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Abstract

We describeEXPRESSION, a languagesupportingarchi-
tectural designspaceexploration for embeddedSystems-on-
Chip (SOC)and automaticgeneration of a retargetablecom-
piler/simulatortoolkit. Key featuresof our language-drivende-
signmethodologyinclude:a mixedbehavioral/structural repre-
sentationsupportinga natural specificationof thearchitecture;
explicit specificationof the memorysubsystemallowing novel
memoryorganizationsand hierarchies; cleansyntaxandease
of modificationsupportingarchitectural exploration; a single
specificationsupportingconsistencyand completenesscheck-
ing of the architecture; and efficient specificationof architec-
tural resourceconstraintsallowingextractionof detailedreser-
vation tables for compiler scheduling. We illustrate key fea-
tures of EXPRESSIONthrough simpleexamplesand demon-
strateits efficacyin supportingexploration andautomaticsoft-
ware toolkit generation for anembeddedSOCcodesignflow.

1 Intr oduction

The advent of System-on-Chip(SOC) technologyhas re-
sulted in a paradigmshift for the designprocessof embed-
dedsystemsemployingprogrammableprocessorswith custom
hardware.Modernsystem-level designlibrariesfrequentlycon-
sistof IntellectualProperty(IP) blockssuchasprocessorcores
that spana spectrumof architecturalstyles,rangingfrom tra-
ditional DSPsand superscalarRISC, to VLIWs and hybrid
ASIPs. Furthermore,SOCtechnologiespermit the incorpora-
tion of novel on-chipmemoryorganizations(includingtheuse
of on-chipDRAM, framebuffers,streamingbuffers,andparti-
tionedregisterfiles),allowing a wide rangeof memoryorgani-
zationsandhierarchiesto be exploredandcustomizedfor the
specificembeddedapplication.

The embeddedSOC designeris thus facedwith the dual
tasksof 1) rapidly exploring andevaluatingdifferentarchitec-
tural andmemoryconfigurations,and2) usinga cycle-accurate
simulatorandretargetableoptimizingcompilerto adapttheap-
plicationandarchitecturewith thegoalof meetingsystem-level
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performance,power andcostobjectives. Furthermore,shrink-
ing time-to-marketcyclescreateanurgentneedto performthe
traditionally sequentialtasksof hardwareandsoftwaredesign
in parallel. An effective embeddedSOCcodesignflow must
thereforesupportautomaticsoftwaretoolkit generation,without
lossof optimizingefficiency. This hasresultedin a paradigm
shift towardsa language-baseddesignmethodologyfor em-
beddedSOCoptimizationandexploration.Consequentlythere
is tremendousinterestin usingArchitecturalDescriptionLan-
guages(ADLs) to drivedesignspaceexplorationandautomatic
compiler/simulatortoolkit generation.

As with an HDL-basedASIC designflow, several benefits
accruefrom a language-baseddesignmethodologyfor embed-
dedSOCexploration,includingtheability to perform(formal)
verificationandconsistency checking,to modify easilythetar-
getarchitectureandmemoryorganizationfor designspaceex-
ploration,andto drive automaticallythe backendtoolkit gen-
erationfrom a singlespecification. In this paperwe describe
EXPRESSION, an ADL that effectively supportsthesedual
goalsof SOCexploration,aswell asautomaticgenerationof
a high-qualitysoftwaretoolkit for embeddedSOC.Section2
describesourgoalsandapproach.In Section3, wedescribere-
latedwork on ADLs andcomparethemwith EXPRESSION.
Sections4 and 5 presenta brief overview of EXPRESSION
usingan examplearchitecture.Section6 describesEXPRES-
SION’s supportfor detailedschedulingandresourceconstraint
specification.Section7 illustratesthe easeof modificationin
EXPRESSIONto supportdesignspaceexploration,while Sec-
tion 8 concludesthis paper.

2 Goalsand Approach

SOCdesignersspenda lot of time andeffort exploring can-
didateprocessorarchitectures.The availability of a varietyof
processorcoreIP libraries(includingDSP, VLIW, SS/RISCand
ASIP) presentsthe systemdesignerwith a large exploration
spacefor the choiceof a baseprocessorarchitecture. Thus,
tool-kitswhich allow thedesignerto performrapidexploration
of variousprocessoralternativesarenecessary. Thesetool-kits
mustprovide the designerwith quantitative performancemea-
surementsin orderfor him to performintelligenttradeoffs. Fur-
thermore,the stringentperformance,power, codedensity, and



costconstraintsmandatedby modernembeddedsystemsneces-
sitatethe developmentof a high-qualitysoftwaretool-kit, in-
cluding,at a minimum,a cycle-accuratesimulator, andanop-
timizing Instruction-Level Parallelism(ILP) compiler thatcan
exploit novel memoryorganizations.
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Figure1. EXPRESSIONDesignFlow

The systemdesigneralso requiresthe ability to customize
the baseprocessorby changingparametersof the processor
core(e.g.numberof functionalunits,operationlatencies).The
memory-intensive natureof many embeddedapplications(e.g.
multimediaand network)further exacerbatesthe traditionally
critical memorybottleneck.This requirestheability to explore
(andoptimizefor) novel on-chipandoff-chip memoryorgani-
zationsandhierarchiesto improve memorybandwidth(exam-
plesincludetheuseof on-chipDRAM, frame-buffers,queues,
novel cachehierarchies,etc.). An importantaspectof suchan
exploration(not takeninto accountby mostotherapproaches)
is theability to alsocustomizethe compilerconcurrentlywith
theprocessorsuchthata“best-fit” is obtained.

Figure1 shows our language-baseddesignmethodologyus-
ing EXPRESSION.An EXPRESSIONdescriptionof an em-
beddedSOC architecturecan be usedin two modes. In the
Exploration Phase, thesystemdesignerexploresandevaluates
differentbaseprocessorcandidates(selectedfrom the Proces-
sor Libraries),anddifferentmemoryorganizationsandhierar-
chies(with componentsselectedfrom the MemoryLibraries).
In theexplorationphase,thetoolkit generatoris usedto produce
an Exploration Simulator and a Exploration Compiler. The
goal hereis to supportrapid DesignSpaceExploration(DSE)
with fast (possiblyfunctional)simulation,andusingthe com-
piler in anestimationmodefor comparativeevaluationof candi-
datebaseprocessorsandmemoryorganizations.In theRefine-
mentPhase, theEXPRESSIONdescriptionis usedto generate
a cycle-accuratesimulatorandanoptimizingILP compilerthat
allowsthesystemdesignerto tunethebaseprocessorcharacter-
istics,aswell asto tunethememorysubsystemhierarchy.

EXPRESSIONwasdesignedto provide a naturalandeasy-
to-specifymechanismfor capturingthe informationneededto
supportthis ADL-baseddesignspaceexplorationandsoftware
toolkit generationmethodology. As shown in Figure 1, EX-
PRESSIONfacilitatesthe automaticgenerationof anoptimiz-

ing compilerandsimulator. Theretargetablecompilerexploits
the parallelismand pipelining available, while the simulator
providesaccuratetiming andutilization information. Further-
more,sincethe descriptionof complex processorsis cumber-
someand error-prone,EXPRESSIONprovides the ability to
performconsistency checkingandverificationof theinputspec-
ification.

3 RelatedWork

Traditionally, ADLs have beenclassifiedinto two categories
dependingonwhetherthey primarilycapturetheInstruction-Set
(IS) or thestructureof theprocessor.

nML [8] andISDL [2] areexamplesof IS ADLs. In nML,
the processor’s IS is describedasan attributedgrammarwith
the derivationsreflecting the set of legal instructions. nML
hasbeenusedby theretargetablecodegenerationenvironment
CHESS[1] to describeDSPandASIP processors.However,
nML doesnot directly supportmulti-cycle or multi-word in-
structions. ISDL also describesthe processorin termsof its
IS, with thegoalof deriving a code-generator([12]), assembler
andsimulator. In ISDL, constraintson parallelismareexplic-
itly specifiedthroughillegaloperationgroupings.Thiscouldbe
tediousfor complex architectureslike DSPswhich permit op-
erationparallelism(e.g. Motorola 56K) andVLIW machines
with distributedregister files (e.g. TI C6X). The retargetable
compilersystemby Yasuuraet al.[3] producescodefor RISC
architecturesstartingfrom aninstructionsetprocessordescrip-
tion, andanapplicationdescribedin Valen-C. Valen-Cis a C
languageextensionsupportingexplicit andexact bit-width for
integer type declarations,targeting embeddedsoftware. The
processordescriptionrepresentstheinstructionset,but doesnot
appearto captureresourceconflicts,andtiming informationfor
pipelining.

MIMOLA [13] is an exampleof an ADL which primarily
capturesthestructureof theprocessorwhereinthenet-listof the
targetprocessoris describedin a HDL like language.Onead-
vantageof thisapproachis thatthesamedescriptionis usedfor
bothprocessorsynthesis,andcodegeneration.The targetpro-
cessorhasamicro-codearchitecture.Thenet-listdescriptionis
usedto extracttheinstructionset[6], andproducethecodegen-
erator. Extractingtheinstructionsetfrom structuremaybedif-
ficult for complicatedinstructions,andmayleadto poorquality
code.MIMOLA descriptionsaregenerallyvery low-level, and
laboriousto write. It is not clearhow they generatea cycle-
accuratesimulatorusingtheMIMOLA description.

More recently, languageswhich captureboth the structure
andthe behavior of the processor, aswell asdetailedpipeline
information(typically specifiedusingReservationTables)have
beenproposed.LISA [7] is onesuchADL whosemaincharac-
teristic is theoperation-level descriptionof thepipeline. LISA
seemsto have beendesignedprimarily for retargetingsimula-
tors. Also, it doesnot supportspecificationof detailedcon-
straintinformationneededfor compilerinstructionscheduling.
RADL [16] is anextensionof theLISA approachthat focuses
on explicit supportof detailedpipelinebehavior to enablegen-
erationof productionquality cycle- andphase-accuratesimu-
lators. FLEXWARE [5] andMDes [18] have a mixed-level
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structural/behavioral representation.FLEXWARE containsthe
CODESYNcode-generatorandtheInsulinsimulatorfor ASIPs.
ThesimulatorusesaVHDL modelof agenericparameterizable
machine.Theapplicationis translatedfromtheuser-definedtar-
getinstructionsetto theinstructionsetof thisgenericmachine.
However, it is notclearhow theresourceconflictsbetweenpar-
allel/pipelinedinstructions,neededin scheduling,arecaptured.
Furthermore,explicit specificationof the memorysubsystem
doesnot appearto bepossible.

The MDes [11] languageusedin the Trimaran [18] sys-
tem is closestin its goalsto our approach.It is a mixed-level
ADL, intendedfor DSE.Informationis brokendown into sec-
tions(suchasformat,resource-usage,latency, operation,regis-
ter etc.),basedon a high-level classificationof theinformation
beingrepresented.MDes hasgoodconstructsfor preprocess-
ing which enableconcisedescriptions.However, MDesallows
only arestrictedretargetablilityof thesimulatorto theHPL-PD
processorfamily. MDespermitsthedescriptionof thememory
system,but is limited to thetraditionalhierarchy(registerfiles,
caches,etc.). In our approachwe targetmoregeneralmemory
organizationsandhierarchies,includingon-chipDRAM, frame
buffers,partitionedmemoryaddressspaces,etc.MDescaptures
constraintsbetweenoperationswith explicit ReservationTables
[4], usinga hierarchicaldescriptionfor compactness.Because
this hierarchicalspecificationallows instructionsetandstruc-
ture information to be specifiedat any level of the hierarchy,
(e.g.usage,latency, operation),localchangesto thearchitecture
(for exploration)couldpropagatethroughthehierarchy, andre-
quireglobalchangesto thespecificationmakingit cumbersome
anderror-prone.

In EXPRESSIONwe also follow a mixed-level approach
(behavioral andstructural)to facilitate DSE.Furthermore,we
providesupportfor specificationof novel memorysubsystems.
Weavoid explicit representationof thereservationtablesby ex-
tracting them from the structuraldescription(using the algo-
rithm outlinedin Section6 ) Our approachalsoeliminatesre-
dundancy by usingthe samenet-list informationto drive both
thecompilerandthesimulator.

4 EXPRESSIONOverview

EXPRESSIONcapturesenoughinformation to retarget a
cycle-accuratestructuralsimulatorandanoptimizingILP com-
piler. Thesystemis describedbothin termsof its instruction-set
(Behavior Specification)andits structureasshown in Figure2.
Section5 illustratesthesewith theaidof anexample.

Figure2 showstheinteractionbetweenEXPRESSIONspec-
ification and the retargetablecompiler/simulator. The dark
shadedboxesrepresentgeneratorsthat readin the appropriate
sectionsof the EXPRESSIONspecificationand generatethe
information requiredby the compiler/simulatorcomponents.
Thestructuralsimulatoris retargetedby changingthedatapath
netlistandtheexecutionsemanticsof thearchitecturalcompo-
nents.TheILP compileris retargetedby changingthemachine
dependentparametersof InstructionSelection,ResourceAllo-
cation,ILP SchedulingandMemoryOptimizationtechniques.

A key featurerequiredby anADL supportingaggressiveand
accuratecompilerschedulingis the ability to capturedetailed

resourceconstraintinformation,typically in the form of reser-
vation tables. Previous approaches(e.g. MDes) requiredthe
userto specifyreservationtablesona per-operationbasis.This
makesspecificationof reservation tablescumbersomefor ar-
chitecturescontaininga lot of instructiontypes(e.g. instruc-
tions with varied accessingmodes). Furthermore,for VLIW
architectureswith DSP-stylefeatures,the IS may not bewell-
structured;thusonecannotusehierarchicalcompositionrules
to simplify thespecificationof reservationtables.In EXPRES-
SION we solve this problemby permiting concisespecifica-
tion of resourceconstraintsat an abstractlevel, from which
detailedreservation tablescan be automaticallygeneratedon
a per-operationbasis.
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Figure2. Interaction betweenEXPRESSIONand the retar-
getablecompiler/simulator toolkit.

EXPRESSIONallows the userto specifythe RT–level dat-
apathnetlist

�
(i.e. netlist without the control signals)of the

processorat anabstractlevel. First,eachRT-level architectural
componentis specified.Then,pipelinepathsandall valid data-
transferpathsarespecified. Using this information,both the
netlistfor simulatorandreservationtablesfor compileraregen-
erated. Our resourceconstraintspecificationschemenot only
reducesthecomplexity of specification,but alsoallowsfor con-
sistency andcompletenesscheckingon thespecification.

MAIN  MEMORY

Unit 1 Unit 2 Unit 3

RF 1 Frame
Buffer

RF 2

DMA

sram1

L1_
cache

Figure3. An exampleMemory Subsystem

Anotherkey featureof EXPRESSIONis theability to spec-
ify novel memorysubsystems.SOCtechnologypermitscus-
tomizationof processorcoreswith differentmemoryarchitec-
turesandthusrequiresthe explorationof novel memoryorga-
nizationsandhierarchies. Figure 3 shows an examplemem-
ory systemwith the memoryaddressspacedividedbetweena

�
subsequently, netlistwill referto RT–level datapathnetlist
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SRAM anda mainmemory(DRAM). Themainmemoryis ac-
cessedthroughthedatacacheandthe framebuffer. EXPRES-
SION’sStorageSubsytemspecificationis usedto retargetcom-
piler optimizationsthatexploit memoryorganization.

5 EXPRESSIONOrganization

EXPRESSIONemploysa simpleLISP-like syntaxto ease
specificationandenhancereadability. A detaileddescriptionof
EXPRESSIONcanbe found in[10]. We illustratesalientfea-
turesof EXPRESSIONusingtheexamplein Figure4.

5.1 Example Architecture

Cross
Box

RFA RFB RFY

ALU MULT

X_MEM Y_MEM

X_BUS

Y_BUS
C1 C2 C4

C6C5

RFX

C3

Figure4. An examplearchitecture

Figure 4 shows a simplified versionof the Motorola DSP
56000processorto whichanadditionalmultiplier unit hasbeen
added.TheDSP56000is a busbasedarchitectureandcanexe-
cuteoneALU operationanduptotwo additionalparallelmoves
in onecycle. Two AddressGenerationUnits AGU1andAGU2
(notshown in thefigure)generatetheaddressesrequiredfor the
parallelmoves.

	

5.2 Sectionsin EXPRESSION

As shown in Figure2,anEXPRESSIONdescriptionis com-
posedof two main sections:Behavior (or IS), andStructure,
which arefurthersub-dividedinto threesubsectionseach:Op-
erations,Instruction, Operationmappings,and Components,
Pipeline/Data–transferpaths,Memory subsystemrespectively.
Eachsubsectionis illustratedwith examplesbelow. (referFig-
ure4)

5.2.1 OperationsSpecification
This subsectiondescribesthe IS of the processor. Eachoper-
ation of the processoris describedin termsof its opcodeand
operands.Thetypesandpossibledestinationsof eachoperand
arealsospecified.

// Specifyingtheparallelmoveoperations
(OP GROUPpmove1ops
(OPCODEpmove1(OPERANDSsrc1 dst1)))
// Thevar groups(src1,dst1)usedabovearedefinedhere.
(VAR GROUPS
(src1 (ORX memY mem))(dst1(ORRFA RFBRFXRFY)))

5.2.2 Instruction Description
This subsectioncapturestheparallelismavailablein thearchi-
tecture.An Instructionis viewedascontainingoperationsthat
canbeexecutedin parallel. EachInstructioncontainsa list of
slots(to befilled with operations),with eachslotcorresponding
to aFunctionalUnit.


While the 56K doesnot containexplicit opcodesto model the parallel
moves,for purposesof illustration,wedenotemovesby opcodes’pmove1’and
’pmove2’.

// Theinstr has4 slots(alu, multand2 parallel moves)
(INSTR(SLOTS(UNIT ALU) (UNIT MULT)
(UNIT AGU1)(UNIT AGU2)))

5.2.3 Operation Mappings
In this subsectiontheuserspecifiesinformationneededby In-
struction Selectionand architecture-specificoptimizationsof
thecompiler.

// mappinga compileroperationto a targetspecificop.
(OP MAPPING((GENERIC(iadd src1 src2 dst))
(TARGET(addsrc1 src2 dst)))
// Multiply x by 2 canbereplacedwith ADD x x
((GENERIC(mult src1 #2dst))(TARGET(addsrc1 src1 dst)))

5.2.4 ComponentsSpecification
This subsectiondescribeseachRT-level componentin the ar-
chitecture.Thecomponentscanbeany of Pipelineunits,Func-
tional units, Storageelements,Ports,ConnectionsandBuses.
For multi-cyle or pipelinedunits, the timing behavior is also
specified.

(ExUnitALU() (OPCODESalu ops))// InstantiateALU.
// alu opsis definedin theOperationssection.

5.2.5 Pipelineand Data-Transfer PathsDescription
This subsectiondescribesthe netlist of the processor. The
pipelinedescriptionprovidesa mechanismto specifytheunits
which comprisethe pipeline stages,while the data-transfer
pathsdescriptionprovidesamechanismfor specifyingthevalid
data-transfers.Thisinformationis usedto bothretargetthesim-
ulator, andto generatereservation tablesneededby the sched-
uler, asshown in Section6

(PIPELINEFETCHDECODEEX) // 3 stagepipeline
(EX(PARALLELALU Mult AGU1AGU2)
// Describedatapathtransfers.Type:uni/bi-directional.
// (Source,sink,componentsactivatedduring transfer)
(DTPATHS(TYPEBI)
(RFA X busC1) (RFBY busC2) (RFXX busC3)
(RFYY busC4) (X memX busC5) (Y memY busC6)
(X busY busCrossBox))

5.2.6 Memory Subsystem
This subsectiondescribesthe typesand attributesof various
storagecomponents(like Register Files, SRAMs, DRAMs,
Cachesetc). Notethatthenetlistalsocontainsconnectivity in-
formationfor thememorysubsystem.

(STORAGE PARAMETERS
(L1 cache(TYPEcache)(SIZE1024)(LINE 32)
(ASSOCIATIVITY2) (ADDRESSRANGE0 511)
(ACCESSTIMES1)))

6 ReservationTableGeneration

As mentionedbefore,the compiler’s schedulerneedsreser-
vation tablesto test for resourceconflictsbetweenoperations
whoseexecutioncyclesoverlap.Ratherthanrequiringtheuser
to laboriouslyspecifythereservationtableson a per–operation
basis,weusethestructuralinformationin EXPRESSIONto au-
tomaticallygeneratethem.Thekey ideabehindthereservation
tablegenerationapproachin EXPRESSIONis that every op-
erationproceedsthrougha pipelinepathandaccessesstorage
units throughsomedata-transferpaths.In effect, it is possible
to tracetheexecutionof theoperationthroughthepipelineand
data-transfersegmentsand thus generateaccuratereservation
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tables.This freestheuserfrom theburdenof having to specify
reservationtablesfor eachoperationandadditionally, makesit
possibleto checkfor consistency andcompletenessin thespec-
ification.

In Figure 5 we outline the reservation table generation
scheme,givenanoperationandthestructuraldescription.We
alsoillustratethe generationof thereservation tablefor a par-
allel move operation(opcode’pmove1’ and functional unit
’AGU1’).

Steps needed for Reservation Table Generation.

3.   For

/* Output the completed reservation table */

 the data-transfer.

Find transfer segments which implement.

Determine the source and sink components.

Input: Operation (OP)

Output: Reservation Table (RT) for operation OP.

1.    Find pipeline path which contains OP’s F.U.

2.    Generate partial RT from the pipeline path.

each data-transfer initiated by OP

Add objects in the segment to RT.

Input: pmove1 (AGU1)   X_mem[100]   RFB

Output: /* Reservation Table for the operation */
             /* Cyc stands for Cycle */

       Pipeline path - Fetch; Decode; AGU1;

             Source: X_mem, Sink: RFB

Cyc3: AGU1;

Example to illustrate Reservation Table Generation.

       Partial RT - Cyc1: Fetch; Cyc2: Decode; 

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

RT - Cyc1 ... Cyc3: AGU1, X_mem, C5, X_bus, 

                                   Cross Box, Y_bus C2 RFB

Figure 5. The steps in ReservationTable generation illus-
trated with an example(alsorefer Figure4.)

As shown in Figure1, EXPRESSIONis designedto support
both rapid DSE (exploration phaserequiring fast turnaround
time), as well as high-quality code generationwith cycle-
accuratesimulation (refinementphase). Thus, in different
phasesof Figure1’sdesignflow, thecomputationspeedrequire-
mentshiftsfromtotalexplorationtimetocompilationandsimu-
lation time. To accountfor theseconflictinggoals,Reservation
Tablescan eitherbe generatedon-the-flyduring compilation,
or they canbe generatedbeforehandandstoredin a database.
During theexplorationphasecomputingreservation tableson-
the-fly is beneficial.Oncethearchitecturehasbeenfixed,and
a quality tool-kit is needed,thereservationtablesarecomputed
apriori to reducecompilationtime.

7 Support for DesignSpaceExploration

DSE allows the systemdesignerto perform tradeoffs be-
tween various competinggoals like cost, performanceand
power. Theobjective duringDSEis to evaluatenumerouspro-
cessorandmemoryconfigurationsw.r.t. the targetedapplica-
tions. Thus,an ADL for DSE shouldcaptureboth structural
andbehavioral aspectsof the system. Hence,EXPRESSION
followsa mixed-level approach(to enablechangesto structure
or IS or thememorysubsystem).Furthermore,theADL should
be ableto easilyreflect the changesmadeto the system. For
example,the designermay vary the processorparameterslike
numberof functionalunits, register files, busesetc. Another
examplecouldbevaryingtheIS by adding/deletingoperations,
changingthe operandtypesetc. Changesto the behavior are
fairly easyin EXPRESSIONaswell asin otherADLs thatare
behavior-centric (e.g. ISDL) or which employa mixed-level
approach(e.g. MDes). On the otherhand,structuralchanges
in EXPRESSIONarequite simplewhile structuralchangesin
other ADLs (e.g. ISDL, MDes) becomecomplicated,and in

somecases(e.g. for novel memoryorganizationand hierar-
chies)they arenot feasible.

We evaluatedEXPRESSIONto seehow easyit is to make
local changesto the architectureand to add/deleteoperations
andcomparedthis with equivalentchangesin MDes. We illus-
trate this on the examplearchitectureshown in Figure4. For
this example,the initial MDes specificationrequiredapproxi-
mately100 lineswhile EXPRESSIONrequiredapproximately
75 lines.

�

Although the MDes specificationappearsto be fairly con-
cise,thiscomesatalargecost:modificationsto thearchitecture
in MDesmay necessitatea changein many sections.This in-
creasesthepossibilityof errorscreepinginto thespecification.
In EXPRESSION,changesto the architectureusually involve
makingchangesonly to certainsections.Furthermore,we can
automaticallygeneratedetailedreservation table information
from EXPRESSION’sstructuraldescription,whereasMDesre-
quiresa per-operationchangein theaffectedreservationtables.
Additionally, theconsistency andcompletenesscheckingmech-
anismalertsthedesignerto errors(if any) in theEXPRESSION
specification.

We evaluatethe effect of splitting the register file RFX in
Figure4 into two registerfilesRFX1andRFX2. (Thiscouldbe
useful,for instance,to reducethe costsinceit is expensive to
build registerfiles with many ports).Themodifiedarchitecture
is shown in Figure6.

Cross
Box

RFA RFB RFX1 RFX2 RFY

ALU MULT

X_MEM Y_MEM
�

X_BUS

Y_BUS
C1 C2 C7 C8 C4

C6C5

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

This changein the architectureimpactsthe resourcecon-
straintsspecificationof bothMDesandEXPRESSION.Shown
below are the additions



madeto the specificationsof both

MDes andEXPRESSIONin orderto incorporatethe changes
to theexamplearchitecture(Figure6).

7.1 Changesto MDes:

SECTIONResource� RFX1();RFX2();C7(); C8(); �
SECTIONResource Usage��

for ( C7C8RFX1RFX2)�
RU

� � CASE� (use(
� � CASE� ) time(0));���

SECTIONResource Units�
RFX1unit (use(RFX1C7X bus));
RFX2unit (use(RFX2C8X bus));�
SECTIONTable Option�
any X reg transfer(one of(RFX1unit RFX2unit)); �
SECTIONReservationTable�
RT PMOVE2 X2 (use(RU AGU2RFA unit RU RFX2));
RT PMOVE2 X1 X2 (use(RU AGU2RFX1 unit RU RFX2));�
SECTIONSchedulingAlternative�

�
Due to space limitations, the complete specfi-

cationsfor MDes andEXPRESSIONwereomitted. Thesecanbe viewed at
http://www.ics.uci.edu/˜ahalambi/EXPRESS/ADL/main.html�

Thedeletionsmadeto removetheoriginal registerfile wereslightly more
extensivein MDesthanin EXPRESSION.
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�
for (CASEin PMOVE2 X2 PMOVE2X1 X2)�

ALT
� � CASE� (resv(RT

� � CASE� )); ���
SECTIONOperation��

for (CASEin PMOVE2 X2 PMOVE2X1 X2)�
OP

� � CASE� (alt(ALT
� � CASE� )); ���

7.2 Changesto EXPRESSION:

(RegFile RFX2())(ConnectionC7() C8())
(DTPATHS(TYPEBI
(RFX1X busC7) (RFX2X busC8)))

For this local architecturalchange,MDes requiredmodi-
ficationsacross7 sectionsin the hierarchy(18 lines added),
whereasin EXPRESSIONthe changeswere more localized,
requiring modificationsto 2 sections(3 lines added). More
complex changesto thearchitecture(suchasaddingbuses,con-
nection,unitsandmemories)would requiredrasticchangesin
MDes,but would berathersimplein EXPRESSION.Thus,as
canbeseenfrom theabove example,EXPRESSIONseemsto
bebettersuitedasa languagefor rapidDSE.

8 Summary

In thispaperwepresentEXPRESSION,anew ADL usedfor
rapid DSE, and retargeting a high-quality compiler/simulator
toolkit. To supportfast iterationthroughthe designcyclesof
complex Systems-on-Chip,fastretargetingof thecompilerand
simulatoris necessary. We usetheEXPRESSIONlanguageto
retarget the optimizingcompilerandcycle-accuratesimulator,
througha set of toolkit generationalgorithms. The compiler
exploits theparallelism/pipelining availablein thearchitecture,
while thesimulatorprovidesaccurateprofiling feedbackto the
designer, to allow goodsystem-level trade-offs.

Attributes nML LISA ISDL MIMOLA MDes EXPRESSION
Compilersupp � - � � � �
Cycle-accsim - � ? ? - �
Pipelinesupp ? � - � � �
Mult-cyc supp - � � � � �
Net-list info - - - � � �
Instr-setinfo � � � - � �
Reservtables - � - � � �
Memoryhier - - - - ? �

Table1. Comparisonbetweendifferent ADLs

We alsoproposea new mechanismto conciselyspecifyre-
sourceinformationrequiredto generatereservationtablesused
in schedulingparallel/pipeline/multi-cycle operationsfrom a
structuraldescriptionof the architecture. This eliminatesre-
dundancy, reducingtheamountof descriptionneededfrom the
user, andmakestheprocesslesserror-prone.

The memory-intensive natureof many multimedia appli-
cations requires exploration of different memory organiza-
tions in orderto meetthe cost/performance/power goals. EX-
PRESSIONis ableto capturethesememoryorganizationsfor
memory-awarecompileroptimizations.

Table1 summarizesthecomparisonbetweenEXPRESSION
andsomeotherADLs. The rows representcharacteristicsof
the ADLs. In many respectsthe MDes languageis similar to
our approach.However, for cycle-accuratesimulation,MDes
providesa limited retargetingfor the HPL-PD processorfam-
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 reservation tablesfrom the
netlist.Also, unlikeotherADLs, EXPRESSIONis ableto cap-
turenovel memorysubsystems.In EXPRESSIONweemploya
mixed-level specificationcombiningbothbehavioral andstruc-
tural informationto efficiently supportDSEandretargetability
throughautomaticcompiler/simulatortoolkit generation.

EXPRESSIONdescriptionsfor a rangeof architecturesin-
cluding VLIW (TI 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, retargetablecompiler and ex-
plorationenvironmentfor EmbeddedSystems-on-Chip).Our
on-goingwork targetsstrengtheningthe couplingbetweenthe
compilerandthe architecture,by insertingmorearchitecture–
dependentoptimizationsand providing an architecturebased
self–adaptingcompilerflow.
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