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Abstract In thisworkwepresentaperformancemodelthatencompassesthekey character-
isticsof aSntransportapplicationusingunstructuredmeshes.Sntransportis an
importantpartof theASCIworkload.Thisbuildsonpreviousanalysiswhichhas
beendonefor thecaseof structuredmeshes.Theperformancemodelingof anun-
structuredgrid applicationpresentsa numberof complexities andsubtletiesthat
do not arisefor structuredgrids. The resultinganalyticalmodel is parametric
usingbasicsystemperformancecharacteristics(latency, bandwidth,MFLOPS
rateetc),andapplicationcharacteristics(meshsizeetc). It is validatedonalarge
HPAlphaServersystemshowing high accuracy. Themodelcomparesfavorably
to a tracebasedmodelingapproachwhich is specificto a singlemesh/processor
mappingsituation.Themodelis usedto give insightinto theachievableperfor-
manceonpossiblefutureprocessingsystemscontainingthousandsof processors.

Keywords: PerformanceEvaluation,PerformanceModeling,Unstructured-Meshes,Large-
scaleSystems.
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1. Introduction

In this work we presentthe developmentanduseof a performancemodel
for an applicationcodedevelopedfor solving the Boltzmannequationdeter-
ministically (Sn transport)on unstructuredmeshes. The unstructuredmesh
applicationthat is modeledhereis known asTycho [12]. The problemis of
greatimportanceto theASCI workload,henceothercodesarealsobeingunder
developmentfor this purposee.g. [14].

Unstructuredmesheshaveseveralbenefitsover theuseof structuredmeshes
in termsof thecalculationsundertaken,but have significantextra overheadin
termsof performance.Several importantperformancefactorsthatcanreduce
the overall calculationefficiency of this type of computationson large-scale
parallelsystemsareanalyzedin this paper.

The algorithmsemployed in deterministicSn (discreteordinate)computa-
tionsfall in a classgenericallynamedwavefront techniques.In anutshellthey
utilize an iterative approachusinga methodof “sweeping” [3]. Eachspatial
cell in a meshis processedin a specifiedorder for eachdirection in the dis-
creteordinatesset.Thewavefronts(or sweeps)aresoftwarepipelinedin each
of theprocessingdirections. Wavefrontalgorithmsexhibit several interesting
performancecharacteristics,relatedto the pipelinednatureof the wavefront
dynamics.Theseincludea pipelinedelayacrossprocessorsfor a sweep,and
a repetitionrateof both computationandcommunicationin the direction of
the sweep. In the caseof a structuredmesha high efficiency of calculation
canbeachievedasall activeprocessorsperformthesameamountof work, and
communicatethesamesizedboundarydata[3].

Efforts devotedto theperformanceanalysisof Sntransportdatebackmany
years. Researchhasincludedthe developmentof performancemodelsas a
function of problemmeshandmachinesize[8]. More detailedperformance
modelshave beendevelopedthatalsoincludeinter-processorcommunication,
andSMPclustercharacteristics[3–4]. However, theseall consideredanunder-
lying structuredmesh.

Thekey contributionof thispaperis thedevelopmentof ananalyticalperfor-
mancemodelof Sntransporton unstructuredmeshes.This is thefirst perfor-
mancemodelfor SnTransport onunstructuredmeshes. Themodelencapsulates
themainperformancecharacteristicsparameterizedin termsof meshsizeand
systemconfiguration. Two analyticalmodelsare considered,one in a gen-
eral form andonein a meshspecificform. A third “trace” model,similar to
Dimemas[2], is includedto comparethedifferentmodels.

The approachthat we take for modelingis applicationcentric. It involves
understandingthe processingflow in the application,the key datastructures,
and how they useand are mappedto the available resources. From this a
performancemodelis constructedthatencapsulatesthekey performancechar-
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acteristics.Thisapproachhasbeensuccessfullyusedonanadaptivemeshcode
[6], astructuredmeshtransportcode[3], andaMonte-Carloparticlesimulation
code[9].

Theanalyticalmodeldevelopedhereis shown to have reasonableaccuracy
throughavalidationprocessonaHPAlphaServerparallel machine. Thegeneral
model is able to add insight into the achievable performancethat could be
obtainedonhypothetical futurearchitecturesandhenceindicating theefficiency
andsizesof meshthat could be processed.Specificallywe usethe modelto
exploreexpectedachievableperformanceon future large-scalesystemswhich
maybecapableof a 100tera-flopsprior to their availability.

Thepaperisorganizedasfollows. In Section2, theSntransportcalculationis
detailedandcomparisonsbetweenits operationonstructuredandun-structured
meshesaremade. In Section3 the key characteristicsof the processingare
describedwhich are usedin the developmentof the performancemodelsin
Section4. Themodelsarevalidatedin Section5 on a numberof unstructured
meshes,andareusedto explore the performanceon future architecturesthat
cannotcurrentlybemeasuredin Section6.

2. Overview of Sn Transport Algorithms

2.1 The method of sweeping

Twoexamplesaredepictedbelow thatillustratethemethodof sweepingused
within an Sn transportcalculationfor a structuredandan unstructuredmesh.
In both cases,the calculationdependenciesin thedirectionof the sweepsare
clearlyshown.

Structured meshes In three-dimensions,eachsweepdirectioncanbeconsid-
eredtooriginatein oneof the8corners(“octants”) of thespatial domain. Within
eachoctant,theorderingof cell processingis identical.Figure1 showsthefirst
sixstepsof twoseparatesweepsatdifferent anglesfor atwo-dimensional spatial
domain,originatingfrom differentoctants.Theedgeof thesweepcorresponds
to a wavefront andis shown asblack. It requiresthe grey cells to have been
processedin previous steps. The sameoperationcan take placein threedi-
mensionsresultingin a wavefront surface. The wavefront propagatesacross
the spatialdomainat a constantcalculationvelocity sincethe time neededto
processa cell is constant.This processingalgorithmasdevelopedin [8], uses
direct indexing of thespatialmeshasthecell processingorderis deterministic
for eachsweepdirection.

Unstructured meshes An example two-dimensionalunstructuredmeshis
depictedin Figure 2. Two sweepdirectionsare againusedto illustrate the
processingover a total of six steps.As before,thecellsbeingprocessedin the
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Figure 1. Examplesweepprocessingon a 2-dimensionalstructuredmesh.

currentstepareshown asblackandrequirethepreviouslycalculatedgrey cells.
Theorderingof cell processingis directiondependent.The incomingdatato
a cell aredeterminedby themeshgeometry, andit is apparentthat thepropa-
gationspeedof thewavefrontsalsovarieswith direction. Thesamesituation
occursin three-dimensionalgeometry, only with themeshbeingcomposedof
tetrahedrons,pyramids,or prisms.

Figure 2. Examplesweepprocessingon an2-dimensionalunstructuredmesh.

2.2 Sweeping in Parallel

Parallel wavefront computationsexhibit a balancebetweenprocessoreffi-
ciency andcommunicationcost [3]. Fasterwavefronts,generatedby a data
decompositionleadingto small subgridsizesper processor, introducehigher
communicationcostsbut result in highprocessor util ization. Theoppositeholds
truefor slowermoving sweepsdueto largersubgridsizes.In orderto optimize
wavefrontdynamics,Sntransportapplicationstypically utilize blockingof the
spatialsubgridand/orblockingof theangleset.
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Important performanceconsiderationsin parallel wavefront applications,
which needto becapturedin themodel,areasfollows:

pipeline effects aprocessoris inactiveuntil asweepsurfaceenterscellsin that
particularprocessor. However, multiple sweepsareactive at any given
time in the processorarray. Overlap exists betweencomputationand
communicationwithin eachsweep,andacrosstheactive sweeps.

communication costs for boundarydatatransfer.

load balancing of the numberof cells processedon eachPE in a step. This
appliesto wavefrontson unstructuredmeshesonly asan equalnumber
of cellsareprocessedin eachstepon eachPEfor a structuredmesh.

In order to analyzetheseeffects, the processingthat takes placeon both
structuredandunstructuredmeshesis illustratedbelow.

Structured meshes In codessuchasSweep3Dwhich performsanSntrans-
port computationon a structuredmeshes,the3-D meshis mappedontoa 2-D
processorarraysuchthateachprocessorhasa columnof datawhich is further
blockedin its third dimension.Theprocessingis effectively synchronizedafter
thefirst sweephasmovedacrossthePEarrayresultingin all processorsbeing
active. Theprocessinginvolvedin eachsweepis dependentontheblocksize(a
knownconstant).Thusonediagonalof processorswill beprocessingonesweep
while thepreviousdiagonalis processingthenext sweepandsoon (Figure3).
Thedirectionof sweeptravel is the indicatedby

�
with inter-processorcom-

municationsshown by arrows. It hasbeenshown that thecostof performing
this calculationon a structuredmeshconformsto a pipelinemodel[3]:

���������
	������������������������� �!"��#$�&%('*)��+�,�-.'0/�12143������������ �!"�65+��%7'0)8�
(1)

where
���

and
���

aredimensionsof theprocessorgrid,Nsweepis thenumber
of sweeps,

�&�� �!
and

��9;:=<
is thetime to processacell block,andthetime to

communicateamessagerespectively. Thefirstpartof thisequationcorresponds
to the lengthof the pipelineandthe secondpart it the numberof repetitions
oncethepipelineis filled.

Unstructured meshes The processingon an unstructuredgrid follows the
samedependency rulesasabove, but the meshpartitioning is typically done
in all 3 dimensions.An example2-D partitioningof an unstructuredmeshis
shown in Figure 4. The communicationsbetweenprocessorsare shown by
arrows, anda simplified propagationof the sweepin the indicateddirection
is shown by thegrey lines. Tychoactuallyenablessweepsin all directionsto
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Figure 3. Thepipelineprocessingof sweepsin parallel.

commencesimultaneously. Thuseachcell isprocessedfor eachsweepangleset
whilst still takinginto accountthedependenciesin eachof thesweepdirections.
Theunit of processingwork canbeconsideredasa singlecell-anglepair.

The sweepprocessingon the unstructuredmeshcan also be blocked - a
numberof cell-anglepairscanbeprocessedperstep.However, this canresult
in processorinefficiency down thepipeline- processoridlenesscanoccurdue
to boundarydatabetweenprocessorsnot beinga constantsizeover steps.

Figure 4. Examplepartitioningandsweepflow on a 2-D unstructuredmesh.
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An approachto maximizeprocessorutilization is to considereachcell-angle
pairasatask,andto assigneachapriority. Tasksareplacedin apriority queue
with thehighestpriority onesbeingprocessedfirst. Thekey tothisapproachisin
theassignmentof priorities. In general,processorboundarycellswill beof high
priority (boundarycellsneedto beprocessedin orderfor thesweepsto travel
down thepipeline),andcellsupstreamof theboundarycells(i.e. thoseneeding
to beprocessedprior to theboundarycells) aregiven anevenhigherpriority.
This schedulingapproachattemptsto maximizecell boundaryproductionin
orderto keeptheprocessorsdownstreamin thepipelinebusy. Severaldifferent
heuristicschedulingschemeshave alreadybeenanalyzedusingTycho[12].

3. Key Processing Characteristics

Thekey processingcharacteristicsin Tychoare:meshpartitioning,pipeline
processing,processorutilization,andstrongscaling.An understandingof these
factorsis requiredin orderto formulatetheperformancemodel.Two situations
areconsideredin thisanalysis- ageneralcasewhennoknowledgeof themesh
exists(exceptfor thetotal numberof cells),anda meshspecificcasein which
themeshis inspectedfor detailedinformationwhichcanbeusedin themodel.

3.1 Mesh partitioning

The partitioning is not donewithin Tycho, rathera suitabletool suchas
Metis [5]is utilized. This meshpartitioneraimsto produceequallysizedparti-
tionswhile minimizing boundaries.Suchanoptimalpartitioningof themesh
in generalwould keepthe work acrossPEsconstantandminimize the com-
municationcost. However, dueto thepipelineprocessingandload-balancing
characteristicsin Tycho,this partitioningmaynot beoptimal.

Tychoalsoutilizesa3-dimensionalprocessordecomposition.Thiscontrasts
with Sntransportonstructuresmesheswhichtypically utilizesa2-dimensional
processordecomposition.

For sucha3-D partitioning,thenumberof cellsperpartitioncanbetakento
be > 3?�@-BAC�

where
-

is thenumberof cellsin themesh,and
�

is thenumber
of PEs(which is equalto the numberof partitions). In the generalcaseeach
3-D partition would ideally have six nearestneighborseachwith a boundary
sizeof >EDGFIHKJ cells.

Whenconsideringaspecificmeshthenumberof cellsperprocessor, > 3 , and
a vectorof neighborcommunications,

-MLNPORQ D � , andaveragecommunication
sizes,

-?'8POSQ D � , per stepfor eachPE canbe obtainedby inspectiononcethe
meshhasbeenpartitionedandthe work scheduled.Note that the vectorsare
definedfor eachstep,

O
, andfor eachPE,D .
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3.2 Pipeline processing

Sweepsin all directionsstartsimultaneouslyin Tycho. Thefirst cell- angle
pairsprocessedare thosethat lie on the boundaryof the spatialmeshwhich
havenoinflowsin thesweepdirection.Thiscorrespondsto nearlyall boundary
elements.The sweepsthusgenerallystart from the surfaceof the meshand
work their way to the centrebeforepropagatingout the oppositeside. The
dynamicsof thepipelineisdeterminedby thepipelinelengthandby theamount
of computationdoneoneachmeshpartition. Thepipelinelengthis determined
by thenumberof stagesin thepropagationof the sweepfrom onesideof the
meshto another. In 2-D thenumberof gray lines in Figure4 would represent
the numberof stages.In general,given an ideal 3D partitioning,thepipeline
lengthis givenby: �$T����� � �U�����V�� � �W�����V��$XE�U���

(2)

where
� �

,
� �

and
��X

are the numberof PEsin eachof the threedimen-
sionsrespectively. Thetotal work done,or thetotal numberof cell-anglepairs
processed,on eachmeshpartition in aniterationis equalto:Y 3?� > 3[Z\-^] (3)

where
-?]

is numberof sweepdirections.For a specificmesh,thepipeline
length,

� T
canbeobtainedby inspectionof themeshafterthepartitioninghas

beenperformedandis equalto themaximumnumberof PEstraversedin any
sweepdirection.Thetotalamountof work doneperpartitionremainsasabove.

3.3 Processor utilization

Eachstepin Tycho consistsof threestages:do the work at the top of the
priority queue,sendboundarydatato PEsdownstream,andreceive boundary
datafrom upstreamPEs. The amountof work donein a stepis determined
by aninput parameter_a` �^# (MaxCellsPerStep)andspecifiesthemaximum
numberof cell-anglepairs that canbe processedin a stepin eachprocessor.
Thus _a` �.# effectively representsa blockingfactor.

The processingsituationis complicatedby the processingdependencebe-
tweenupstreamanddownstreamcellsin thesweepdirections.Thisdependence
mayleadtodownstreamPEswaitingfor theupstreamPEstosendthenecessary
boundaryinformation. Therewill almostalwaysbea degreeof inefficiency in
this operationandprocessorswill be starved of work waiting for the results
from otherPEs.It is interestingto notethat for thecaseof structuredmeshes,
the work on eachPE is equalthroughoutandthus thereprocessorsare fully
utilized oncethepipelineis filled. To quantify this inefficiency, themetric of
ParallelComputationalEfficiency,

� `b> [12], is used:
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� `b> � Y 3ced ' � 1�3�'f�g�h ikjCl 3m
nIo[pCqsrt��EQ
#u��nv� (4)

where
o[p8qSrt��wQ
#\�

is thenumberof cell-anglepairsprocessedin step
#

on
processor

�
, and

Y 3
is thetotal numberof cell-anglepairsprocessedon each

processorin aniteration.PCErepresentsthefractionof themaximumnumber
of cells that areprocessedin all stepsin an iteration. When

� `b> �x�
the

efficiency is 100%- this canonly occuronasmallprocessorrun (typically < 9
PEs).Thelower thevalueof

� `b> , thegreatertheinefficiency.
A valuefor PCEcanbeobtainedfor aspecificmeshafterits partitioningand

beforethesweepexecution.Thenumberof stepsrequiredto performthetotal
numberof cell-anglepairsperPE(excludingthepipelineeffect) is givenby:Y 3 _a` �^#yZM� `b> � (5)

In the generalcase,i.e. without the inspectionof the mesh,a valueof the
PCEhasto beassumed- possiblybasedonexperiencefrom prior meshes.This
assumptioncan be inaccuratereflectingthe tradeoff betweengeneralityand
accuracy alwayspresentin performancemodelingwork.

3.4 Strong Scaling

Typical Tychorunsareexecutedin a strongscalingmode- the input mesh
sizeis constantandthuspartitionsbecomesmalleron largerprocessorcounts.
This is easily incorporatedinto a modifiedexpressionfor Wp. However, for
the caseof strongscaling,the memoryhierarchyeffectshave to be carefully
considered.For instancewhenameshpartitionbecomessmallenoughto fit in
cachetheperformancewill bebetterthanif mainmemoryhasto beaccessed.

Figure5 showsthecomputationtimepercell for differentmeshesandparti-
tion sizesonan833MHzAlphaEV68processorwith 8MB L2 cache.Thereare
clearlythreeregionsevident: whenthepartitiondoesnotfit into L2 cache(right
handplateau),whenthemeshfits into L2 cache(left handplateau),andwhen
partial cachere-useoccurs(middle region). Thereis somevariationbetween
meshesin this analysisdueto thedifferentmemoryaccesspatternsandhence
theactualcachereuse.It canbeseenthatagoodapproximationto thismemory
hierarchyperformancecanbe encapsulatedin a piece-wiselinear curve. In
generalhowever, we areinterestedin large meshes- thosethat unfortunately
will not exhibit cachere-use.

4. Performance Models for Tycho

Threeperformancemodelsfor Tychoaredescribedbelow usingthekey char-
acteristicsdescribedin Section3. Thefirst two, theGeneralModel (GM) and
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Figure 5. Processingtime percell on differentmeshandpartitionsizes.

MeshSpecificModel (MSM) areanalyticmodels. The GM usesthe charac-
teristicsdiscussedin Section3 for a generalmesh- i.e. without usingdetailed
knowledgeon the meshpartitioning. The MSM on the other handusesthe
knowledgeof the partitionedmesh. Thesefirst two modelsaredescribedto-
getherin Section4.1below. Thethird is a TraceModel (TM) that is basedon
ananalysisof a communicationtraceobtainedat run-timefor a specificmesh
on a specificprocessorcount.TheTM is describedin Section4.2.

4.1 Analytical performance models

In the analyticalperformancemodelswe assumethat the threestagesof a
Tycho steparedistinct anddo not overlap - thoseof computation,blocking
sends,andblocking receives. This is a simplificationastherewill bea degree
of overlapbetweencomputationandcommunication.However, theamountof
overlapis assumedto besmall,andaswill beseenfrom theerror analysisin
Section5, is a reasonableassumption.The runtimefor an iterationof Tycho
canbemodeledas:

� f � 10z � {| d ' � 143�'}: g�h iBjCl  Y pCqSrt��wQ
#u�~�2��@� ����	 12%  - � �t�d ' � 1�3�'}: g�h ikjCl {|��0����� :S�  �� �}� g�h �tL � %\%��-^LN*#$QI�EQ ` �
QI-�'8*#$QI�EQ ` �~�2�� (6)

wherethefirst termrepresentscomputationandthesecondtermrepresents
communication.Themodelparametersareasfollows:
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is thenumberof stepsin aniteration���
�
�S���t�*���
numberof cell-anglepairsprocessedon processor

�
in step

�� � ���G�����2��� destinationPEfor communication
�

in step
�

on processor
��\�
���G�*���0���

is thesizeof communication
�

in step
�

on processor
�  � � ���m�*�u�   numberof communicationsfrom processor

�
in step

�¡=¢=£¥¤�¦\�¨§S�
time to processa cell-anglepairgiven

§
cellsmappedto a PE.¡ �4© ¦�¦ �¨§=�Pª8� time to communicatea messageof size
ª

bytesto processor
§

Assumingno overlapbetweencommunicationandcomputation,asstated
earlier, in equation6 thefirst termrepresentscomputationtimeandthesecond
communicationtime. Dueto thewavefrontnatureof thesealgorithms,within
onewavefront,overlapexistsbetweenthecomputationof theangle-cells.The
wavefront will be readyto propagatedownstreamassoonasthe work on the
largestsubgridcontainedin thewavefrontwill becompleted.Hencethe“max”
functioncontainedin thefirst termof theequation.Similarly, thesecondterm
is a sumof thenon-overlappedcommunicationstepsfor all wavefronts.

Themodelasformulatedin equation6 representsboth theMSM andGM.
However many of the parametersin the modelaresubstantiallydifferentbe-
tweenthetwo. Theparametersof

�m��	 12% *�
, and

�&L � %\%.*�
arehardwarespecific

andremainthesame.A two-parameter, piece-wiselinearmodelfor thecom-
municationis assumedwhichusestheLatency ( « L ) andBandwidth( ¬ L ) of the
network communication.�tL � %\%��®Q
#\�u� « LN*#¯QI°���W#$� �¬ LN*#$QI°� (7)

where« L is thecommunicationlatency, ¬ L is thecommunicationbandwidth,
is themessagedestinationPE,and

#
is themessagesize.

In theMSM theparameterssteps,
Y pCqSrt*�

,
-±LN*�

, and
-^'8*�

representactual
timehistoriesof thework andcommunicationsdonethroughall thestepsin an
iteration.Thesetimehistoriesareobtainedbyinspectionafter meshpartitioning
andschedulingof thecell-anglepair tasks,prior to actualprocessingin Tycho.
They arespecificto boththemeshandtheprocessorcount.This typeof model
tendsto reflectthe staticbehavior of the codewhile parameterizingthe main
dynamicattributes.A similarapproachwassuccessfullytakenin themodeling
of anadaptive meshcode[6].

In theGM the assumptionspresentedin Section3 for the processingchar-
acteristicscanbeusedto simplify themodelinto a generalform. In theGM,
thenumberof stepsis givenby

² ON³~´ D O[�� >  ®Z7-^]_a` �^#�Z7� `b> ���V����µ�W�����@����¶�U�����·�� X �U���
(8)

where> 3 is thenumberof cellsperPE(assumedconstantat
-BAC�

), _¸` �^#
is theMaxCellPerStep(inputparameterto Tycho),

- �
is thenumberof sweep
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directions,and
� `b> is the Parallel ComputationalEfficiency as described

earlier.
� �

,
� �

and
��X

are the numberof processorsin the logical x, y, and
z dimensionsrespectively, asdescribedin section3.1. The first part of this
equationrepresentsthe numberof work stepsandthe secondpart represents
thepipelinelength(which will in generalbeanunderestimate).

Thework on eachPEin eachstepis assumeda constant:Y pCqSrt��wQ
#u�u� ik¹�º  _¸` �^#$Q > 3 Z\- ] � (9)

Thenumberof communicationsperstepon eachPE,
n�-\LN*#¯QI�^��nE�¼»

, and
averagecommunicationsizesper stepon eachPEarealsoassumedconstant,- ' *#$QI�wQ ` �6� ik¹�º  > FIHKJ3 Q _a` �^#�½SA+¾S�wZ"5S¿ . Note that eachboundarycell
communicatedconsistsof 40 bytesof data.

The communicationtime is subjectto a contentionin the communication
network. OurexperienceonusingTycho,andothercodesonclustersof SMPs,
is that themaincontentionoccurson thenumberof out-of-nodecommunica-
tions that occursimultaneously. For examplewith the fat-treenetwork of the
Quadricsnetwork [13], the numberof communicationsthat collide in higher
levels of the fat-treeis low dueto dynamicrouting. The contentionis taken
into accountby a multiplicative constanton thecommunicationtime,

�IL � %M%
,

which representsthenumberof out-of-nodesimultaneouscommunications.

4.2 A trace model

Tracesthatareobtainedat run-timecancapturethefull computation/ com-
municationinteractionof an applicationbut is specific to a meshand to a
particularprocessorcount. The tracecanbe effectively re-playedin orderto
giveaprediction.Suchatracemodelingapproachis notnew andhasbeenused
in toolssuchasDimemas[2], andPACE[7]. Theapproachtakenhereis similar
to thatof Dimemasandprovidesa comparisonwith theanalyticalmodels.

Thetracesusedherecontainthreeeventtypes:1) thenumberof cell- angle
pairsprocessedin a step,2) the communicationsends,and3) the communi-
cationreceives. Thecommunicationeventsincludedetailson the sourceand
destinationPEsaswell asthemessagesizes.However, it shouldbenotedthat
no timing informationis storedin thetracefile.

Timing informationis producedby a TraceModel Evaluator(TME) devel-
opedat Los Alamos. TheTME allows differentpredictionsub-modelsto be
usedto predict: thetime to processacell-anglepair, thecommunicationcosts,
andthecommunicationcontention.Differentsub-modelsmaybeusedto pre-
dict componenttimesfor differentsystems.TheTME effectively replaysthe
tracefile whilst accountingfor theexpectedtime takenby eachevent,andalso
resolvingcommunicationdependenciesand possiblecontentionin the com-
municationnetwork [10]. It alsodetermineswhenbi-directionaltraffic occurs
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betweenany two nodes,which canalso reducethe effective communication
bandwidth. The TME is a detailedevaluationmethodwith a potentialhigh
accuracy but unfortunatelylosesany generalityin the model. The evaluation
for a giveninput tracefile is specificto a meshandprocessorcount.As it will
beseenbelow, theanalyticalmodelscomparefavorablywith thismorespecific
tracemodel.

5. Performance Model Validation

The threeperformancemodelsare validatedin this sectionon a HP Al-
phaServer ES4064nodesystem.Eachnodein this systemconsistsof 4 Alpha
EV68processorsrunningat833MHzeachwith an8MB L2 unifiedcache.The
nodesareinterconnectedusingthe QuadricsQSnethigh speednetwork with
Elan3switchingtechnology. Thedetailsof this architecturearenot described
in detail herebut a good overview of its performancecharacteristicscanbe
foundin [13]. Thehardwareparametersfor this systemarelistedin Table1.

Table1. Hardwareparametersfor theHPAlphaServer ES40validationsystem.

¡ ¤4£¥¤�¦ ��À�Áv���ÃÂ � � ÄaÅ�Æ Ç À ÁMÈÊÉ~Ë
Ì¶Í �IÎÃÎ¨�É Æ ÏvÐÒÑ ��À Á �GÓ Ï�Æ ÔÕÏvÖ
Ö7× À�Ø × ÉKËvÌÙ Æ Ú À Ø�Û ÏvÖ
Ö
Ð � ���G�*ÜE���ÃÂ � � intra-node

��Ü Û Ô � ÝÞß Þà
É ÇNÆ Ú � × Ë Ôvá ª �P���É ÇNÆ Ï Ë Ô Û � Û Çvâ ËÙ Ö�Æ Ù Ç
â Ë × � Û Ï É Å�ÇÇ
âNÆ Ú �;ã Ï É ÅvÇ

inter-node
��Üäã Ô � ÄaÅ�Æ Ç
Ï � × Ë Ô
á ª �P���Å�Æ ÖvÖ Ë Ô Û � Û Ç
â ËÇ É Æ Ô �kã â É ÇÉ~å
æ � ���m�*ÜE��� Ñ � � intra-node
��Ü Û Ô � ÝÞß Þà

ÖNÆ Ö � × Ë Ôvá ª �P���ÇIÔ8Æ Ö Ë Ô Û � Û Çvâ ËÅNÆ Ö Ç
â Ë × � Û Ï É Å�ÇÙ Æ Ç �;ã Ï É ÅvÇ
inter-node

��Üäã Ô � ÄaÖ�Æ Ö � × Ë Ô
á ª �P���ÇvâNÆ â Ë Ô Û � Û â É ÇÉ Ù Æ Ú �kã â É Ç
Four meshesareusedin thevalidationaslisted in Table2. Theserepresent

smallandmediumsizedmeshes,resultingin smallmeshpartiti onsonthelargest
processorconfigurationconsidered.

Measurementsandmodelpredictionsfor eachof thefour meshesareshown
in Figure6. Theapplicationinputparameter_a` �^# wassetat512in all cases.
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Table2. Meshesusedin thevalidation.

Mesh #Cells Description

Nneut 43,012 Neutronwell-loggingtool andsurroundingmedia
Silc 51,963 ComputerChip andpackagingfor radiationshielding
Reac 165,530 Reactorpressurevesselandsurroundingcavity structures
Con test5 168,356 Cubedividedinto approximatelyequal-sizedelements

Figure 6. Model validationon a) Nneut,b) Silc, c) Reac,d) Con test5.

A summaryof the errorsobserved is listed in Table3. It canbe seenthat
all the modelshave a goodpredictionaccuracy on small PE counts(casei.,�èçé¾s½

). This is expectedsincethey all usethesamemodelfor computation,
the dominantterm in equation6 for small processorcounts. They do differ
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howeverin their treatmentof communicationwhichbecomesapparentonlarge
processorcounts(caseii.,

�ëêé¾s½
). TheMSM will tendto over-predictsince

any possibleoverlapbetweencomputationandcommunicationis notmodeled.
In contrasttheGM will tendto under-predictsinceit assumesanidealized3-D
meshhaving a minimum numberof neighborsandhencea smallerdegreeof
communicationthanactuallyoccurs.TheTM is themostaccuratetaking into
accountmuchof theseeffects,but requiresa separatetraceto beanalyzedfor
eachmesh/processor-count pairing.

Table3. Summaryof Model PredictionErrors(%).

GM MSM TM
i. ii. Av. i. ii. Av. i. ii. Av.

Nneut 9.1 15.7 12.4 5.7 28.4 17.0 6.1 5.0 5.5
Silc 2.9 11.1 7.0 1.8 17.2 9.5 0.8 7.4 4.1
Reac 5.3 13.5 9.4 8.4 22.3 15.3 2.3 11.5 6.9
Con test5 2.2 8.9 5.4 4.2 13.1 8.7 1.3 4.6 3.0

Overall 8.6 12.6 4.9

Given its generalnatureand its reasonableaccuracy, GM is usedin the
following sectionto provide insight into theperformanceof Tychoon systems
andconfigurationsthatcannot becurrentlyanalyzedthroughmeasurements.

6. Performance Exploration

Theperformancemodelsdevelopedin Section5canbeusedin many different
waysto exploretheperformancespaceof Tycho,on currentandfuturesystem
architectures.Herewe usethe validatedGM model to: i) detail wheretime
is spenton the current ES40system(Figure 7). ii) analyzethe impact on
performancewhenusingsystemscontainingotherprocessorswhile still using
theQuadricsQsNetnetwork (Figure8). iii) predicttheperformanceon larger
meshesandsystemsizes(Figure9). iv) optimize the runtimeby calculating
thevalueof MCPSthat resultsin a communicationcostconstitutinglessthan
20%of thetotal (Figure10).

The performancecharacteristicsof the processorsusedin thesescenarios
arelisted in Table4. Thesecomputationalcharacteristicswerebasedon mea-
surementmadeonsingleprocessors,in asimilarwayto thatdepictedin Figure
5. Note that the Itanium with a 3MB L3 cache,andthe EV68 1.25GHzwith
a 16MB L2 cache,have a different memoryhierarchythan that of the vali-
dationsystem,so that the curve with the numberof cells per PE > 3 , is also
different.All theparallelsystemsconsideredusetheQuadricsnetwork, whose
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performancecharacteristicsareunchangedfrom thoselisted in Table1, with
theprocessorslistedin Table4.

Table4. Elementprocessingtime(Telem(Ep)in µs)on differentprocessors.

Memory Alpha EV68 Alpha EV68 Itanium
1GHz 1.25GHz 800MHz

Main 7.0
Â

s 6.6
Â

s 22.2
Â

s
(
À�Á ÈÊÉ~Ë
Ì

) (
ÀtÁ È Ù Ç Ì ) (

À�Á È Ï Ì )
Main/Cache Ö�Æ Å
Ï$ì�ÐÒÑ ��À&Áí�mÓ Ù Æ Ô Â s Ö�Æ Ú Ë ì�ÐÒÑ ��ÀtÁ��mÓ ÇíÆ Ô Â s

Ù Æ Ú�ì&Ð�Ñ ��À�ÁN�îÓ Å�Æ Ù Â s
( ÏvÖ
Ö7× À Á × ÉKËvÌ ) (

ÉKË Ö
Öw× À Á × Ù Ç Ì ) ( Ô�Ö
Ö7× À Á ×�Ï Ì )
Cache 3.0

Â
s 2.4

Â
s 11.4

Â
s

(
ÀtÁ Û ÏvÖ
Ö ) (

À�Á Û ÉKË ÖvÖ ) (
ÀtÁ Û Ô�Ö
Ö )

Figure 7. Time Componentpredictions
improvement(Reacmeshon HPES40).

Figure 8. Predictedperformanceusing
Alpha EV68 1GhzandItanium800MHz.

Thetimecomponentpredictions(Figure7) areillustratedfor theReacmesh
with _a` �^# setat 64. A lower valueof _¸` �^# resultsin morecommunica-
tions. However, it canbeseenin Figure7 thattheapplicationremainscompute
bound,with latency dominatingthe bandwidthcomponentof the communi-
cation. In addition,due to the strongscalingbehavior, the subgridsizesget
smallerat higherprocessorcountsleadingto betterL2 cachebehavior. For
higher valuesof _a` �.# , lesscommunicationoccursand hencethe overall
time comprisesa smallercommunicationcomponent.

ThepredictedperformanceimprovementoveranAlphaEV68833MHzsys-
temwhenusingasystemwith eitherAlphaEV681GHzor anItanium800MHz
revealssomeinterestingfeatures(Figure8). The1GHzAlphaoutperformsthe
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Figure 9. Predictedperformanceon
largermeshesandprocessorcounts.

Figure 10. Predictedvalueof ï �¯�u�
(communicationcost< 20%of total).

833Mhzprocessorasexpectedbyabout20%for largersubgridsizes(notfitting
in thecache),but decreasesto about10%onlargerPEcountsdueto similarL2
cacheperformancefor the two processors.Similarly the1.25GHzAlpha also
outperformsthe 833MHz EV68 duein part to its increasedL2 cache(16MB
vs. 8MB). The Itanium, at similar clock speeds,is performingsignificantly
poorerthantheAlpha. Its cacheperformanceis alsomuchpoorerthanthatof
theAlpha’s,asevidentby thelower performanceon largerprocessorcounts.

The predictedperformancefor larger mesheson larger processorcounts
indicatesanexpectedgoodscalingbehavior (Figure9). This studyconsiders
meshesof size: 1,000,000cells, 5,000,000cells, and20,000,000cells being
processedon up to 8192PEs.Eachcurve assumesa PCEof 0.8with themin
andmaxbarsindicatingaPCEof 0.6and0.9respectively. It canbeseenthatthe
smallermeshhasasignificantcommunicationcomponentatlargePEcounts,as
shownby thekneein thecurve. If avalueof _a` �^# greaterthan512wasused,
thenumberof stepswould decreaseandhencetheamountof communication
would decrease.This indicatesthat for larger meshes,a correspondinglarger
valueof _a` �^# shouldbeutilized.

The usageof the GM model to determinea value of _a` �.# so that the
communicationcomponentof the runtimeis at most20% is shown in Figure
10. A lowervalueof _a` �.# is beneficialasit will resultin ahigherPCEvalue
but increasedcommunicationcost. It canbeseenthat thevalueof _a` �^# is
dependentuponthe meshsizeaswell asthe processorcount. It canbe seen
thatthevalueof _a` �^# actuallyexhibits anincreasebeforedecreasingasthe
meshincreaseswith size for a particularprocessorcount. As the numberof
processorsincreases,the curve canbe seento shift to the right. The form of
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thesecurvesresultsfrom two competingfactor. Thefirst factoris theincreased
computationtimeasthemeshsizeincreasesdueto lesscachereuse- this leads
to anincreasein communicationtimeresultingin asmaller_a` �^# value.The
secondfactoris thepipelinelengthasthemeshgetssmaller- on a smallmesh
thepipelinelengthcandominatethePCE.Thusagreaterdegreeof blocking(a
lower valueof _¸` �^# ) is requiredto keepprocessorutilization high.

Fromtheseanalysesit canbeseenthatgiven thecomplexity of theperfor-
manceissuesassociatedwith Tycho,thisperformancespacecannotbeanalyzed
without a generalmodel. Issuessuchasdeterminingthevalueof _¸` �^# are
oftentoocomplicatedandresultfrom aninterplayof many factors.It shouldbe
notedthat it is plannedto incorporatea versionof theGM into theapplication
codein order to dynamicallydeterminethe valueof _¸` �^# at runtimeand
thushelpoptimizethetime- to-solutionfor Tycho.

7. Summary

In thisworkwehavepresentedpredictiveperformanceandscalabilit y models
for adeterministictransport applicationusingunstructuredmeshes. Themodels
take into accountthemaincomputationandcommunicationcharacteristicsof
the entirecode. Two of the modelsdevelopedareanalyticwhereasa third is
basedon the analysisof runtimetraces.Themodelsareshown to have good
accuracy throughvalidationon a 64 nodeHPAlphaServer system.

Themodelsvariedin their degreeof generality. Thevalidationshowedthat
asthemodelsincorporatedmorespecificdetailson theactualmeshbeingpro-
cessed,theaccuracy increased.However this alsoresultsin lossof generality,
limiting theamountof insight into achievableperformance.

It wasshown thatagenerallyapplicableanalyticalmodelof thisapplication
canencapsulatetheperformancecharacteristicswith reasonablyaccuracy and
thenusedto explore theexpectedperformancein many differentperformance
scenarios.This is a key elementof developingapplicationbasedperformance
models- thatis to exploretheperformancespace- to aid in thedevelopmentof
theapplicationcodeandto predictperformanceon futuresystemarchitecture
prior to their availability for measurement.

Webelieveperformancemodelingiskey tobuilding performanceengineered
applicationsandarchitectures.This work is oneof few performancemodels
that exist for entire applications. It follows on from our work on structured
particle transportmodeling[3], adaptive meshrefinementmodeling[6], and
Monte-Carlosimulation[9].
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