goodbasisfrom whichto developa betterunderstandingf
thesenew parallelhardwareandsoftwareproducts.



Module Format

CS603consistf 4 majorparts:

Pre-module weekbeginning9 February2004
Readingplusexerciseqsimplecodeson a uni-processor).

Lectures weekbeginning16 February2004
Thisintroductorylecture,plus 15 lecturegapproximatelyl
hourlong) andarésune.

Laboratory

Approximatelyl5 hoursof supervisedaboratories
integratedwith the 15 hoursof lectures Exerciseerformed
in groupsof about3-5 students.

Mini-pr oject, weekbeginning 23 February2004
1 weekpost-modulamini-project,performedn groupsof
about3-5 students.

Assessment:

Coursework
Pre-moduleandmainlaboratoryexercises— 30%

Mini-project— 35%

Formal Examination
Two-hourwritten examination— 35%



2003/2004Teaching Staff

Module Manager and Tutor

Len Freeman — SeniorLecturerin ComputerScience;
DeputyDirectorof the CNC

Module Lecturersand Tutors

JohnGurd — Professonf ComputerScience;
Directorof the CNC

AnnaManning — ResearclfAssociatan theCNC

GrahamRiley — Researchrellow in theCNC;

ManagingDirectorof Manchester
InformaticsLimited

Laboratory Supetrvisor

Len Freeman



The Centre for Novel Computing (CNC)

TheinterdisciplinaryCNC wasestablishedn November

1990with foundationfundingfrom the SERC(forerunnerof

the EPSRC) Sincethenit hasbeenawardedresearch

fundingin excessof £5M from avariety of sourcegEPSRC,

ECR&D Programmesandindustry).It currentlycomprises

four academicstaf, eightresearchellows/associategnd
ve postgraduateesearctstudents.

Themissionof the CNC s to promotewidespread
applicationof HPCtechniguesn academiandindustrial
projects.lt supportgesearchncludingthe developmentof
speci ¢ HPCapplicationstoolsandtechniquedor
improving the performancef HPCapplicationsandthe
designjmplementatiorandevaluationof varioushardware
andsoftwarecomponent®f HPC systemsCNC hasaccess
to a numberof state-of-the-arnparallelsupercomputers.



Conclusions

HPCis a hardware-drventechnologyin anevolving phase.
Many ideashave beenandarebeingtested put cornvergence
IS slow.

Themajordif culties lie in devising suitablealgorithmsand
expressingheseasprogramsyratherthandeveloping
hardwarethatis capableof high performance.

Thereareplentyof promisingapplicationdor HPC
technologyandconsiderablénterestfrom potential
Sponsors.

HPCresearchs contrikbuting to the developmentof
mainstreanparallelhardwareandsoftwareproducts.

TheCNCis aresearclgroupof internationalktanding;
CS603givesyou anopportunityto obsene andunderstand
its aimsandachievements.



CS607Intr oduction to Computational Science

for MScin ComputationalScienceonly

Dr Len Freeman

Theaim of this moduleis to provide anintroductionto the
rangeof issueqalgorithmic,softwareandhardware)that
needto beaddressetb derive ef cient andadaptable
numericalsolutionsof somesimplePDEsthatmodel
physicalproblems.

— understandhe executioncycle of anumericalcodethat
simulatesa simplePDE;

— understandhefactorsin the executioncycle thataffect
performancen a sequentiamachine;

— understandhe bene tsof abstractiorin programdesign.



CS608Fundamentalsof High Performance
Execution

for MScin ComputationalScienceonly

ProfessodohnGurd

Theaim of this moduleis to introducethe Fundamentalsf
SystemArchitectureto enableanunderstandingf the
executioncharacteristicsef scienti ¢ simulationcodes.

— understandhe essential®f serialprogramexecution
cycle:

sourcecode objectcode run-timecode
hardware;

— understandhe effectsof component®f executioncycle
on performance;

— understandhe limitationsof abstractionin particularin
termsof programperformance.



CS609Algorithms for Differ ential Equations
Dr Milan Mihajlovic

Theaim of this moduleis to introducenumericalalgorithms
for the solutionof ODEsandPDEsandto introducethe
fundamentablgorithmicpropertiesnf accurag, stability and
cornvergence.

— understandhe NumericalAnalysisissuesf algorithms
for ODEsandPDEs(accurag, stability, corvergence);

— understandhe performancemplicationsof algorithmic
developmentgalgorithmicef ciency).



