The Construction of a RetargetableSimulator for an Ar chitecture Template

BartKienhuis»?, Ed Depretteré KeesVissers, PietervanderWolf?
! Delft Universityof Technology
2PhilipsResearct.aboratorie€indhoven

E-mail:ki enhui s@as. et . tudel ft.nl

Abstract

System#n the domainof high-performanceideosignal
processingare becomingmore and more programmable
Wesuggestanapproad to desigrsud systemshatinvolves
measuringvia simulation,the performanceof variousar-
chitectulesonwhich a setof applicationsare mappedThis
appmoac requiresa retaigetablesimulatorfor an architec-
ture template We describethe retamgetablesimulatorthat
we constructedfor a stream-orientedapplication-specific
dataflow architectue. For ead architecture instanceof
the architecture template a specificsimulator is derived
in threesteps:the architecture instanceis constructedan
executionmodelis added,and the executablearchitectuie
is instrumentedo obtain performancenumbes. We used
objectorientedprinciplestogetherwith a high-level simu-
lation medanismto ensue retargetability and an efficient
simulationspeed. Finally, we explain how a retargetable
simulator can be encapsulatedvithin an ervironmentfor
automatediesignspaceexploration.

1. Intr oduction

In the past,systemsdn the domainof high-performance
videosignalprocessingvereoftendesignedor only a sin-
gle application. Nowadays,however, thesesystemshave
becomemoreprogrammableandthey mustbe ableto sup-
port a set of applicationsinsteadof a single application.
Programmabilityis importantfor two reasonsFirst, it per
mits adjustmentsvhich, for example,arisefrom evolving
standardsandsecondlyit offersthe possibility of function
sharing,which is costeffective in multi-functionalsilicon
products.

Architecturedfor a singleapplicationarederivedin var
ious stepsof refinementuntil a final architecturds found
that canbe synthesizedo silicon. In the caseof a setof
applicationsthis refinemenmethodwould resultin onear-
chitecturefor eachapplicationof the set. A differentap-
proachis to startfrom anarchitectuie templatefrom which
individual architecturecan be instantiated. The problem
thenis to assesthequality andvalidity of suchanarchitec-
ture instancefor the targetedsetof applications.We want
to useanapproachin which mary alternatie architectures

canbe evaluatedquantitatively This providesan objectve
basison which eventuallyonearchitecturecanbe selected
thatperformsbestfor a setof applications.

We measurehe performanceof anarchitecturénstance
on which a setof applicationss mappedand executedas
suggestedn [1]. This approachhenceforthcalled asthe
Y-chart (not to be confusedwith Gajski and Kuhn's Y-
chart[2]), is showvn in Figure1l. We needto be ableto
describevariousarchitecturesand setsof applicationsand
to derive mappingdor applicationsontoarchitecturesWe
alsoneedto make andanalyzea modelof an architecture
suchthat we canobtainits performancenumbers.System
with betterperformanceanbeachievedby makingadjust-
mentsin the architectureasindicatedby the “lightbulb” in
Figure1l. A betterperformancecan also be achieved by
changingthe way the algorithmsaredescribecbr choosing
a differentmapping. We focusheresolely on the architec-

ture.
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Figure 1. The Y-chart approach

An architectule templatedescribesn a parameterized
form aclassof architecturedy giving theavailableelement
typesandthe compositionrulesfor theseelementstypes.
The architecturegemplateparametersieedto be assigned
valuesto obtainaninstance.All theseparametersogether
spanalargedesignspace We canexplore thisdesignspace
by changingsomeof the parametewraluesin a structured
way and evaluatingthe performanceof an architecturen-
stance.

At PhilipsResearcta particularclassof stream-oriented
application-specifidataflav architecture®asbeeninvesti-
gated[4]. The dataflav architecturds to be usedin video



6th InternationaMorkshopon Hardware/Softvare(CODES’98),SeattleWashingtorl 5—18March 1998 2

applicationdor the consumemarket. An exampleof such
a dataflav architectureis given in Figure 2. It consists
of differentapplication-specifiprocessor@peratinginde-
pendentlyof eachother on datastreams. The processors
canperformcoarse-gain functionslik e “filtering” or “sam-
ple rate corversion”. The streamsare exchangedetween
the coarse-grairprocessor¥ia a communicatiometwork
whichis controlledby someglobalcontrollet

Input/Output Stream

—

Communication Structure ‘

L i i L

Coarse-Grain
Processor

L i i L

‘ Global Controller ‘

Figure 2. Stream Based Dataflo w Architecture

Becausethe video applicationsof interest are data-
dependentwe usesimulationto get clock-gycle accurate
performancenumbers. As a consequenceq retametable
simulator[6] is neededor this classof dataflav architec-
tures. We have constructeda retagetablesimulatorfor the
dataflav architectureln this papermwe explainhow we have
constructedur ObjectOrientedRetagetableArchitecture
Simulator(ORAS)andhow ORASderivesa specificsimu-
lator for oneparticulararchitecturénstance.

The organizatiornof this paperis asfollows. We present
the problemstatementandrequirementsn Section2. Re-
latedwork is discussedn Section3, followed by our solu-
tion approactin Sectiord. In Sections, 6, and7 we elab-
orateon thethreestepssuggesteth the solutionapproach.
In Section8 we shav how a retagetablesimulatorcanbe
usedin adesignspacesxploration.We presentonclusions
in Section9.

2. Problem Statement& Requirements

The problemwe addressn this paperis how to build a
retagetablearchitecturesimulatorfor aclassof dataflav ar-
chitecturesandhow specificsimulatorscanbe derived for
memberof this class.Theretagetablesimulatoris usedto
explorethe designspaceof this classof architecturesThis
explorationis performedby specifyingmary differentar-
chitecturénstancesWewouldlik eto automatehisprocess
by having an exploration ervironmentwherenew architec-
tureinstancesrecreatecandevaluatedn a structuredvay.
Thearchitectureénstanceshatarespecifiecheedto bevalid
memberf the classof dataflav architecturesve look at.
Thereforewe needto verify eacharchitecturenstancewith

respectto the architecturetemplate. A specificsimulator
is derivedfor eacharchitecturenstance.The speedof this
simulatordeterminehow mary instancesanbe exercised
within a certainamountof time in the designspace. This
speedrequirementis especiallyimportantin the video do-

main. A certainamountf overheadvill beincurredto sup-
portretametability in theretaigetablesimulator This over-

headreducesthe simulationspeedand shouldbe kept as
smallaspossible.We know the classof dataflav architec-
ture andthusthekind of retaigetabilityneeded We should
exploit this factto getefficientretagetablesimulators.

A specificsimulationcanbe doneon differentlevels of
detail with differentaccutacy. Although in the designof
an architecturet is often enoughto comparedifferentar
chitectureson the basisof relative performancenumbers,
in later designstagescomparisonsnust be basedon de-
tailed performancenumbers.However, thereis a trade-of
betweersimulationaccurag andhencesimulatorcomple-
ity, andsimulationspeed3]. A clodk-cycleaccuratesimu-
lation takeslongerthananinstructionaccurate simulation
becausenore detail needsto be simulated. We looked at
differentgeneralpurposesimulatorsandfound the follow-
ing numberof instructionsper second:200,000for anin-
struction set simulatoy 40,000for a clodk-cycleaccurate
simulatorand500for anRTLaccumatesimulatorin VHDL.
Simulating for example onevideoframeof 720x576pixels
by a simplevideo algorithmof 300 RISC-like instructions
per pixel on eachof thesesimulators requiresrespectrely
10 minutes 54 minutesandmorethanawholeday Hence
theselectedaccuray of a specificsimulatorwhichis to be
usedn theY-chartdependsery muchonthelevel atwhich
designdecisionanustbe made.

3. RelatedWork

The Y-chartapproachdefinesthe needfor retagetable
architecturesimulators. The approachs commonpractice
in the designof instructionsetprocessorsyherededicated
simulatorsarebuilt in the C programmindanguagemainly
for performancereasong3]. The C language,however,
doesnotsupportparallelism.In the RASSPproject,VHDL
is usedto performdedicatechigh-level architecturesimu-
lationsof high performancesignalprocessingystemq9].
VHDL offersa parallelexecutionmodelandallows archi-
tecturemodelsto beinstrumentedo getperformanceaum-
bers,but it cannotbe usedto derive differentarchitecture
instances.Only whenvery high-level architectureanodels
areused,is the executionspeeddf VHDL acceptableThe
Ptolemy|[5] ervironmentis very useful for the specifica-
tion of algorithmsputis lesssuitablefor architecturesxplo-
rations.The Atradetool [8] is reportecto implementakind
of Y-chartusingthe Ptolemyernvironment.It is only appli-
cablefor staticapplicationglefinedin the SDF-domain.
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4. Solution Approach

A specificsimulatoris derived for an architecturein-
stancedn threesteps:

1. An architecturanstances constructedrom a textual
architecturedescription.

2. An executionmodelis addedfor the simulationof the
architecturenstance.

3. Thearchitecturanstanceis instrumentedvith Metric
Collectorsto extractperformanc&umberdor selected
performancenetrics.

The first stepconcernghe structureof architecturen-
stancesWe usedobjectorientedprinciplesextensvely and
generate@ parserto readinstance®f thearchitecturégem-
plate of the dataflav architecturen a building blodk fash-
ion. In the secondstep,an executablenstances obtained
by addingan executionmodelto the architecturestructure,
basedon a multi-threadingpackage.Finally, performance
numbersare extractedduring a simulationby instrumen-
tation of the architectureinstancewith probesor Metric
Collectors. Thesethree steps,which are implementedn
ORAS, are shawvn in Figure 3. Next we explain in more

detailthethreesteps.

Architecture Template P Architecture Elements
arser )
Grammar Defined as Classes

Architecture
Instance

[
v

PAMELA constructs
[ Processes Jf[ Run-Time Library J

|

Architecture
Description

Object Oriented Principles 1. Structure

Executable

Arch. Inst. .
PAMELA ‘ 2. Execution Model

]
Instrumenting Metric Collectors
: N
Mapping | ——
Table e

Simulator .
3. Measuring

Figure 3. The 3 steps used within the Object ori-
ented Retargetable Architecture Simulator (ORAS)

5. Construction of Ar chitecture Instances

Thefirst steptakenin theretaigetablesimulatoris to con-
structanarchitecturenstance Thisinstancehasto beafea-
sible memberof the classof dataflav architectures What
aretherequirementgor the programminganguagehatis
usedto specifythis structure?

Composition: Supportheideaof elementypeswhichare

themainconstituentsasbuilding blocks.
Verification: Allow the verificationof compositionf el-

ementtypes.

Implementation: Allow elementtypesto have different
implementations.

High Level Constructs: Provide high-level programming
constructiondor effective and efficient compositions
of elementypes.

The objectorientedlanguageC++ is well suitedto model
thestructureof architecture§l0]. A parseris usedto check
whetherthe architectureinstanceshat were modeledare
feasible.

5.1 Object Oriented Principles

Objectsare instantiatedrom classdescriptions.In the
definition of a class,a strongseparatioris madebetween
theinterfaceof anobjectmethodandthe implementations
of this method. This allows us to specify the structural
relationshipbetweenobjectsand the behaior of the ob-
jectsindependentlyWe usethis separationdeaextensiely
to implementalternatve implementationge.g. handshak,
boundedpr unboundedrifo) for the samearchitectureele-
menttype (e.g.aBuffer).

For eachelementtypein the architecturehereis anab-
stract classdescription.This descriptiondefinesa geneal
interfaceto all otherobjectsin thearchitectureFor theele-
menttype Buffer, for example,we definethe methodsead
andwrite. Otherelementypes(e.g.arouteror communica-
tion structureanusethemethodseadandwrite to interact
with the elementype Buffer, without knowing the particu-
lar implementationsf thesetwo methods New classesre
derivedfrom theabstractlass,usinginheritance Thenewn
classesmplementthe methodsof the abstractclassusing
late binding or polymorphism

To illustratethe separationidea,we have definedan ar
chitectureelementypeBuffer asanabstractlass.Datacan
be stored(write) in a buffer or datacanbe retrieved (read)
from it, asshawvn in Figure4. Thereadandwrite methods
mustbe implementedlifferently for a handshag buffer, a
boundedFifo buffer, or an unbounded~ifo buffer. Con-
sequentlywe implementedhe methods ead andwri t e
differently for the variousbuffers. We implementeda sin-
gle buffer position, a circular buffer, and a linked list for
the handsha& buffer, thebounded~ifo, andthe unbounded
Fifo respectiely.

We have alreadydefinedmary differentelementtypes
(like Buffer, Contwoller, Router Functional Element and
FunctionalUnit) aswell asvariousimplementation$or our
dataflav template.They arestoredin thelibrary of Archi-
tectureElementsasshowvn in Figure3.

Recentlythe standardC++ programminglanguagehas
becomesupportedoy a very powerful library called Stan-
dard TemplateLibrary (STL) [7]. Thislibrary implements
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Provides the Interface Implements the Interface
Hand
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~ Class Eifo
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e Unbounded
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Abstract Class Derived Class
Figure 4. The separation between interface and in-

terface implementation

veryefficiently high-level programmingonstructdik e vec-
tors, lists, andmaps,to namea few. This hasprovedto be
very usefulin thedesignof our retagetablesimulator

5.2 Architecture Description

We usea parserto breakup a textual Architecture De-
scriptioninto architectureelementsandto checkif the de-
scriptionis a feasibleinstanceof the architecturaemplate.
An architecturetcemplateis describedn termsof a gram-
mar. Thegrammais usedby the parsetto matchesompo-
sitionsof architectureelementsasshawn in Figure3. If a
feasiblecompositionis found, theelementsareinstantiated
fromthelibrary of architectureelementsThis processs re-
peateduntil acompletearchitecturénstancds constructed.
Becausewe specify architecturesat the level of architec-
ture elementave achieve concisearchitecturedescriptions.
It takes, for example,about150 lines of codeto describe
realisticvideoprocessingirchitecturénstances.

6. Execution Model

We simulatedataflav architecturego get performance
numbers. As explainedbefore,the simulationspeedand
thuslevel of modeling,is an importantfeatureof a retar
getablesimulator ThePAMELA work of VanGemund12]
shaws that it suficesto modeltwo constraintsn parallel
architecturespamelyconditionsyndironizationof dataand
mutualexclusivityof resourcesto getclock-cycle accurate
performancenumbers.We canmodeltheseconstraintais-
ing the conceptof processessemaphogsanddelays

Theseconceptsareimplementedas C functionswithin
the PAMELA run-time library (RTL). This is a multi-
threading packagethat performs the necessaryprocess
schedulingand has,unlike mary othersuchpackagesthe
notionof virtual time.

To simulateour architecturanstance,a parallel execu-
tion modellike the RTL is neededhatgovernsthe orderin
whichthevariousarchitectureelementsanmale progress.
The architectureelementsbuilt in C++ andthe RTL exe-
cution mechanismare coordinatedvia the PAMELA con-
structs.Figure5 shavs how thewrite methodof abounded

Fifo buffer is combinedwith PAMELA constructs. The
Fifo buffer is a particularimplementatiorof the architec-
tureelementype Buffer. Thesemaphoressedin thewrite
method,arer oomanddat a andthe delayis modeledvia
pamdel ay. We usethe delaystatemento modelthata
write to aFifo buffer will take onetime unit, whichis equiv-
alentto oneclock cyclein thearchitecture.

Notice that within the figure we actually storesamples
within an arraybuf f er of sizecapaci ty in a specific
orderdeterminedby thewr i t ef i f 0 variable. We don't
needthe buffer functionality in orderto do performance
analysis;we could suffice with usingonly PAMELA con-
structs. However, to getthe correctrun-time behaior of
thearchitecturewe alsoperformthesefunctionallycorrect
simulationsto getmoreaccurateandrealistic performance
numbers.

void Fifo::wite(Sanple* a)

pamP(roon); /1 1s there Roomin the Fifo?
nmetricCol | ector->hi stogran(token++); //Measurenent
buffer[witefifo] = a; // Wite in buffer
witefifo = (++witefifo)%apacity;

pamdel ay(1); // It takes 1 clock cycle to wite
pamV(dat a) ; /1 Tell there is data available

}

Figure 5. The Write Method of a Bounded Fifo
Buff er

The PAMELA processesire instantiatedn the second
stepof ORAS,asshawvn in Figure3. Sincethearchitecture
structures built in thefirst step theprocessedonothaveto
decodehestructuralaspect®f thearchitectureatrun-time.
This resultsin an efficient but still flexible simulator The
ORASsimulatorcanexecutel0,000coarse-graifiunctions
persecondThesefunctionsoperateon samples.

7. Metric Collectors

To obtainperformancenumbersn the ORAS,weinstru-
mentedhearchitectureelementsn thethird stepwith Met-
ric Collectors.They collectvarioushigh-level performance
numbersduring the executionof the simulatorandpresent
results,possiblyin statisticalform, at the endof a simula-
tion. In Table7 someperformancenetricsaregivenfor the
elementypesof thedataflav architectureThe Metric Col-
lectorsgatherinformationaboutthe completearchitecture,
suchasthe numberof executedoperationsor the total ex-
ecutiontime in clock cycles. Thesenumbersare used,for
example to evaluatethe performancenetric “parallelism”.
Othercollectorsmeasurénow long a semaphordlocked a
processThisis away of measuringhe“responsdime” or
“waiting time”. In the codeshownn in Figure5, the Metric
Collectornet ri cCol | ect or determineghefilling dis-
tribution within the Fifo buffer. Eachtime atokenis written
into the Fifo buffer, the collectordetermineshiow mary to-
kensarepresenin the buffer atthatwrite time. At theend
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[ ElementType [ Performancé/etric |
Comm.Structure | Utilization
Controller Utilization
Buffer Filling distribution
Routers Responsd&ime Controller
FunctionalUnit Utilization, Numberof Context Switches
Functional Utilization, PipelineStalls
Element ThroughputNumberof Operations
Architecture Numberof OperationsTotal executiontime

Table 1. Implemented Performance Metrics for the
Different Element Types

of asimulationa histogranof theFifo bufferfilling is made
for every Fifo buffer in thearchitecture.

8. DesignSpaceExploration

GiventheretagetablesimulatorORAS,we canperform
a designspaceexploration. We needto selectparameter
valuesfrom a rangein a structuredway. We creatediffer-
enttextual architecturedescriptionswith theseparameters,
usingtheversatilescriptinglanguagéePerl [13], asshavnin
Figure3. A parametevaluecanrepresenavaluefor anel-
ementparametefe.g.thesizeof a Fifo buffer), a structural
aspectof the architecturg(e.g. the numberof Processing
Elementaised),or analternatve implementatiorof anele-
menttype (e.g. selecta boundedrifo buffer or unbounded
Fifo buffer).

A specificsimulatoris derived in the ORAS from each
of the resultingarchitecturedescriptions. To simulatethe
architecture we also needmappingsas explainedin the
Y-chart. Thereforewe down-loada textual mappingtable
into the specificsimulatorasshavn in Figure3. A differ-
enttableis down-loadedor eachapplicationof thetargeted
set. Whenall simulationrunsarecompletedwe calculate
graphsfrom the storedperformancenumbers.An example
of avisualizationof anexplorationis shavnin Figure6 and
discussedn [1].

pucketflength
5g 100 150 200

110
iolc]
89
79
a0 69
58
48
38
28
17

Figure 6. Utilization of a Controller for Packet

Length versus Service Time

Enormousamountsof dataare generatedluring design
spaceexploration. For the simple experimentshowvn in
Figure 6 we generated 00 differentarchitecturenstances
by changing2 parameterspadet lengthandservicetime
Thus 100 different simulation resultswere producedfor
eachapplication. The resultsprovide performancenum-
berslike,for example thecontmwller_utilization. To manage
theseamountf dataandtheir consistenciesye integrated
thePerlscriptandtheretagetablesimulatorORASInto the
Nelsisdesigndatamanagemergystem11].

9. Conclusions

We illustratedthe relevanceof a retaigetablesimulator
in the context of the Y-chart. Fromthe performancef the
ORAS at 10,000coarse-grairinstructionsper secondwe
may concludethat we have beensuccessfuin building an
efficient, retagetablesimulatorthatcanmeasurehe perfor-
manceof a classof dataflav architecturesn a way thatis
functionallycorrectandclock-cycle accurateWe exercised
the Y-chartfor akind of dataflav architectureandobtained
explorationresults.Basedntheseresults afew interesting
architecturenstancedave beenselectedo beinvestigated
atmoredetail.

The current ORAS simulator was constructedfor a
dataflov architecturdemplate We arecurrentlyinvestigat-
ing whethersimilar conceptscanbe usedfor morehetero-
geneousrchitecturdgemplates.
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