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ABSTRACT
Justascomponentre-useis becomingincreasinglyimpor-
tant in thedesignof systems-on-chipandparallelcomput-
ing systems,so too is re-useof componentsin computer
architecturesimulationenvironments.Fundamentalto both
realandsimulatedsystemsis theclockingstrategy. In this
paperwepresentabehaviouraldesignpatternto efficiently
modeltheclock mechanismof hardwarearchitectures.We
illustratehow this patterncanincreasereusabilityandre-
ducemodificationswhenthesynchronisationpolicy hasto
evolve or whencomponentshave to be includedin larger
architecturessuchasmeshnetworks.
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1 Intr oduction

Justascomponentre-useis becomingincreasinglyimpor-
tant in the designof systems-on-chipand parallel com-
puting systems,so too is re-useof componentsin com-
puter architecturesimulation environments. Many par-
allel architecturescontain large numbers of processor
coresintegratedinto powerful ASICswhichareaggregated
into meshesto obtain a total computationpower of sev-
eral TFlops. Suchhigh-performancearchitecturesrequire
new designand evaluationtools offering abstractionand
reusability, andproviding goodvisualisationmechanisms
to analyseaspectsof systemperformance.

The UK QuantumChromodynamics(UKQCD) col-
laborationinvolvestheprocurementof ahigh-performance
systembasedon the ColumbiaQCDOC architecture[1],
a systemdesignedto simulatestronginteractionsbetween
quarksandgluons. This providesa challengein relating
theoreticalresultsaboutquarkandgluon interactionsand
practical resultson mesonsand baryons,experimentally
observedstructuresinto which quarksandgluonsseemto
be confined. Individual PowerPC-basedprocessingnodes
are interconnectedin a 6-dimensionmeshwith the topol-
ogy of a torus. We intendto modelandsimulatesuchan
architecturewith HASE,aHierarchicalcomputerArchitec-
turedesignandSimulationEnvironment[2].

HASE hasalreadybeenusedin several projectsin-

cludingthemodellingof theStanfordDASH andtheDLX
architectures[3, 4], theTomasuloalgorithmusedin teach-
ing andin theinvestigationof parallelarchitecturesto sup-
port the HPRAM modelof computation[5]. Thesemod-
elsusea simpletwo-phaseclock implementedusinga bar-
rier synchronisationmechanism.AlthoughHASEis anob-
ject orientedenvironment,thecurrentclock mechanismis
not well encapsulatedand is difficult to extend to mesh
architectures.Somenew component-orientedandobject-
orientedinheritancetechniqueshave thereforebeenadded
to HASE to satisfy the new requirementsimposedby the
QCDOCarchitecture.

Section2 briefly presentstheHASEenvironmentand
the Entity DescriptionLanguage(EDL) usedto describe
entities, links and configurations. Section3 presentsthe
originalclockingmechanismandits limitationswhenmod-
elling mesharchitectures.Then,we introducethe inheri-
tancemechanismwehaveaddedandshow how it improves
synchronisationandclock mechanismmodelling. We ad-
vocatethat this new clock-patterncan be reusedand en-
hancedto modelseveralsynchronisationmechanismsand
give someexamples.Section4 briefly presentsour mesh
descriptionmechanismandshowshow it fully benefitfrom
the new clock mechanism.Finally, we concludewith an
enumerationof several aspectswheremodelsof parallel
architecturesmaybenefitfrom somebasicobject-oriented
extensions.

2 HASE and EDL

HASE is a HierarchicalcomputerArchitecturedesignand
SimulationEnvironmentwhich allows for therapiddevel-
opmentandexplorationof computerarchitecturesat mul-
tiple levels of abstraction,encompassingboth hardware
andsoftware. Within HASE therearegraphicalentity de-
signandedit facilities,entity library creationandretrieval
mechanisms,an animator, andstatisticalanalysisandex-
perimentationtools for deriving systemperformancemet-
rics.

The architectureis definedusingthe Entity Descrip-
tion Language(EDL), thescreenlayoutis describedby the
Entity Layout (EL) descriptionand the behaviour is de-
scribedin Hase++,aC++-likeprogramminglanguagewith
primitivesto managediscrete-eventsimulations.TheEDL



file is composedof thepreamble,which offersa shortde-
scription� of the project, the parameterlibrary, which de-
claresthedifferentcomplex typesandlinks used,theentity
library, whichdescribestheinterfaceandhierarchyof enti-
tiesto beused,andfinally thestructure partwhich defines
theconfiguration,i.e. theinstantiationof entitiesandtheir
interconnectionthroughlinks.

This is thefirst featureof object-orientation:classifi-
cation. It allows thedescriptionof a setof componentsas
a singleentity whichcanbeinstantiatedseveraltimeswith
differentparametervalues.

The secondfeatureof object-orientation,which en-
hancesencapsulationand thus reusability, is inheritance.
Whenmodellinga system,it often appearsthat many en-
tities within a systemhave commonproperties. In such
caseseithercompositionor inheritancehave provedto be
helpful. Compositionis morecommonlyusedto delegate
a part of the behaviour or secondarybehaviour to another
object.However, inheritanceis preferredwhentheprimary
behaviour is to be identical to an existing objectand just
someaspectsof its implementationareto bemodified. In
the lattercase,theprimarybehaviour is not to bechanged
dynamically, althoughsomeparticularaspectsmay.

We have thereforeaddedan inheritancemechanism
to EDL. In the entity library section,it is now possibleto
defineanabstractentity, theprimarybehaviour of which is
describedin the correspondingHase++description. This
primary behaviour may fulfil someparticularaspectsby
calling serviceswhich areto be definedor overriddenby
concreteentities. Theseservicesaredeclaredin the EDL
andaresimilar to what arecalledvirtual methodsin C++
but arecloserto protectedmethodsin Java.

Thefollowing sectionpresentsa clock patternwhich
allows themodellingof severalclock mechanismsusedin
hardwarearchitectures,togetherwith an exampleto show
how this inheritancemechanismhelpsto implementthis
pattern. The mechanismto createmeshentitieswith an
EDL descriptionis separatelydescribedin section4. Sec-
tion 4 alsoshowsthatthemeshmechanismwouldnothave
beenreallyusefulwithout this new clock mechanism.

3 Abstract entities to model the clock mech-
anism

3.1 The original clock mechanism

The multi-threadedimplementationof HASE meansthat
theorderin which entitiescompletetheir activities is non-
deterministic,thoughclearly theorderin which eventsare
exchangedbetweenentitiesmustbedeterministic.In prin-
ciple a basic synchronisationpolicy could be built into
HASE itself andan experimentalversionof HASE incor-
poratingsuchapolicy hasactuallybeeninvestigatedto run
onaCrayT3D.However, thishastheeffectof turningwhat
is currentlya generaldiscrete-eventsimulatorinto a clock-
driven simulator, whereeachentity is called onceevery

simulatedclock cycle. Although clock-driven simulators
aremoreefficientfor modelsin whicheveryentitychanges
in every clock cycle, they areinconvenientfor thegeneral
caseandin synchronousarchitecturesit is simpleto con-
structaclockentitywhich implementsabarriersynchroni-
sationpolicy aspartof thesimulationmodel.

Theoriginal clock entity usedin a numberof HASE
modelscontains,in eachcase,a list of the entitieswhich
areto receiveclock synchronisationsignals.Thesemodels
operatewith a two-phaseclock: the first phaseis an ex-
ecutionphase,the secondis a communicationphase. At
thebeginningof eachphase,theclock entity sendsa clock
tick signalto eachentity in the list. Receiptof this signal
initiatestheactivity of theentity (thread).Whenanentity
completesits currentactivity, it sendsa signalbackto the
clock entity andthenwaits. Whentheclock entity hasre-
ceived completionsignalsfrom all entities,it generatesa
new clock signal.

Themainrestrictionof this mechanismis theneedto
tailor thelist of entitiesin theclock entity for eachmodel.
This is not a problemfor architectureswherethe number
of modelledentitiesdoesnot change.However, it is a ma-
jor issuefor mesharchitectures,wherethesizeof themesh
andthusthe numberof entitiesin the modelis oneof the
importantsimulationparameters.A built-in synchronisa-
tion policy would overcomethis problem,but this would
be contrary to the philosophyof HASE and so we need
someothermethodof providing an extensiblesynchroni-
sationmechanism.

A new clockmechanismhasthereforebeendeveloped
andthis hasprovidedsomeunexpectedbenefits.In partic-
ular, it is a moregeneralsynchronisationpatternwith an
explicit specificationin theEDL file.

3.2 The clock pattern

Our mainobjective is to provideaclock mechanismwhich
is reusable,as it must not dependon the modelledsys-
tem.Theproposedpatternconsistsof two classes,theclock
classandtheclockedclass.(Thetermpatternhererefersto
thecategory of behavioural designpatterndefinedin [6].)
Theclock classrepresentsthecomponentwhich emitsthe
tick signalsandtheclockedclasswhichrepresentsthebasic
behaviour of every synchronouscomponent. Thesesyn-
chronouscomponentsall receive the tick signalandsend
backastatusinformationsignal(seeFigure1).

Patternsaregenerallyusedto reducedesign,analysis
andimplementationtimeby providingready-to-usegeneric
schemes. The efficiency of such patternsis greatly in-
creasedwhen a codeskeletonis automaticallygenerated
by an integrateddevelopmentenvironment. Figure1 uses
a Unified Modelling Language(UML) classdiagramex-
tendedwith thePortandProtocolconceptsof capsulesde-
finedin [7, 8]. Thepatterndescribedhereis quitespecific
to themodellingof hardwaresystems.

Theproposedbehaviour of sucha patternconsistsof
two parts. First, any clocked-entitymay registerwith the
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ClockProtocolClock

+ registration(Clocked): id list *

Figure1. Clockpattern.

clock from which it wantsto receive the tick signal. Sec-
ond, the clock entity sendsa tick to eachof the registered
clocked-entityand waits for the receptionof every status
signalbeforesendingthenext tick. Dependingon thesta-
tus of eachclocked-entity, the clock entity may decideto
terminateits activity (e.g. error detectedin simulationor
normalendingafterdecodingaStopinstruction).

Theclock entity behaviour canbemodelledwith the
following algorithm:

state = Normal
cycle_no = 0 ;

REPEAT

FOR EACH clocked IN list DO
SEND tick(cycle_no) TO clocked

DONE ;

FOR EACH clocked IN list DO
RECEIVE status(val) ;
IF (state == Normal

AND val == Stop)
THEN state = Stop ;

IF (state != Error
AND val == Error)

THEN state = Error ;
DONE

WHILE state == Normal ;

IF state == Stop THEN
stop() (e.g. send a last tick to

empty the pipeline)
ELSIF state == Error THEN

print error information

TheSENDandtheRECEIVEcommandsarenot nec-
essarilysynchronouscalls.Thebehaviour of eachclocked-
entity maybeexecutedin parallelandmaydependon the
clock schemechosen.Sendingthetick will simply causea
threadassociatedwith theentity to beexecuted.Synchro-
nisationbetweenentitiesis performedwith signalcommu-

nications.Theonly constraintis thata statuspacket must
besentbackto theclock whenthetaskrelatedto thecycle
is complete.

Basiccomponentbehaviour canbenow reusedwith a
low dependenceon thesynchronisationmechanism.Let us
seehow the modificationof the abstractbehaviour which
anentity inheritsfrom theclocked-entitymaydetermineits
synchronisationpolicy.

3.3 Implementation with abstract entities

registration(Clocked): id

Clock
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body()

stopSimulation(int = 0)

Clocked
<<Abstract>>

Services
pre()
tick(int nbCycle)
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Figure2. Behaviour associatedwith theclockpattern.

Figure 2 presentsthe implementationof the clock-
patternin HASE. The Clock classimplementsthe clock
roleof thepattern.Itsbehaviour is describedwith aHase++
description in accordancewith the algorithm shown in
the previous section. The Clocked classimplementsthe
clocked role of thepattern(section3.4). Two possibleex-
tensionsareshown in Figure2: MultiClocked(section3.6)
and2-Phase(section3.5). A furtherpossibleextensionto
modelcomponentswhich aredeselectedto reducepower
consumptionwhennot beingused,is describedin section
3.7.

3.4 Simpleclock mechanism

Thesimplestclock mechanism(figure3) consistsof regis-
teringwith theclock,synchronizingby 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 any executionof the body behaviour. Con-
sequently, registering in this section guaranteesthat all
clocked entitieswill have beenregisteredbeforethe first
tick. The pre serviceis calledto allow variableinitialisa-
tion. Finally, aftereacheventfrom theclockentity, thetick



serviceis executedandstatusinformation is sentbackto
theclock.�

At any time, the entity may decideto interrupt the
executionby calling the inheritedmethodstopSimulation.
This synchronouscall will modify the statusinformation
sentbackto theclock. Dependingon thatinformation,the
clock entity maydecideto completelyinterrupttheexecu-
tion or even to sendan error message.The stopSimula-
tion methodis theimplementationof thesetStatusmethod
definedby the pattern. The namehas changedbecause
stopSimulationis in thatcasemoreexplicit thansetStatus,
thoughit hasexactly thesamebehaviour.

$class_decls

int STATUS;
//entity references

sim_entity_id clk;
int clockCycle;

void stopSimulation(int val=0);

$class_defs
clockCycle = 0;
void clocked::stopSimulation(int val) {

STATUS = val; }

$startup
clk = sim.get_entity_id("CLOCK");
((clock *)sim.get_entity(clk))-

>registering(get_id());

$body
pre();
STATUS = 1;

// predicate
sim_from_p start(clk);

while (1) {
sim_wait_for(start, ev);

SIM_CAST(int, clockCycle, ev);

// Execute the behaviour associ-
ated with tick

tick(clockCycle);

sim_schedule( clk, 0.0, CLOCK,
SIM_PUT(int, STATUS));

}

Figure3. Possibleimplementationof theclockedentity

3.5 Bi-phaseclock mechanism

This is a first possibleextensionof theclockedentity. The
tick serviceis overridento call the phase0servicefor the
evencyclesandthephase1servicefor theoddcycles.The
actionsof the entity arecomputedduring phase0and the
outputsignalsareupdatedduringphase1.This guarantees
that all computationsarecompletebeforeany outputsig-
nal is updated.The resultcannotdependon the orderof
execution.Neverthelessthiskind of schemeforbidsinstan-
taneousloopsif no mechanismis providedto computethe
fix-point beforeupdatingoutputsignals.

The 2-Phaseabstractentity may inherit the primary
behaviour of clocked and the Hase++descriptionshould
only definethe tick serviceasan alternatecall to phase0
andphase1services:

$tick(cycle)
if (cycle%2 == 0 )

phase0(cycle/2);
else

phase1(cycle/2);

3.6 Multi-clock systems

WhenmodellingASICs, differentpartsof the whole sys-
temoftenhavedifferentclock-periods.Eachsubsystemhas
its own frequency, while communicationsbetweensubsys-
temsarestill synchronousrelatively to thereferenceoscil-
lator. Oneway to modela systemwhich containsseveral
subsystemswith differentclock frequenciesis to choosea
clock, the frequency of which is the leastcommonmulti-
ple of all the subsystemfrequencies.Thenusinga Multi-
Clockedabstractentityandvaryingtheratioparameterwill
leadto verysimplemodelfor sucha system:

$tick(cycle)
if (cycle%ratio == 0 )

derived_tick(cycle/ratio);

In this case,all subsystemswill run at thegreaterfre-
quency and only call the derivedtick serviceat the rate�

�����	��
 . This implementationshouldonly beusedwhenfew
entitiesrun at a differentfrequency, however, becausetwo
signalsare exchangedbetweenthe clock and the Multi-
Clocked entity whetheror not the derived tick serviceis
executed.

Typically, in real sytems, a single-referencelow-
frequency oscillatoris distributedto eachcomponentin the
systemwhereit is multiplied by a local phase-lockedloop
(PLL) component(figure4 [9]).

To simulate this arrangement,a PLL entity must
be defined. This entity inherits from the basic abstract
clocked-entityandregisterswith themainclock. Eachcom-
ponentof asubsystemregisterswith thePLL entity instead
of registeringwith the main clock. Then for eachcycle
of themainclock, several ticks aresentto eachregistered
componentwith thesamealgorithmasfor theclock entity.
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Figure4. Clockdistributionwhensubsystemshavedifferentfrequencies.

A multiplication parameteris usedto choosethe correct
frequency in relation to the frequency of the main clock.
The abstractclocked-entityprovidesan additionalparam-
eter to choosethe clock componentwith which it hasto
register(mainclock or a specificPLL).

The PLL entity collects statusinformation signals
from eachcomponentof thesubsystemandsendsbackan
aggregatedstatusinformation signal synchronouslywith
themainclock. Thereuseof theclock is performedby del-
egatingthe whole behaviour of the PLL to a privatelocal
instanceof theclock entity.

Therefore,thePLL entity implementsboth theclock
andtheclockedroleof theclock-pattern,theclockrolerel-
ative to the sub-componentsand the clocked role relative
to themainclock. Theclock is a low frequency entity, and
this basicfrequency is multiplied on demandby PLL enti-
tieswhich feedhigherfrequency subsystems.

3.7 Deselectedcomponents

To reducepower consumption,somepartsof embedded
systemsmay be deselected,i.e. they do not receive the
clockany longerandthendonotconsumepower. To model
thedeselectionof components,wejusthaveto defineanew
statusvalue: DESELECT. Then, the clock algorithmhas
to be slightly modifiedto remove from the list of clocked
componentsthe componentwhich hassentsucha value.
Doing so,this componentwill not receive theclock signal
againuntil it re-registers.This re-registeringhasto beper-
formedby aclockedcomponentresponsiblefor suchatask
or directly by theclock entity. If the taskis performedby
a separatecomponent,thenno modificationof theclock is
required,but thiscomponentshouldneverdeselectitself as
longassomecomponentsmayhave to bere-registered.

4 Mesh networks

Meshnetworksarearchitecturesconsistingof theaggrega-
tion of severalbasiccomponentscommunicatingthrougha

specificscheme.HASEprovidesa mechanismto automat-
ically createn-dimensionalmeshesbasedon thedefinition
of a singlecomponent.

For examplea 4-dimensionalmeshcanbedefinedin
theentity library of anEDL descriptionasfollowed:

MESH4D archi (
ENTITY_TYPE (asic)
SIZE1 (4) SIZE2 (3) SIZE3 (2) SIZE4 (2)
NO_LINKS(2)
WRAP(0)
DESCRIPTION("4D Mesh pattern")
PARAMS()

)

The ENTITY TYPE attribute identifies the type of
the entity to be replicatedin the mesh. The SIZEn at-
tributesspecify the sizeof the meshfor eachdimension.
The NO LINKS attribute specifiescommunicationseither
asunidirectionalor bidirectional,andtheWRAP attribute
specifieswhetheror not themeshhasto bewrappedat the
border.

From this description, HASE instantiatesenough
components(4x3x2x2 in this example)and createscom-
mmunicationlinks amongcomponentsthroughall the di-
mensions.

Using the original HASE clock synchronisation
mechanism,whenever the dimensionor the size of the
meshwasmodified,thelist of entity links hadto bemodi-
fied manuallyin theclock entity file in orderfor it to feed
all theautomaticallygeneratedsub-components.Thenew
clock-patternslovesthis problem.As long asthebaseen-
tity (asic here)inherits from oneof the abstractclocked-
entities, theneachgeneratedcomponentof the meshwill
automaticallyregisterwith the clock entity andbehave as
specifiedby theclockeddescription.Thiswill work for any
dimensionandany size.



5 Conclusion

Wehavedemonstratedhow somebasicobject-orientedfea-
turescanenhancemodelsof hardwarearchitectures.

The proposedclock-patternallows designersto sim-
ply reuseexisting componentsandmodify the synchroni-
sationmechanism,it alsofacilitatesthegenerationof mesh
networksandshortensthemodificationtimedueto dimen-
sionor sizemodifications.

Otherspointscanalsobe improvedwith suchmech-
anisms. For example,the useof object-orientationto de-
scribethe instruction-setof modelledarchitecturemay fa-
cilitatethedefinitionof severaladdressingmodes,andmay
enhancethe reuseof othersinstruction-setdescriptionsto
createnew ones.

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