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Background

� Today'shighestperformancecomputersembodysubstantial
amountsof parallel hardware.

� Theemerginggenerationof supercomputersaim to harness
tensof thousandsof co-operatingprocessorsto deliver
numericalprocessingratesthatexceed1012 �oating point
operationspersecond(�ops) - so-called“tera�op machines”.
Designersareaimingto develop“peta�op machines”(1015

�ops) in thenext few years.Similar performance
expectationsareattachedto non-numericalcomputations.

� Theapplicationsof High PerformanceComputing(HPC)
promiseto revolutionisemany areasof life, for example:

– veri�cation of scienti�c theoryby computer-based
simulation,

– integratedinteractivedesignandmanufacturingsystems,

– “virtual reality” homeandarcadegames.

� HOWEVER theprogrammingof highly parallelhardware
hasprovedto bedif�cult; progresshasbeenslow and
achievedmostly“by hand”andby “trial-and-error”.
Convergenceof thecompetingtechnologieshastakenan
unusuallylong timeandtheHPCmarket remainshighly
volatile.
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Aims and Objectives

� CS603studiesbasicimplementationtechnologiesfor HPC
systemsandgives“hands-on”experienceof astate-of-the-art
HPCsystem— a 16-processorSGIOrigin 3400.

� Throughlectures,andespeciallypracticalwork, students
gainanappreciationof thefactorsthatin�uence the
achievementof highperformancein HPCsystems.The
modulealsoinvestigatesfuturedevelopments,suchasthe
“auto-parallelisation”of sequentialprograms.

� Themodulelecturersandtutorsareresearchersin the
interdisciplinaryCentrefor Novel Computing(CNC) and
haveextensiveresearchanddevelopmentexperiencein HPC.

� Themodulemanageris Dr. LenFreeman.
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Modelling and Simulation

� Computingis primarily concernedwith modelling; it is
appliedin many scienti�c andengineering�elds where
mathematicalmodelsof “real-world” phenomenaarebuilt
andusedfor predictionpurposes.Suchmodellingis
worthwhilewhenever thecostsof building andrunningthe
mathematicalmodelsarelessthanthecostof observingthe
correspondingreal-world behaviour, andthepredictionsof
themathematicalmodelareacceptablyaccurate.

� Modellingandpredictionby computationalmeansis
generallyknown assimulation. Thecompletesimulation
processentailsaspectsof:

– mathematics— to describethemathematicalmodel
formally andto developanalgorithmfor its solution;

– programming— to implementthealgorithmto compute
(approximationsto) thequantitiesimpliedby the
mathematicalmodel;

– scienti�c experimentation— to investigatetheeffectsof
varyingparametersandargumentsof themodel.

� It is clearthatsimulationrequiresaninterdisciplinary
approach;effectivesimulationleadsto abetter
understandingof themodelledreal-world system.
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Levelsof Abstraction

Practitionersof simulationmustwork at severaldifferentlevels
of abstraction:

� Integratingwith theend-userprocess(es).

� Modelling theapplication.

� Designinganalgorithmto “solve” themodel.

� Programmingthecomputer.

Furthermore,computerarchitectsanddigital systemengineers
cancontributeaswell, althoughthey operateata somewhat
lower level of abstraction,suchas:

� Designing/constructingthecomputers.

� Changingtheimplementationtechnology.
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Requirementfor HPC

� Detailedresultsfor realisticallycomplex situationsin the
real-world requireveryhighcomputationalperformance.

� Theapplicationmodelsusuallycontainvery largenumbers
of datavalueswhich require:

– A correspondinglylarge/high-access-ratememory(to
storethevalues).

– Multiple high-speedprocessingunits(to process
interactionsbetweenthedatavalues).

– A high-bandwidth,low-latency network (to movedata
valuesbetweentheprocessingunitsandthememory
modules.

� Usually, thelargerthenumberof datavaluesinvolved,the
moreaccurateandusefulis thesimulation.

� As a consequence,highly parallelhardware(with 1000sor
tensof 1000sof processingunits/memorymodules)is akey
implementationfeatureof modernhighperformance
simulation.
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SampleApplication — Granular Materials
� NO theoreticaldescriptionof thebehaviour of granular

materials.

– Mixing of plasticpelletsfor injectionmoulding.

– Precisionmixing of powdereddrugsto makepills.
� Initial understandingby experimentation.

Figure1: Experimentalresults— trayvibratedhorizontally— Phys.Rev. Lett. 84,20 (2000)

� Stripingeffectsoccursata critical �lling fraction
(compacity).

� Butexperimentationis expensiveandtimeconsumingso
there is a requirementfor accuratesimulationof the
behaviourof granularmaterials.
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Numerical Simulation
� 2-D hardspheremodel— time-steppingsimulationof

collisionsbetweenparticles.
� Fortrancodemodellingcollisionsamongstapproximately

4000particlesovera timeperiodof 20 seconds.

Figure2: 0.70compacity(3956particles,400of themcopper)
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Figure3: 0.75compacity(4274particles,400of themcopper)
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Figure4: 0.80compacity(4593particles,400of themcopper)
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� Moresophisticatedsimulationschemes:

– Non-sphericalparticles;

– MolecularDynamics;

– CellularAutomata;
� 3-D models.
� Greaternumbersof particles.

� High performanceapplicationthatrequiresahigh
performance(parallel)solution.
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Technologiesfor High Performance

Simulation
� Onanearlierslidewe identi�ed thelevelsof abstraction

encounteredin simulation.Thetechnologiesthatcontrol
theselevelsof abstractionare:

– (Interactive) InterfacingandVisualisation.

– ApplicationModelling.

– (Parallel)Algorithm Design.

– (Parallel)SoftwareEngineering.

– ComputerSystemsArchitecture.

– Digital Microelectronics.
� Obtainingthehighestpossiblesimulationperformance

requiresanoptimalmatchbetweentherequirementsplaced
on,andthecapabilitiesofferedby, everyoneof these
technologies.

� In thismodulewedonothave time to studyall these
interactionsin detail.ThusCS603will focuson two key
topics:

– ConcurrentProgrammingandParallelPerformance
Engineering.

– ParallelComputerArchitecture.
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HPC TechnologyTrends
� Themajortechnologytrendis towardshighly parallel

hardware(1000sof processingunits/memorymodules).

� This is in responseto thedemandsof users;they require
performancelevelsof 1012 �ops/s (T�ops performance)(and
more!!) andtheuni-processorstate-of-the-artperformanceis

� 109 �ops/s (G�ops performance).

� Opinionsdiffer asto whethertheparallelismneedsto be
madeexplicit at thesourcecodelevel. Oneapproachis to
makeparallelismimplicit at thesourcecodelevel
(InstructionLevel Parallelism);however it is clearly
necessaryto de�ne parallelismexplicitly at theobjectcode
level, soat leastthesystemprogrammersneedto exert
explicit control. In practice,thecurrentlyavailable
high-level programmingapproachesall requiretheuser to
controlparallelactivity usingexplicit constructs.
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Concurrent Programming
� Algorithmsandprogramstogetherform thebridgebetween

applicationsandhardware.In CS603thereis insuf�cient
time to tacklethewide rangeof issuesinvolvedin algorithm
design,so,for themostpart,themoduleconcentrateson
appropriateprogrammingtechniques.

� For historicalreasons,themostwidely usedparallel
programminglanguagesarebasedonFORTRAN; the
lab. exercisesareFortran-based(youconductexperiments
with simplecodeswhichweprovide),but theissues
addressedaregeneric.

� A key issuefor usersof HPCis theway thatparallelHPC
simulationcodesaremaintained. Thelackof widely
acceptedparallelprogrammingtoolsandstandards,together
with thevolatility of theHPCmarket,althoughbothare
improving, hasled many usersto maintainsequentialsource
codeandderiveparallelHPCcodefrom this,asrequired.
Thisparallelisation processis a centralpartof present-day
HPC;ashintedearlier, theprocessis veryhardto automate.
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Parallel Overheads
� It is a characteristicof parallelprogramsthatthey incur

additionalexecutiontimecomparedwith thecorresponding
sequentialprograms.Typicalexamplesof suchparallel
overheadsare:

– extrawork is requiredto createandcontroltheparallel
instructionstreams;

– createdparallelinstructionstreamsoften�nd it necessary
to communicateor synchronisewith eachother;

– theamountof parallelwork mayvary from time to time,
leaving someof theavailableprocessorsidle.

� A simpleexampleof thelatteroverheadis thatassociated
with inherentlysequentialcode(i.e.codethatit is impossible
to turn into a parallelform thatcanbeexploitedby the
underlyinghardware).Thiswell-known phenomenonis
termedAmdahl' sLaw.
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Amdahl' sLaw

Sequential execution 

(Ts - Tser)/p

Tp

Ts - Tser
Ts

Parallel execution

Ts
� sequential execution time Tser

� inherently serial execution time

Tp
� parallel execution time � Tser

�

Ts �

Tser

p

� NotethatTp is boundedbelow by Tser for all p.
� Speed-upis limited by theinherentlyserialpartof thecode.

S dotted l ines � p � Tp �

Ts
� � p

�

1��� Tser
� wastedcycles

overhead �

S dotted l ine
p

�

wastedcycles
p
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PerformanceMeasurement,Analysisand

“Tuning”
� Themeasurementof performanceis crucialfor the

developmentof “good” parallelcodes.Thisusuallyboils
down to themeasurementof executiontime, althoughwe
frequentlyneeddetailswithin relatively smallsegmentsof
code,andwithin relatively smallpartsof theparallel
machine.Furthermore,executiontime is notalways
straightforwardto measureaccurately. Muchof thepractical
work of CS603is directedat theproblemsof measurement.

� Post-measurementanalysisof performanceis anequally
critical process.Usuallyparallelperformanceis
disappointing,dueto unwantedexecutiontimeoverheads.It
is essentialto know whereandhow theseoverheadshave
beenintroduced,in orderto takestepsto reducethem.

� Performance“tuning” is aniterativecycleof
execution-measure-analyse-modify actionswith theaimof
minimisingparalleloverheads.
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TechnicalSummary
� CS603givesa practicalintroductionto thecomplexitiesof

state-of-the-artparallelHPC,focusingonparallelcomputer
systemsandthedevelopmentof effectiveconcurrent
programsfor them.

� Themoduleis stronglybasedon thenotionof executiontime
overheads:how they arise;how they canbeobserved,
measuredandexplained(overheadanalysis); how they can
besystematicallyreduced(overheadreduction).

� Moderatelyparallelhardwareis hereto stay;it is already
establishedin server level products,andcanbeexpectedto
appearin desk-top,set-topandothersuchsystemsin the
verynearfuture.Associatedparallelsoftwareis already
beingdeveloped,basedonongoingHPCresearch.

� Fromavocationalpoint-of-view, thismoduleprovidesa
goodbasisfrom which to developa betterunderstandingof
thesenew parallelhardwareandsoftwareproducts.
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Module Format

CS603consistsof 4 majorparts:
� Pre-module, weekbeginning9 February2004

Readingplusexercises(simplecodesona uni-processor).
� Lectures, weekbeginning16February2004

This introductorylecture,plus15 lectures(approximately1
hourlong)anda résuḿe.

� Laboratory
Approximately15 hoursof supervisedlaboratories
integratedwith the15 hoursof lectures.Exercisesperformed
in groupsof about3-5students.

� Mini-pr oject, weekbeginning23February2004
1 weekpost-modulemini-project,performedin groupsof
about3-5students.

Assessment:

Coursework
� Pre-moduleandmainlaboratoryexercises— 30%
� Mini-project— 35%

Formal Examination
� Two-hourwrittenexamination— 35%
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2003/2004TeachingStaff

Module Manager and Tutor

LenFreeman — SeniorLecturerin ComputerScience;
DeputyDirectorof theCNC

Module Lecturersand Tutors

JohnGurd — Professorof ComputerScience;
Directorof theCNC

AnnaManning — ResearchAssociatein theCNC
GrahamRiley — ResearchFellow in theCNC;

ManagingDirectorof Manchester
InformaticsLimited

Laboratory Supervisor

LenFreeman
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The Centre for Novel Computing (CNC)
� TheinterdisciplinaryCNC wasestablishedin November

1990with foundationfundingfrom theSERC(forerunnerof
theEPSRC).Sincethenit hasbeenawardedresearch
fundingin excessof £5M from avarietyof sources(EPSRC,
ECR&D Programmes,andIndustry).It currentlycomprises
four academicstaff, eightresearchfellows/associates,and
� vepostgraduateresearchstudents.

� Themissionof theCNCis to promotewidespread
applicationof HPCtechniquesin academicandindustrial
projects.It supportsresearchincludingthedevelopmentof
speci�c HPCapplications,toolsandtechniquesfor
improving theperformanceof HPCapplications,andthe
design,implementationandevaluationof varioushardware
andsoftwarecomponentsof HPCsystems.CNC hasaccess
to a numberof state-of-the-artparallelsupercomputers.
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Conclusions
� HPCis a hardware-driventechnologyin anevolving phase.

Many ideashavebeenandarebeingtested,but convergence
is slow.

� Themajordif�culties lie in devisingsuitablealgorithmsand
expressingtheseasprograms,ratherthandeveloping
hardwarethatis capableof highperformance.

� Thereareplentyof promisingapplicationsfor HPC
technology, andconsiderableinterestfrom potential
sponsors.

� HPCresearchis contributing to thedevelopmentof
mainstreamparallelhardwareandsoftwareproducts.

� TheCNC is a researchgroupof internationalstanding;
CS603givesyouanopportunityto observeandunderstand
its aimsandachievements.
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CS607Intr oduction to Computational Science

for MScin ComputationalScienceonly

Dr LenFreeman
� Theaimof thismoduleis to provideanintroductionto the

rangeof issues(algorithmic,softwareandhardware)that
needto beaddressedto deriveef�cient andadaptable
numericalsolutionsof somesimplePDEsthatmodel
physicalproblems.

– understandtheexecutioncycleof a numericalcodethat
simulatesa simplePDE;

– understandthefactorsin theexecutioncycle thataffect
performanceon asequentialmachine;

– understandthebene�tsof abstractionin programdesign.
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CS608Fundamentalsof High Performance
Execution

for MScin ComputationalScienceonly

ProfessorJohnGurd
� Theaimof thismoduleis to introducetheFundamentalsof

SystemArchitectureto enableanunderstandingof the
executioncharacteristicsof scienti�c simulationcodes.

– understandtheessentialsof serialprogramexecution
cycle:
sourcecode

�
	

objectcode
�
	

run-timecode
�
	

hardware;

– understandtheeffectsof componentsof executioncycle
on performance;

– understandthelimitationsof abstraction,in particularin
termsof programperformance.
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CS609Algorithms for Differential Equations

Dr Milan Mihajlovic
� Theaimof thismoduleis to introducenumericalalgorithms

for thesolutionof ODEsandPDEsandto introducethe
fundamentalalgorithmicpropertiesof accuracy, stabilityand
convergence.

– understandtheNumericalAnalysisissuesof algorithms
for ODEsandPDEs(accuracy, stability, convergence);

– understandtheperformanceimplicationsof algorithmic
developments(algorithmicef�ciency).


