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ABSTRACT

Justascomponente-useis becomingincreasinglyimpor-

tantin the designof systems-on-chipndparallelcomput-
ing systemsso too is re-useof componentsn computer
architecturessimulationervironments.Fundamentaio both

realandsimulatedsystemsds the clockingstratey. In this

papemwe presentibehaioural designpatternto efficiently

modelthe clock mechanisnof hardwarearchitecturesWe

illustrate how this patterncanincreasereusabilityandre-

ducemodificationswhenthe synchronisatiompolicy hasto

evolve or whencomponenthave to be includedin larger
architecturesuchasmeshnetworks.
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1 Intr oduction

Justascomponente-useis becomingincreasinglyimpor-
tant in the designof systems-on-chi@nd parallel com-
puting systems,so too is re-useof componentsn com-
puter architecturesimulation ervironments. Mary par
allel architecturescontain large numbers of processor
coresintegratedinto powerful ASICswhich areaggreyated
into meshego obtain a total computationpower of ser-
eral TFlops. Suchhigh-performancearchitecturesequire
new designand evaluationtools offering abstractionand
reusability and providing good visualisationmechanisms
to analyseaspect®f systemperformance.

The UK QuantumChromodynamicgUKQCD) col-
laborationinvolvesthe procuremenbf a high-performance
systembasedon the ColumbiaQCDOC architecture[1],
a systemdesignedo simulatestronginteractionsbetween
guarksand gluons. This providesa challengein relating
theoreticalresultsaboutquark and gluon interactionsand
practical resultson mesonsand baryons,experimentally
obsened structurednto which quarksandgluonsseemto
be confined. Individual PoverPC-basegrocessingiodes
areinterconnectedn a 6-dimensionmeshwith the topol-
ogy of atorus. We intendto modeland simulatesuchan
architecturavith HASE, aHierarchicakomputerArchitec-
ture designandSimulationEnvironment[2].

HASE hasalreadybeenusedin several projectsin-
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cludingthe modellingof the StanfordDASH andthe DLX

architecture$3, 4], the Tomasuloalgorithmusedin teach-
ing andin theinvestigatiorof parallelarchitecture$o sup-
port the HPRAM modelof computation[5]. Thesemod-
elsusea simpletwo-phaseclock implementedisinga bar

rier synchronisatiomechanismAlthoughHASE is anob-
ject orientedervironment,the currentclock mechanisnis

not well encapsulatednd is difficult to extendto mesh
architectures.Somenew component-orientednd object-
orientedinheritancetechniquesave thereforebeenadded
to HASE to satisfythe new requirementsmposedby the
QCDOCarchitecture.

Section2 briefly present¢he HASE ervironmentand
the Entity DescriptionLanguage(EDL) usedto describe
entities, links and configurations. Section3 presentshe
original clockingmechanisnandits limitationswhenmod-
elling mesharchitectures.Then, we introducethe inheri-
tancemechanismve have addecandshow how it improves
synchronisatiorand clock mechanismmodelling. We ad-
vocatethat this new clock-patterncan be reusedand en-
hancedto modelseveral synchronisatiormechanismsnd
give someexamples. Section4 briefly presentur mesh
descriptiormechanisnandshovshow it fully benefitfrom
the new clock mechanism.Finally, we concludewith an
enumeratiorof several aspectswhere modelsof parallel
architecturesnay benefitfrom somebasicobject-oriented
extensions.

2 HASE and EDL

HASE is a HierarchicalcomputerArchitecturedesignand
SimulationEnvironmentwhich allows for the rapid devel-
opmentandexplorationof computerarchitecturest mul-
tiple levels of abstraction,encompassindpoth hardware
andsoftware. Within HASE therearegraphicalentity de-
signandedit facilities, entity library creationandretrieval
mechanismsan animator and statisticalanalysisand ex-
perimentatiortools for deriving systemperformancemet-
rics.

The architecturas definedusingthe Entity Descrip-
tion Languag€EDL), thescreerayoutis describedy the
Entity Layout (EL) descriptionand the behaiour is de-
scribedin Hase++a C++-like programmindanguagewith
primitivesto manageliscrete-gentsimulations.The EDL



file is composedf the preamblewhich offers a shortde-

scription of the project, the parameterlibrary, which de-

claresthedifferentcomplex typesandlinks used theentity
library, whichdescribesheinterfaceandhierarchyof enti-

tiesto beused,andfinally the structuie partwhich defines
the configuration,.e. theinstantiationof entitiesandtheir

interconnectiorthroughlinks.

This is thefirst featureof object-orientationclassifi-
cation. It allows the descriptionof a setof componentsas
asingleentity which canbe instantiatedserseraltimeswith
differentparametevalues.

The secondfeatureof object-orientationwhich en-
hancesencapsulatiorand thus reusability is inheritance.
Whenmodellinga system,it often appearghat mary en-
tities within a systemhave commonproperties. In such
casesithercompositionor inheritancehave provedto be
helpful. Compositionis morecommonlyusedto deleggate
a partof the behaiour or secondanbehaiour to another
object.However, inheritancds preferredvhentheprimary
behaiour is to be identicalto an existing objectandjust
someaspectf its implementatiorareto be modified. In
the latter case the primary behaviour is not to be changed
dynamically althoughsomeparticularaspectsnay:.

We have thereforeaddedan inheritancemechanism
to EDL. In theentity library section,it is now possibleto
defineanabstracentity, the primary behaiour of whichis
describedn the correspondingdase++description. This
primary behaiour may fulfil someparticularaspectshy
calling serviceswhich areto be definedor overriddenby
concreteentities. Theseservicesare declaredin the EDL
andaresimilar to what are calledvirtual methodsn C++
but arecloserto protectedmethodsn Java.

The following sectionpresentsa clock patternwhich
allows the modelling of severalclock mechanismsisedin
hardwarearchitecturestogethemwith an exampleto shov
how this inheritancemechanismhelpsto implementthis
pattern. The mechanisnto createmeshentitieswith an
EDL descriptionis separatelyescribedn section4. Sec-
tion 4 alsoshowvs thatthe meshmechanisnwould nothave
beenreally usefulwithout this new clock mechanism.

3 Abstract entities to model the clock mech-
anism

3.1 The original clock mechanism

The multi-threadedimplementationof HASE meansthat
the orderin which entitiescompletetheir actiities is non-
deterministicthoughclearly the orderin which eventsare
exchangedetweerentitiesmustbe deterministic.In prin-
ciple a basic synchronisatiorpolicy could be built into
HASE itself andan experimentalversionof HASE incor-
poratingsuchapolicy hasactuallybeeninvestigatedo run
onaCrayT3D. However, this hastheeffectof turningwhat
is currentlya generaliscrete-gentsimulatorinto a clock-
driven simulator where eachentity is called once every

simulatedclock cycle. Although clock-driven simulators
aremoreefficientfor modelsin whichevery entity changes
in every clock cycle, they areincorvenientfor the general
caseandin synchronousrchitecturest is simpleto con-

structaclock entity whichimplementsa barriersynchroni-
sationpolicy aspartof thesimulationmodel.

The original clock entity usedin a numberof HASE
modelscontains,in eachcase,a list of the entitieswhich
areto receve clock synchronisatiorsignals.Thesemodels
operatewith a two-phaseclock: the first phaseis an ex-
ecutionphase the secondis a communicationphase. At
the beginning of eachphasethe clock entity sendsa clock
tick signalto eachentity in thelist. Receiptof this signal
initiatesthe actiity of the entity (thread). Whenan entity
completests currentactiity, it sendsa signalbackto the
clock entity andthenwaits. Whenthe clock entity hasre-
ceived completionsignalsfrom all entities,it generates
new clock signal.

Themainrestrictionof this mechanisnis the needto
tailor thelist of entitiesin the clock entity for eachmodel.
This is not a problemfor architecturesvherethe number
of modelledentitiesdoesnot change.However, it is ama-
jor issuefor mesharchitecturesyherethesizeof themesh
andthusthe numberof entitiesin the modelis one of the
importantsimulationparameters.A built-in synchronisa-
tion policy would overcomethis problem, but this would
be contraryto the philosophyof HASE and so we need
someother methodof providing an extensiblesynchroni-
sationmechanism.

A new clockmechanisnhasthereforebeendeveloped
andthis hasprovided someunexpectedbenefits.In partic-
ular, it is a more generalsynchronisatiorpatternwith an
explicit specificatiorin the EDL file.

3.2 The clock pattern

Ourmainobjectieis to provide a clock mechanisnwhich
is reusable,as it must not dependon the modelledsys-
tem. Theproposedgatternconsistof two classestheclodk
classandtheclockedclass.(Thetermpatternhererefersto
the category of behavioual designpatterndefinedin [6].)
The clock classrepresentshe componentvhich emitsthe
tick signalsandtheclodked classwhichrepresentthebasic
behaiour of every synchronousomponent. Thesesyn-
chronouscomponentsll receive the tick signaland send
backa statusnformationsignal(seeFigurel).

Patternsaregenerallyusedto reducedesign,analysis
andimplementatiortime by providing ready-to-usgeneric
schemes. The efficiengy of such patternsis greatly in-
creasedwvhen a codeskeletonis automaticallygenerated
by anintegrateddevelopmentervironment. Figure 1 uses
a Unified Modelling Language(UML) classdiagramex-
tendedwith the PortandProtocolconceptof capsulesle-
finedin [7, 8]. The patterndescribecdhereis quite specific
to themodellingof hardwaresystems.

The proposedehaiour of sucha patternconsistsof
two parts. First, ary clocked-entitymay register with the
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Figurel. Clock pattern.

clock from which it wantsto receve thetick signal. Sec-
ond, the clock entity sendsa tick to eachof the registered
clocked-entityand waits for the receptionof every status
signalbeforesendingthe next tick. Dependingon the sta-
tus of eachclocked-entity the clock entity may decideto

terminateits actiity (e.g. error detectedn simulationor

normalendingafterdecodinga Stopinstruction).

The clodk entity behaviour canbe modelledwith the
following algorithm:

state = Normal
cycle_ no = 0 ;

REPEAT

FOR EACH cl ocked IN Iist DO
SEND tick(cycle_no) TO cl ocked
DONE ;

FOR EACH cl ocked IN Iist DO
RECEI VE status(val) ;
I F (state == Normal

AND val == Stop)
THEN state = Stop ;
IF (state != Error

AND val == Error)
THEN state = Error ;

DONE
VWH LE state == Normal ;

IF state == Stop THEN
stop() (e.g. send a last tick to
enpty the pipeline)
ELSIF state == Error THEN
print error information

The SENDandthe RECEIVEcommandsrenot nec-
essarilysynchronougalls. The behaiour of eachclodked-
entity may be executedin parallelandmay dependon the
clock schemechosen Sendingthetick will simply causea
threadassociatedvith the entity to be executed.Synchro-
nisationbetweerentitiesis performedwith signalcommu-

nications. The only constraintis that a statuspacket must
be sentbackto the clock whenthetaskrelatedto the cycle
is complete.

Basiccomponenbehaiour canbenow reusedwith a
low dependencenthesynchronisatiomechanismLet us
seehow the modificationof the abstractehaiour which
anentity inheritsfrom the clocked-entitymaydeterminadts
synchronisatiomolicy.

3.3 Implementation with abstract entities
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Figure2. Behaviour associatedavith the clock pattern.

Figure 2 presentghe implementationof the clock-
patternin HASE. The Clodk classimplementsthe clock
role of thepattern.lts behaiouris describedvith aHase++
descriptionin accordancewith the algorithm shavn in
the previous section. The Clodked classimplementsthe
clocked role of the pattern(section3.4). Two possibleex-
tensionsareshawn in Figure2: MultiClocked(section3.6)
and2-Phasgsection3.5). A further possibleextensionto
model componentsvhich are deselectedo reducepower
consumptionwhennot beingused,is describedn section
3.7.

3.4 Simple clock mechanism

The simplestclock mechanisn{figure 3) consistsof regis-
teringwith the clock, synchronizingoy signalcommunica-
tions and executingthe tick servicein eachcycle. Each
HASE entity may have a startup sectionand must have
a bodysection. The startupsectionof eachentity is exe-
cutedprior to ary executionof the body behaiour. Con-
sequently registering in this section guaranteeghat all
clocked entitieswill have beenregisteredbeforethe first
tick. The pre serviceis calledto allow variableinitialisa-
tion. Finally, aftereacheventfrom theclock entity, thetick



serviceis executedand statusinformationis sentbackto
theclock.

At ary time, the entity may decideto interruptthe
executionby calling the inheritedmethodstopSimulation
This synchronougall will modify the statusinformation
sentbackto the clock. Dependingon thatinformation,the
clock entity may decideto completelyinterruptthe execu-
tion or even to sendan error message.The stopSimula-
tion methodis theimplementatiorof the setStatusnethod
definedby the pattern. The namehaschangedbecause
stopSimulatioris in thatcasemoreexplicit thansetStatus,
thoughit hasexactly the samebehaviour.

$cl ass_decl s

i nt STATUS;

/lentity references
simentity id clk;
i nt clockCycle;

voi d stopSimul ation(int val =0);

$cl ass_defs
cl ockCycle = 0;
voi d cl ocked: : stopSi mul ati on(int val) {
STATUS = val; }

$startup
clk = simget _entity id("CLOCK");
((clock *)simget _entity(clk))-

>regi stering(get_id());

$hody

pre();
STATUS = 1;

/1 predicate
simfromp start(clk);

while (1) {
simwait_for(start, ev);
SI M _CAST(int, clockCycle, ev);
/1 Execute the behaviour associ-

ated with tick
tick(clockCycle);

sim schedul e( clk, 0.0, CLOCK,
SI M _PUT(int, STATUS));

Figure3. Possiblamplementatiorof the clocked entity

3.5 Bi-phaseclock mechanism

This s afirst possibleextensionof the clocked entity. The
tick serviceis overridento call the phaseGOservicefor the
evencyclesandthe phaselservicefor theoddcycles. The
actionsof the entity are computedduring phaseOandthe
outputsignalsareupdatedduring phasel.This guarantees
thatall computationsare completebeforeary outputsig-
nal is updated. The resultcannotdependon the order of
execution.Neverthelesshis kind of schemédorbidsinstan-
taneoudoopsif no mechanisnis providedto computethe
fix-point beforeupdatingoutputsignals.

The 2-Phaseabstractentity may inherit the primary
behaiour of clocked and the Hase++descriptionshould
only definethe tick serviceasan alternatecall to phase0
andphaselservices:

$tick(cycle)

if (cycled® == 0)
phaseO(cycl e/ 2);
el se

phasel(cycl e/ 2);

3.6 Multi-clock systems

Whenmodelling ASICs, differentpartsof the whole sys-
temoftenhavedifferentclock-periods Eachsubsystenmas
its own frequeng, while communicationdetweersubsys-
temsarestill synchronouselatively to thereferenceoscil-
lator. Oneway to modela systemwhich containsseveral
subsystemsvith differentclock frequenciess to choosea
clock, the frequeng of which is the leastcommonmulti-
ple of all the subsystenfrequencies.Thenusinga Multi-
Clockedabstracentity andvaryingtheratio parametewill
leadto very simplemodelfor sucha system:

$tick(cycle)
if (cyclewatio == 0)
derived_tick(cycle/ratio);

In this caseall subsystemwiill run atthegreaterfre-
guengy and only call the derivedtick serviceat the rate
ra%&io' This implementatiorshouldonly be usedwhenfew
entitiesrun at a differentfrequeng, however, becausawo
signalsare exchangedbetweenthe clock and the Multi-
Clocked entity whetheror not the derivedtick serviceis
executed.

Typically, in real sytems, a single-referencdow-
frequeng oscillatoris distributedto eachcomponenin the
systemwhereit is multiplied by alocal phase-lockdloop
(PLL) componen(figure4 [9]).

To simulate this arrangementa PLL entity must
be defined. This entity inherits from the basic abstract
clodked-entityandregisterswith themainclock. Eachcom-
ponentof asubsystenmegisterswith thePLL entityinstead
of registeringwith the main clock. Thenfor eachcycle
of the main clock, severalticks are sentto eachregistered
componentvith the samealgorithmasfor the clock entity.
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Figure4. Clock distribution whensubsystembave differentfrequencies.

A multiplication parameteiis usedto choosethe correct
frequeng in relationto the frequeny of the main clock.
The abstractclodked-entityprovides an additionalparam-
eterto choosethe clock componentwith which it hasto
register(mainclock or a specificPLL).

The PLL entity collects statusinformation signals
from eachcomponenof the subsystenandsendsbackan
aggrejatedstatusinformation signal synchronouslywith
themainclock. Thereuseof theclockis performedby del-
egatingthe whole behaviour of the PLL to a privatelocal
instanceof the clock entity.

Therefore the PLL entity implementshoththe clock
andtheclockedrole of theclock-patterntheclockrolerel-
ative to the sub-componentandthe clocked role relative
to themainclock. Theclockis alow frequeng entity, and
this basicfrequeng is multiplied on demandoy PLL enti-
tieswhich feedhigherfrequeny subsystems.

3.7 Deselecteccomponents

To reducepower consumption,some parts of embedded
systemsmay be deselectedj.e. they do not receive the
clockary longerandthendo notconsumepower. To model
thedeselectiorf componentsyejusthaveto defineanew
statusvalue: DESELECT Then, the clock algorithm has
to be slightly modifiedto remove from the list of clocked
componentghe componentwhich hassentsucha value.
Doing so, this componenwill notreceive the clock signal
againuntil it re-registers.This re-registeringhasto be per
formedby aclockedcomponentesponsibldor suchatask
or directly by the clock entity. If thetaskis performedby
a separateomponentthenno modificationof the clockis
required but this componenshouldnever deselecitself as
long assomecomponentsnay have to bere-rggistered.

4 Mesh networks

Meshnetworksarearchitecturesonsistingof theaggreya-
tion of severalbasiccomponentsommunicatinghrougha

specificschemeHASE providesa mechanisno automat-
ically createn-dimensionameshedasedon the definition
of asinglecomponent.

For examplea 4-dimensionameshcanbe definedin
theentity library of anEDL descriptionasfollowed:

MESHAD archi (
ENTI TY_TYPE (asi c)
SI ZE1 (4) SIZE2 (3) SIZE3 (2) SIZE4 (2)
NO_LI NKS( 2)
V\RAP( 0)
DESCRI PTI ON(" 4D Mesh pattern")
PARAMS( )

The ENTITY_TYPE attribute identifies the type of
the entity to be replicatedin the mesh. The SIZEn at-
tributesspecify the size of the meshfor eachdimension.
The NO_LINKS attribute specifiescommunicationither
asunidirectionalor bidirectional,andthe WRAP attribute
specifiesvhetheror notthe meshhasto be wrappedat the
border

From this description, HASE instantiatesenough
componentg4x3x2x2in this example)and createscom-
mmunicationlinks amongcomponentshroughall the di-
mensions.

Using the original HASE clock synchronisation
mechanism,wheneer the dimensionor the size of the
meshwasmodified,thelist of entity links hadto be modi-
fied manuallyin the clock entity file in orderfor it to feed
all the automaticallygenerategub-componentsThe new
clock-patterrslovesthis problem. As long asthe baseen-
tity (asic here)inherits from one of the abstractclocked-
entities theneachgenerateccomponenif the meshwill
automaticallyregisterwith the clock entity andbehae as
specifiedoy theclockeddescription. Thiswill work for ary
dimensiomandary size.



5 Conclusion

We have demonstratetiow somebasicobject-orientedea-
turescanenhancenodelsof hardwarearchitectures.

The proposedclock-patternallows designergo sim-
ply reuseexisting componentsand modify the synchroni-
sationmechanismit alsofacilitatesthe generatiorof mesh
networksandshortenghe modificationtime dueto dimen-
sionor sizemodifications.

Otherspointscanalsobeimprovedwith suchmech-
anisms. For example,the useof object-orientatiorto de-
scribethe instruction-sebf modelledarchitecturemay fa-
cilitate thedefinitionof severaladdressingnodesandmay
enhancehe reuseof othersinstruction-sedescriptionsto
createnew ones.

More information about HASE is available at
http://www.dcs.ed.ac.uk/home/hase.

Acknowledgements

HASE wasdevelopedaspart of the ALAMO projectsup-
ported by the UK EPSRCundergrant GR/J43295. The
simulationstudyof the UKQCD computerarchitecturess
supportedy the UK EPSRCundergrantGR/R27129.

References

[1] D. Chen,N. Christ, Z. Dong, A. Gara,R. Mawhinney, S.
Ohta, T. Wettig, “QCDOC Architecture” Internal Report,
ColumbiaUniversity May 2000

[2] PS.Coe,FW. Howell, R.N. IbbettandL.M. Williams: A
HierarchicalcomputerArchitecturedesignand Simulation
Environment, ACM Transactionson Computerand Mod-
elling Simulation 8(4),1998,431-446.

[3] L. Williams andR.N. Ibbett: Modelling the DASH archi-
tecturein HASE, 29th annual SimulationsymposiumNew
Orleans July 1996.

[4] R.N.Ibbett,HASE DLX SimulationModel, IEEE, Vol 21,
Jan-Marl1999,24-33.

[5] R.N.Ibbett,PE.HeywoodandF.W. Howell, HASE: A Flex-
ible Toolsetfor ComputerArchitects, The ComputerJour-
nal, 38(10),1996.

[6] E. Gamma,R. Helm, R. JohnsomandJ. Vlissides, Design
Patterns— Element®f ReusabléSoftwae, Addison-Weésley,
Oct.1994,ISBN 0-201-63498-8.

[7] B. Selic, G. Gulleksonand P.T. Ward, Real-Tme Object-
OrientedModeling JohnWiley & Sons,inc. 1994.

[8] B. SelicandJ. RumbaughUsingUML for ModelingCom-
plex Real-Tme Systemghttp://www.ObjecTime.com,1998.

[9] G.A. Van HubenT.G. McNamaraand T.E. Gilbert: PLL
modeling and verification in a cycle-simulationerviron-
ment IBM Journalof ResearctandDevelopment 42(5/6),
1999,915-925.



