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Abstract

We describeEXPRESSION, a languagesupportingarchi-
tectual designspaceexploration for embeddedsystems-on-
Chip (SOC)and automaticgeneation of a retagetablecom-
piler/simulatortoolkit. Key featuresof our language-driverde-
signmethodologynclude: a mixedbehaviorl/structural repre-
sentationsupportinga natural specificatiorof thearchitecture;
explicit specificationof the memorysubsystenallowing novel
memoryorganizationsand hierarchies; cleansyntaxand ease
of modificationsupportingarchitectural exploration; a single
specificationsupportingconsistencyand completenesshedk-
ing of the architecture; and eficient specificationof architec-
tural resouce constaintsallowing extraction of detailedreser
vation tablesfor compiler stcheduling We illustrate key fea-
tures of EXPRESSIONhrough simple examplesand demon-
strateits efficacyin supportingexploration and automaticsoft-
ware toolkit geneation for an embedde&OCcodesigrflow.

1 Intr oduction

The adwent of System-on-ChigSOC) technologyhasre-
sultedin a paradigmshift for the designprocessof embed-
dedsystemsmployingprogrammablgrocessorsvith custom
hardware Modernsystem-lgel designlibrariesfrequentlycon-
sistof IntellectualProperty(IP) blockssuchasprocessocores
that spana spectrumof architecturalktyles,rangingfrom tra-
ditional DSPs and superscalaRISC, to VLIWs and hybrid
ASIPs. Furthermore SOCtechnologiepermit the incorpora-
tion of novel on-chipmemoryorganizationgincludingthe use
of on-chipDRAM, framebuffers, streamingouffers,andparti-
tionedregisterfiles), allowing a wide rangeof memoryorgani-
zationsand hierarchiego be explored and customizedor the
specificembeddedpplication.

The embeddedSOC designeris thus facedwith the dual
tasksof 1) rapidly exploring and evaluatingdifferentarchitec-
turalandmemoryconfigurationsand?2) usinga cycle-accurate
simulatorandretagetableoptimizingcompilerto adaptthe ap-
plicationandarchitecturavith thegoalof meetingsystem-Igel
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performancepower and costobjectives. Furthermoreshrink-
ing time-to-marketyclescreatean urgentneedto performthe
traditionally sequentiatasksof hardwareand softwaredesign
in parallel. An effective embeddedsOC codesignflow must
thereforesupporiautomaticsoftwaretoolkit generationwithout
lossof optimizing efficieng. This hasresultedin a paradigm
shift towardsa language-basedlesignmethodologyfor em-
beddedSOCoptimizationandexploration. Consequentlyhere
is tremendousnterestin using ArchitecturalDescriptionLan-
guagegADLSs) to drive designspacexplorationandautomatic
compiler/simulatotoolkit generation.

As with an HDL-basedASIC designflow, several benefits
accruefrom a language-basedesignmethodologyfor embed-
dedSOCexploration,includingthe ability to perform (formal)
verificationandconsisteng checking.to modify easilythetar
getarchitectureandmemoryorganizationfor designspaceex-
ploration,andto drive automaticallythe backendtoolkit gen-
erationfrom a single specification. In this paperwe describe
EXPRESSION, an ADL that effectively supportsthesedual
goalsof SOC exploration, aswell asautomaticgenerationof
a high-quality softwaretoolkit for embeddedsOC. Section2
describe®ur goalsandapproachln Section3, we describere-
lated work on ADLs and comparethemwith EXPRESSION.
Sections4 and 5 presenta brief overview of EXPRESSION
usingan examplearchitecture.Section6 describesEEXPRES-
SION's supportfor detailedschedulingandresourceconstraint
specification. Section? illustratesthe easeof modificationin
EXPRESSIONo supportdesignspacexploration,while Sec-
tion 8 concludeghis paper

2 Goalsand Approach

SOCdesignerspenda lot of time andeffort exploring can-
didateprocessoarchitectures.The availability of a variety of
processocorelP libraries(includingDSRE VLIW, SS/RISCand
ASIP) presentghe systemdesignerwith a large exploration
spacefor the choice of a baseprocessorarchitecture. Thus,
tool-kits which allow the designetto performrapid exploration
of variousprocessoalternatvesarenecessaryThesetool-kits
mustprovide the designemwith quantitatve performancemea-
surementén orderfor him to performintelligenttradeofs. Fur-
thermore the stringentperformancepower, codedensity and



costconstraintsnandatedy modernembeddedystemseces-
sitatethe developmentof a high-quality softwaretool-kit, in-
cluding, at a minimum, a cycle-accuratesimulator andan op-
timizing Instruction-Level Parallelism(ILP) compilerthatcan
exploit novel memoryorganizations.
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Figure 1. EXPRESSION DesignFlow

The systemdesigneralso requiresthe ability to customize
the baseprocessotby changingparameterf the processor
core(e.g. numberof functionalunits,operationatencies) The
memory-intensie natureof mary embeddedpplicationge.g.
multimediaand network) further exacerbateshe traditionally
critical memorybottleneck.This requiresthe ability to explore
(andoptimizefor) novel on-chipandoff-chip memoryorgani-
zationsandhierarchiego improve memorybandwidth(exam-
plesincludethe useof on-chipDRAM, frame-luffers, queues,
novel cachehierarchiesgtc.). An importantaspectof suchan
exploration (not takeninto accountby mostotherapproaches)
is the ability to alsocustomizethe compilerconcurrentlywith
theprocessosuchthata “best-fit” is obtained.

Figurel shows our language-basedesignmethodologyus-
ing EXPRESSIONAn EXPRESSIONdescriptionof an em-
beddedSOC architecturecan be usedin two modes. In the
Exploration Phase the systemdesignerexploresandevaluates
differentbaseprocessorcandidategselectedrom the Proces-
sor Libraries),and differentmemoryorganizationsand hierar
chies(with componentselectedrom the Memory Libraries).
In theexplorationphasethetoolkit generators usedo produce
an Exploration Simulatorand a Exploration Compiler  The
goal hereis to supportrapid DesignSpaceExploration(DSE)
with fast (possiblyfunctional) simulation,and usingthe com-
pilerin anestimatiormodefor comparatie evaluationof candi-
datebaseprocessorandmemoryorganizations.n the Refine-
mentPhase the EXPRESSIONdescriptionis usedto generate
acycle-accuratsimulatorandanoptimizingILP compilerthat
allowsthesystendesigneto tunethebaseprocessocharacter
istics,aswell asto tunethe memorysubsystentierarchy

EXPRESSIONwvasdesignedo provide a naturalandeasy-
to-specifymechanisnfor capturingthe informationneededo
supportthis ADL-baseddesignspaceexplorationandsoftware
toolkit generationmethodology As shown in Figure 1, EX-
PRESSIONfacilitatesthe automaticgeneratiorof an optimiz-

ing compilerandsimulator Theretagetablecompilerexploits
the parallelismand pipelining available, while the simulator
providesaccuratdiming and utilization information. Further
more, sincethe descriptionof complex processorss cumber
someand errorprone, EXPRESSIONprovides the ability to
performconsistenyg checkingandverificationof theinputspec-
ification.

3 RelatedWork

Traditionally, ADLs have beenclassifiednto two catejories
dependingnwhethetthey primarily capturehelnstruction-Set
(IS) or thestructureof the processor

nML [8] andISDL [2] areexamplesof IS ADLs. In nML,
the processos IS is describedas an attributed grammarwith
the derivationsreflecting the set of legal instructions. nML
hasbeenusedby theretagetablecodegeneratiorervironment
CHESS[1] to describeDSP and ASIP processors.However,
nML doesnot directly supportmulti-cycle or multi-word in-
structions. ISDL also describeghe processoiin termsof its
IS, with thegoalof deriving a code-generatdf12]), assembler
andsimulator In ISDL, constrainton parallelismare explic-
itly specifiedhroughillegaloperatiorgroupings.Thiscouldbe
tediousfor complex architecturedike DSPswhich permit op-
erationparallelism(e.g. Motorola 56K) and VLIW machines
with distributedregisterfiles (e.g. TI C6X). The retagetable
compilersystemby Yasuuraet al.[3] producescodefor RISC
architecturestartingfrom aninstructionsetprocessodescrip-
tion, and an applicationdescribedn Valen-C. Valen-Cis a C
languageaxtensionsupportingexplicit and exact bit-width for
integer type declarationstargeting embeddedsoftware. The
processodescriptiorrepresenttheinstructionset,but doesnot
appeato captureresourceconflicts,andtiming informationfor
pipelining.

MIMOLA [13] is anexampleof an ADL which primarily
captureshestructureof the processowhereinthenet-listof the
target processois describedn a HDL like language.Onead-
vantageof this approachs thatthe samedescriptions usedfor
both processosynthesisandcodegeneration.The target pro-
cessohasamicro-codearchitectureThe net-listdescriptionis
usedto extracttheinstructionset[6], andproducehecodegen-
erator Extractingtheinstructionsetfrom structuremay be dif-
ficult for complicatednstructionsandmayleadto poorquality
code.MIMOLA descriptionsaregenerallyvery low-level, and
laboriousto write. It is not clearhow they generatea cycle-
accuratesimulatorusingthe MIMOLA description.

More recently languageswvhich captureboth the structure
andthe behaior of the processqraswell asdetailedpipeline
information(typically specifiedusingReseration Tables)have
beenproposedLISA [7] is onesuchADL whosemaincharac-
teristicis the operation-lgel descriptionof the pipeline. LISA
seemgo have beendesignedorimarily for retagetingsimula-
tors. Also, it doesnot supportspecificationof detailedcon-
straintinformationneededor compilerinstructionscheduling.
RADL [16] is anextensionof the LISA approachthatfocuses
on explicit supportof detailedpipelinebehaior to enablegen-
erationof productionquality cycle- and phase-accuratsimu-
lators. FLEXWARE [5] and MDes [18] have a mixed-level



structural/behaoral representationFLEXWARE containsthe
CODESYNcode-generat@ndthelnsulin simulatorfor ASIPs.
ThesimulatorusesaVHDL modelof agenericparameterizable
machine Theapplicatioris translatedrom theuserdefinedar
getinstructionsetto theinstructionsetof this genericmachine.
However, it is notclearhow theresourceconflictsbetweerpar
allel/pipelinedinstructionsheededn schedulingarecaptured.
Furthermore explicit specificationof the memory subsystem
doesnot appeato bepossible.

The MDes [11] languageusedin the Trimaran[18] sys-
temis closestin its goalsto our approach.lt is a mixed-level
ADL, intendedfor DSE. Informationis brokendown into sec-
tions (suchasformat,resource-usagéteng, operationyegis-
ter etc.),basedon a high-level classificatiorof theinformation
beingrepresented MDes hasgood constructsor preprocess-
ing which enableconcisedescriptions However, MDes allows
only arestrictedretagetablility of thesimulatorto the HPL-PD
processofamily. MDespermitsthe descriptionof the memory
systembut is limited to the traditionalhierarchy(registerfiles,
cachesetc.). In our approachwe targetmoregeneralmemory
organization@ndhierarchiesincludingon-chipDRAM, frame
buffers,partitionednemoryaddresspacesetc. MDescaptures
constraintbetweeroperationsvith explicit Reseration Tables
[4], usinga hierarchicaldescriptionfor compactnessBecause
this hierarchicalspecificationallows instructionsetand struc-
ture informationto be specifiedat ary level of the hierarchy
(e.g.usagelateng, operation)|ocalchangeso thearchitecture
(for exploration)could propagatéhroughthe hierarchyandre-
guireglobalchangeso thespecificatiormakingit cumbersome
anderrorprone.

In EXPRESSIONwe also follow a mixed-level approach
(behaioral andstructural)to facilitate DSE. Furthermorewe
provide supportfor specificatiorof novel memorysubsystems.
We avoid explicit representationf theresenationtablesby ex-
tracting them from the structuraldescription(using the algo-
rithm outlinedin Section6 ) Our approachalsoeliminatesre-
dundang by usingthe samenet-listinformationto drive both
thecompilerandthe simulator

4 EXPRESSIONOverview

EXPRESSIONcapturesenoughinformation to retaget a
cycle-accuratetructuralsimulatorandanoptimizingILP com-
piler. Thesystermis describedothin termsof its instruction-set
(Behavior Specificationandits structureasshovn in Figure?2.
Section5 illustratesthesewith theaid of anexample.

Figure2 shavstheinteractionbetweerE XPRESSIONspec-
ification and the retagetable compiler/simulatar The dark
shadedoxesrepresengeneratorghat readin the appropriate
sectionsof the EXPRESSIONspecificationand generatethe
information required by the compiler/simulatorcomponents.
The structuralsimulatoris retagetedby changingthe datapath
netlistandthe executionsemantic®f the architecturacompo-
nents.ThelLP compileris retagetedby changingghe machine
dependenparameter®f InstructionSelection,ResourceAllo-
cation,ILP SchedulingandMemory Optimizationtechniques.

A key featurerequiredby anADL supportingaggressie and
accuratecompilerschedulingis the ability to capturedetailed

resourceconstraintinformation, typically in the form of reser

vation tables. Previous approachege.g. MDes) requiredthe
userto specifyresenationtableson a peroperatiorbasis.This
makesspecificationof resenation tablescumbersomdor ar

chitecturescontaininga lot of instructiontypes(e.g. instruc-
tions with varied accessingnodes). Furthermore for VLIW

architecturesvith DSP-stylefeaturesthe IS may not be well-

structuredithus one cannotusehierarchicalcompositionrules
to simplify the specificatiorof reserationtables.ln EXPRES-
SION we solve this problemby permiting concisespecifica-
tion of resourceconstraintsat an abstractlevel, from which
detailedresenation tablescan be automaticallygeneratecn
aperoperatiorbasis.
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Figure 2. Interaction betweenEXPRESSION and the retar-
getablecompiler/simulator toolkit.

EXPRESSIONallows the userto specifythe RT-level dat-
apathnetlist (i.e. netlist without the control signals)of the
processont anabstractevel. First, eachRT-level architectural
components specified.Then,pipelinepathsandall valid data-
transferpathsare specified. Using this information, both the
netlistfor simulatorandresenationtablesfor compileraregen-
erated. Our resourceconstraintspecificationschemenot only
reduceshecompleity of specificationput alsoallowsfor con-
sisteny andcompletenessheckingon the specification.

‘ MAIN MEMORY ‘

Figure 3. An exampleMemory Subsystem

Anotherkey featureof EXPRESSIONS the ability to spec-
ify novel memorysubsystems.SOC technologypermitscus-
tomizationof processorcoreswith differentmemoryarchitec-
turesandthusrequiresthe exploration of novel memoryorga-
nizationsand hierarchies. Figure 3 shavs an example mem-
ory systemwith the memoryaddresspacedivided betweena

I'subsequentlynetlistwill referto RT-level datapatmetlist



SRAM anda mainmemory(DRAM). The mainmemoryis ac-
cessedhroughthe datacacheandthe framebuffer. EXPRES-
SION's StorageSubsytenspecificatioris usedto retagetcom-
piler optimizationgthatexploit memoryorganization.

5 EXPRESSION Organization

EXPRESSIONemploysa simple LISP-like syntaxto ease
specificatiorandenhanceeadability A detaileddescriptionof
EXPRESSIONcanbe foundin[10]. We illustrate salientfea-
turesof EXPRESSIONusingtheexamplein Figure4.

5.1 Example Architecture

X_MEM Y_MEM
c5 c6
Cross l X_BUS
Box Y_BUS
c1 R 3 P
‘ RFA ‘ ‘ RFB ‘ ‘ RFX H RFY ‘

Figure 4. An examplearchitecture

Figure 4 shavs a simplified version of the Motorola DSP
56000processoto which anadditionalmultiplier unit hasbeen
added.The DSP56000is a busbasedarchitectureandcanexe-
cuteoneALU operatioranduptotwo additionalparallelmoves
in onecycle. Two AddressGeneratiorUnits AGUl1 andAGU2
(notshawvn in thefigure)generateheaddressesequiredfor the
parallelmoves?

5.2 Sectionsin EXPRESSION

As shavn in Figure2, anEXPRESSION]escriptionis com-
posedof two main sections: Behavior (or IS), and Structure,
which arefurther sub-dvidedinto threesubsectiongach:Op-
erations, Instruction, Operationmappings,and Components,
Pipeline/Data—transfgraths,Memory subsystentespecitiely.
Eachsubsections illustratedwith examplesbelow. (referFig-
ured)

5.2.1 Operations Specification

This subsectiordescribeghe IS of the processar Eachoper

ation of the processois describedn termsof its opcodeand
operandsThetypesandpossibledestination®f eachoperand
arealsospecified.

/I Specifyinghe parallel moveoperations

(OP_GROUP pmovelops
(OPCODEpmovel(OPERANDSc1 dstl)))

/I Thevar groups(srcl, dstl)usedaboveare definedhere.
(VARGROUPS

(srcl (ORX_-memY_mem))(dst1(ORRFA RFBRFXRFY)))

5.2.2 Instruction Description

This subsectiorcaptureghe parallelismavailablein the archi-
tecture.An Instructionis viewed as containingoperationghat
canbe executedin parallel. EachInstructioncontainsa list of
slots(to befilled with operations)with eachslot corresponding
to aFunctionalUnit.

2While the 56K doesnot containexplicit opcodesto model the parallel
moves for purpose®f illustration,we denotemovesby opcodespmovel’ard
‘pmove2’.

/I Theinstr has4 slots(alu, multand 2 parallel moves)
(INSTR(SLOTS(UNIT ALU) (UNIT MULT)
(UNIT AGU1) (UNIT AGU2)))

5.2.3 Operation Mappings

In this subsectiorthe userspecifiesnformationneededdy In-
struction Selectionand architecture-specifioptimizationsof
thecompiler

/I mappinga compileroperationto a targetspecificop.
(OP_-MAPPING((GENERIC(iadd src1 src2 dst))
(TARGET(addsrcl src2 dst)))

/I Multiply x by 2 canbereplacedwith ADD x x
((GENERIC(mult src1 #2 dst))(TARGET(addsrcl srcl dst)))

5.2.4 ComponentsSpecification

This subsectiordescribesachRT-level componenin the ar

chitecture.Thecomponentganbeary of Pipelineunits,Func-
tional units, Storageelements Ports, Connectionsand Buses.
For multi-cyle or pipelinedunits, the timing behaior is also
specified.

(ExUnitALU() (OPCODESalu_ops))// InstantiateALU.
/I alu_opsis definedn the Operationssection.

5.2.5 Pipelineand Data-Transfer Paths Description

This subsectiondescribesthe netlist of the processor The
pipelinedescriptionprovidesa mechanisnto specifythe units
which comprisethe pipeline stages,while the data-transfer
pathsdescriptionprovidesamechanisnfor specifyingthevalid

data-transfersThisinformationis usedto bothretagetthesim-

ulator, andto generatgesenation tablesneededyy the sched-
uler, asshovnin Section6

(PIPELINEFETCHDECODEEX) // 3 stagepipeline
(EX(PARALLELALU Mult AGU1AGU2)

/I Describedatapathtransfers.Type: uni/bi-directional.
/I (Source,sink,componentsctivatedduring transfer)
(DTPATHS(TYPEBI)

(RFA X_busC1) (RFBY_busC2) (RFXX_busC3)
(RFYY_busC4) (X_-memX_busC5) (Y-memY_busC6)
(X-bus Y_bus CrossBox))

5.2.6 Memory Subsystem

This subsectiondescribeghe types and attributes of various
storagecomponentglike Register Files, SRAMs, DRAMSs,
Cachestc). Notethatthe netlistalsocontainsconnectvity in-
formationfor the memorysubsystem.

(STORAGE_ PARAMETERS
(L1_cache(TYPEcacheXSIZE1024)(LINE 32)
(ASSOCIAIVITY2) (ADDRESSRANGED 511)
(ACCESSTIMESL1)))

6 ReservationTable Generation

As mentionedbefore,the compilers schedulemeedseser
vation tablesto testfor resourceconflicts betweenoperations
whoseexecutioncyclesoverlap. Ratherthanrequiringthe user
to laboriouslyspecifytheresenation tableson a peroperation
basiswe usethestructurainformationin EXPRESSIONo au-
tomaticallygeneratehem. The key ideabehindthereseration
table generationapproachin EXPRESSIONis that every op-
erationproceedshrougha pipeline path and accessestorage
unitsthroughsomedata-transfepaths. In effect, it is possible
to tracethe executionof the operationthroughthe pipelineand
data-transfesggmentsand thus generateaccurateresenation



tables.This freesthe userfrom the burdenof having to specify
resenationtablesfor eachoperationandadditionally makest
possibleto checkfor consisteng andcompletenesi thespec-
ification.

In Figure 5 we outline the resenration table generation
schemegiven an operationandthe structuraldescription. We
alsoillustratethe generatiorof the resenation tablefor a par
allel move operation(opcode’pmovel’ and functional unit
'AGUL).

Steps needed for Reservation Table Generation. Example to illustrate Reservation Table Generation.

sl nput: pmoved (AGUL) X_mem[100] RFB

Output: /* Reservation Table for the operation */

Input: Operation (OP) |
I
| /* Cyc stands for Cycle */
.
|

Output: Reservation Table (RT) for operation OP.

1. Find pipeline path which contains OP’s F.U.---------- Pipeline path - Fetch; Decode; AGU1;

2. Generate partial RT from the pipeline path.------------ Partial RT - Cycl: Fetch; Cyc2: Decode;
3. For each data-transfer initiated by OP Cyc3: AGUL;

Source: X_mem, Sink: RFB

(C5 X_bus) (Cross Box) (Y_bus C2)

the data-transfer.
oot RT-Cycl ... Cyc3: AGU1, X_mem, C5, X_bus,
Cross Box, Y_bus C2 RFB

Add objects in the segment to RT.

I
I
/* Output the completed reservation table */ !
I

Figure 5. The stepsin Reservation Table generation illus-
trated with an example(alsorefer Figure4.)

As shavn in Figurel, EXPRESSIONSs designedo support
both rapid DSE (exploration phaserequiring fast turnaround
time), as well as high-quality code generationwith cycle-
accuratesimulation (refinementphase). Thus, in different
phase®f Figurel'sdesignflow, thecomputatiorspeedequire-
mentshiftsfrom total explorationtime to compilationandsimu-
lation time. To accountfor theseconflictinggoals,Reseration
Tablescan either be generaten-the-fly during compilation,
or they canbe generatedeforehandandstoredin a database.
During the explorationphasecomputingresenration tableson-
the-fly is beneficial. Oncethe architecturenasbeenfixed, and
aqualitytool-kit is neededtheresenationtablesarecomputed
apriorito reducecompilationtime.

7 Support for DesignSpaceExploration

DSE allows the systemdesignerto perform tradeofs be-
tween various competing goals like cost, performanceand
power. The objective during DSE s to evaluatenumerougpro-
cessorand memoryconfigurationaw.r.t. the targetedapplica-
tions. Thus,an ADL for DSE shouldcaptureboth structural
and behaioral aspectof the system. Hence,EXPRESSION
follows a mixed-level approach(to enablechangego structure
or IS or thememorysubsystem)Furthermorethe ADL should
be ableto easilyreflectthe changesnmadeto the system. For
example,the designemay vary the processoparametersike
numberof functional units, register files, busesetc. Another
examplecouldbevaryingthe IS by adding/deletingperations,
changingthe operandtypesetc. Changedo the behaior are
fairly easyin EXPRESSIONaswell asin otherADLs thatare
behaior-centric (e.g. ISDL) or which employ a mixed-level
approachle.g. MDes). On the otherhand,structuralchanges
in EXPRESSIONare quite simplewhile structuralchangesn
other ADLs (e.g. ISDL, MDes) becomecomplicated,andin

somecases(e.g. for novel memoryorganizationand hierar
chies)they arenotfeasible.

We evaluatedEXPRESSIONo seehow easyit is to make
local changedo the architectureand to add/deleteoperations
andcomparedhis with equivalentchangesn MDes. We illus-
trate this on the examplearchitectureshovn in Figure4. For
this example, the initial MDes specificationrequiredapproxi-
mately 100 lines while EXPRESSIONequiredapproximately
75lines?

Although the MDes specificationappeardo be fairly con-
cise thiscomesatalarge cost: modificationgo thearchitecture
in MDes may necessitata changein mary sections.This in-
creaseshe possibility of errorscreepinginto the specification.
In EXPRESSIONchangedo the architectureusually involve
makingchangenly to certainsections.Furthermorewe can
automaticallygeneratedetailed resenration table information
from EXPRESSIONS structuraldescriptionwhereasviDesre-
guiresa peroperationchangdn theaffectedreserationtables.
Additionally, theconsisteng andcompletenessheckingmech-
anismalertsthedesigneto errors(if arny) in theEXPRESSION
specification.

We evaluatethe effect of splitting the register file RFX in
Figure4 into two registerfiles RFX1 andRFX2. (Thiscouldbe
useful,for instance to reducethe costsinceit is expensve to
build registerfiles with mary ports). Themodifiedarchitecture
is shavnin Figure6.

cs c6
Gross | T T X_BUsS
Box Y_BUS
¢ c1 ® c2 c7 ¢ ce ® ca
l RFA l l RFB H RFX1 H RFX2 H RFY l

Figure 6. The modified examplewith RFX split into RFX1
& RFX2, connectionC3 deleted,C7 & C8 added

This changein the architectureimpactsthe resourcecon-
straintsspecificatiorof bothMDesandEXPRESSIONShavn
belon are the additiond madeto the specificationsof both
MDes and EXPRESSIONIn orderto incorporatethe changes
to theexamplearchitecturgFigure6).

7.1 Changesto MDes:

SECTIONResouce{ RFX1(); RFX2();C7(); C8(); }
SECTIONResouce Usage

$for (C7 C8 RFX1RFX2)

RU_${CASE (use@¢{CASE)time(0));} }
SECTIONResouce Units{

RFXZ1unit (use(RFXIC7 X_bus));

RFX2unit (use(RFXZC8 X_bus));}
SECTIONTable-Option{
anyX_reg-transfer(one.of(RFX1unit RFX2unit)); }
SECTIONReservatiodTable{

RT.PMOVE2X2 (use(RJ_AGU2 RFA_unit RU_RFX2));
RT_PMOVE2X1.X2 (use(RJ AGU2 RFXLunit RU_RFX2));}
SECTIONSchedulingAlternative{

3Due to space limitations, the complete  specfi-
cationsfor MDes and EXPRESSIONwere omitted. Thesecanbe viewed at
http://lwwwics.uci.edu/~ahalambi/EXPRESS/ADL/main.html

4The deletionsmadeto removethe original registerfile wereslightly more
extensvein MDesthanin EXPRESSION.



$for (CASEin PMOVE2X2 PMOVE2 X1 X2){
ALT_${CASE (resv(RT${CASB));} }
SECTIONOperation{

$for (CASEin PMOVE2X2 PMOVE2 X1 X2){
OP_${CASE (alt(ALT_${CASB));}}

7.2 Changesto EXPRESSION:

(RegFile RFX2())(ConnectiorC7() C8())
(DTPATHS(TYPEBI
(RFX1X_busC7) (RFX2X_busC8)))

For this local architecturalchange,MDes required modi-
ficationsacross7 sectionsin the hierarchy(18 lines added),
whereasin EXPRESSIONthe changesvere more localized,
requiring modificationsto 2 sections(3 lines added). More
complex changeso thearchitecturgsuchasaddingbusescon-
nection,unitsand memories)would requiredrasticchangesn
MDes, but would be rathersimplein EXPRESSIONThus,as
canbe seenfrom the abore example, EXPRESSIONseemgo
be bettersuitedasalanguagédor rapidDSE.

8 Summary

In this papemwe presenEXPRESSIONanewn ADL usedfor
rapid DSE, and retageting a high-quality compiler/simulator
toolkit. To supportfastiterationthroughthe designcycles of
comple Systems-on-Chidastretagetingof thecompilerand
simulatoris necessaryWe usethe EXPRESSIONanguageo
retaget the optimizing compilerand cycle-accuratesimulator
througha set of toolkit generationalgorithms. The compiler
exploits the parallelism/pipelinig availablein the architecture,
while the simulatorprovidesaccurateprofiling feedbacko the
designerto allow goodsystem-lgel trade-ofs.

Attributes nML | LISA | ISDL | MIMOLA MDes | EXPRESSION
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Memoryhier -

Table 1. Comparison betweendifferent ADLs

We alsoproposea newv mechanisnto conciselyspecifyre-
sourceinformationrequiredto generategesenationtablesused
in schedulingparallel/pipeline/mul-cycle operationsfrom a
structuraldescriptionof the architecture. This eliminatesre-
dundang, reducingthe amountof descriptionrneededrom the
user andmakeghe procesdesserrorprone.

The memory-intensie nature of mary multimedia appli-
cations requires exploration of different memory organiza-
tionsin orderto meetthe cost/performance/peer goals. EX-
PRESSIONs ableto capturethesememoryorganizationgor
memory-avarecompileroptimizations.

Tablel summarizeshecomparisorbetweerEXPRESSION
and someother ADLs. The rows representharacteristicof
the ADLs. In mary respectghe MDes languagds similar to
our approach.However, for cycle-accuratesimulation,MDes
providesa limited retageting for the HPL-PD processofam-
ily, while we employan approachsimilar to LISA, providing

more control over the modeledarchitecture. We differ from
LISA in the extensive supportfor optimizing compiler algo-
rithms. Unlike MDes, we extract resenation tablesfrom the
netlist. Also, unlike otherADLs, EXPRESSIONS ableto cap-
turenovel memorysubsystemdn EXPRESSIONve employa
mixed-level specificatiorcombiningbothbehaioral andstruc-
tural informationto efficiently supportDSE andretagetability
throughautomaticcompiler/simulatotoolkit generation.

EXPRESSIONdescriptiondor a rangeof architecturesn-
cluding VLIW (T C6X [17]) and DSP (Motorola 56K [14])
have beenimplemented. EXPRESSIONIs currently usedto
drive several projectsat U.C. Irvine, including MEMOREX
(a memory estimationand exploration environment)[9,[15]
and EXPRESS(an optimizing, retagetablecompiler and ex-
ploration ernvironmentfor EmbeddedSystems-on-Chip).Our
on-goingwork tametsstrengthenindghe couplingbetweenthe
compilerandthe architecturepy insertingmore architecture—
dependenbptimizationsand providing an architecturebased
self-adaptingompilerflow.
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