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Abstract

We describeanapproactfor application-specifiprocessodesign
basedon an extendiblemicroprocessocore. Core-basediesign
allows to derive application-specifiinstructionprocessorérom a
commonrbasearchitecturavith low non-recurringengineeringost.

Theresultsof this application-specificustomizatiorof a com-
mon basearchitecturearefamilies of relatedandlargely compati-
ble processofamilies. Thesefamilies cansharesupporttools and
even binary compatiblecodewhich hasbeenwritten for the com-
monbasearchitecture Critical codeportionsarecustomizedising
theapplication-specifinstructionsetextensions.

We describeahardware/softwareo-designmethodologywhich
can be usedwith this designapproach. The presentedapproach
usesthe processorcoreto allow early evaluationof ASIP design
optionsusingrapid prototypingtechniques.

We demonstratéhis approactwith two casestudiesbasedon
the implementatiorand evaluationof application-specifiproces-
sorextensiongor Prologprogramexecutionandmemoryprefetch-
ing for vectorandmatrix operations.

1 Introduction

New applicationareasfor microprocessebasedsystemshave di-
verseandoftenconflictingrequirement®n the microprocessorat
the core of thesesystems.Theserequirementsanbe low power
consumptionperformancen a given applicationdomain,guaran-
teedresponsdime, codesizeandoverall systemcost.

To meetthesecriteria, processorcharacteristican be cus-
tomizedto matchthe applicationprofile. Customizatiorof a pro-
cessoffor aspecificapplicationholdsthe systemcostdown, which
is particularlyimportantfor embedded:onsumeiproductsmanu-
facturedin high volume.

The trade-ofs involved in designingapplication-specifigro-
cessorgliffer considerablyrom the designof generapurposepro-
cessorshecauseéhey arenotoptimizedfor “applicationmix” (such
asrepresenteih the SPECbenchmarksuite) but target a specific
problemclass.The primaryaim thenis to satisfythe designgoals
for thatproblemclass,with performanceon generalpurposecode
beinglessimportant.

In designingapplicationspecific processorsdifferent design
solutionsand trade-ofs betweenhardwareand softwarecompo-
nentsconstitutinga systemhave to beexplored. As aconsequene,
application-specifiprocessodesignis mostnaturally definedas

* Thiswork wasperformedwhile theauthorwaswith Technisch&niversittWwien,
Vienna,Austria.

a hardware/softwareo-designproblem. An overview of design
issuedor applicationspecificprocessorss givenin [4].

Hardware/softwareo-desigrof application-specifiprocessors
identifiesfunctionswhich shouldbeimplementedn hardwareand
which in softwareto achieve the requirement®of the application,
suchascodesize,cycle count,power consumptiorand operating
frequeng. Functionamplementedn hardwareareincorporatedn
anapplicationspecificprocessoeitherasnew instructionsandpro-
cessorcapabilities,or in theform of specialfunctionunits. These
specialfunction units may theneitherbe integratedon the chip or
implementedasperipheraldevices.

In the past,suchsupporttools have beenavailable mostly for
the evaluationof softwareaspectshaseckeitheron tracecollection
andevaluationof thedesignor a cycle-accuratéimer modelof the
architectureThisavailability of softwaretoolshasledto asituation
werestudiedocusintenselyon softwareissuesvhichareeasilyac-
cessiblevith themethodologiesindtoolsathand while neglecting
the hardwareaspectsuchasdesignsize,powver consumptiorand
achievableprocessofrequeng.

We have tried to investigatepossibilitiesfor achieving equally
goodevaluationcapabilitiesof hardwareaspect®f instructionset
design.In the courseof this, we have turnedto reconfigurablero-
cessorcoresdescribedn ahardwarelescriptionanguageindsyn-
thesisto evaluatetheimpacta designdecisionmay have on hard-
warecompleity.

In this work, we showv how proposednstructionsetextensions
canbe evaluatedfor bothits impacton programperformanceand
onhardwareefficiengy. We describehardware/sdtwareco-evalua-
tion, aspresentedh [6], andhow this methodologycanbe applied
to explore the designspaceand generateoptimizedimplementa-
tionsfor specificapplicationrequirements.

We have developeda processororebasedon the MIPS RISC
architectureg[15] which senes asbasefor hardware/softwareo-
designspaceaxploration[7]. We have synthesizedhe VHDL de-
scriptionof the processocorefor severaltamgettechnologiessuch
as MHS 0.6 and AMS 0.6 ASIC and the Xilinx XC4000XL
FPGAfamily [7, 1Q). In thiswork, we have usedthe 1.5u LS| 10k
ASIC processastamget technologyto facilitate comparisorto the
original MIPS-l implementations.

We have usedthe MIPS processocoreto exploreseveralappli-
cation-specifidnstructionset extensionsto implementa memory
prefetchingmechanismand other performancesnhancingexten-
sions,includingtag supportfor dynamicallytypedlanguagesuch
asProlog[6], vectorprocessing9], andfuzzy processing20].

This paperis structuredas follows: We presentrelatedwork
in section2. Section3 introduceghe hardware/softwareo-design
methodologyusedfor designevaluation. Section4 shows how to
extend the processorcoreto include new operations. Sectionsb
and6 give adescriptiorof theinstructionsetevaluationperformed
for Prologandprefetchingarchitecturesiespectiely. We draw our
conclusionsn section?.



2 Related Work

A numberof reconfigurablgrocessocoreshave beenmadeavail-

ablecommerciallyrecently ThesencludeaMIPS-I processocore
by Lexra which is similar in mary waysto the core usedin this
work [24]. Lexra allowsits licenseeso addexecutionunitsand/or
instructiongo thebaseCPUby tappingdirectly into the CPUcore.
Lexra’s synthesizablenodel breaksout all the signals— includ-
ing a 12-bit opcode-fieldtwo 32-bit operandousesa 32-bitresult
bus,andsynchronizatiorsignals— neededo attachextraexecution
units. Any unusedVIPS opcodesmnay be usedto enablethe extra
instructions.

Anothercommerciabfferingfor reconfigurablg@rocessocores
is the ARC processocore[1, 23]. Unlike Lexra's MIPS core,the
ARC coreis not compatiblewith ary existing architecture. The
processocoreis supporteddy a “configurationwizard” which al-
lows to parameterize&ariousaspect®f the processocoreandse-
lectfrom predefinednstructionsetextensions Anotherextendible
corespecificallydesignedor DSPapplicationds reportedn [18].

An alternateapproacho processorconfigurabilityis takenby
Siemens’Carmelarchitecturewhich is aimedat the DSP market
[22]. While the processomrchitectureis fixed, userscan define
comple instructionwordswhich executeup to 6 operationsn par
allel. This approachs quite similar to variablelength VLIW in-
structionformats.

Instruction set definition has previously beenaddressedn a
numberof publicationsput the authorshave treatednstructionset
designandinstructionsetselectiormostlyasa schedulingproblem
of operationg12, 13].

An alternatve approachreatsinstructionsetselectioreitheras
a moduleselectionor operationcouplingproblem[21, 25]. This
approachs driven by compilerstatisticsyeneratedluringthe code
generatiorphaseand cannottakeinto accountaccuratehardware
costestimates.This approachis closelyrelatedto reconfigurable
compilerandsimulatorgeneratiorbaseninstructionsetdescrip-
tions.

Both the pipelineschedulingandmoduleselectionapproaches
cannotgeneratenew logic resourcesAn approachwhich canac-
tually generatenew logic capabilitiedor a processohasbeenpre-
sentedn [2] for anadaptie machinearchitecture Here,the com-
piler extractsfunctionality from a high-level languagesiescription
andimplementst in field-programmabl@atearrays(FPGASs)at-
tachedto a processar However, this approachsuffers from high
communicationoverheadbetweenthe processoilndthe attached
FPGAsandalsotheidiomsrecognizedy the systemseenrather
limited.

3 Instruction Set Design as a Co-Design Problem

In thepast hardware/softwareo-desigrhasbeenappliedmostlyto
the partitioningof embeddedystemd26, 3, 5]. In thesesystems,
the softwarepart executeson a processomwith a fixed instruction
setandthe hardwarepartis implementedas coprocessorsHard-
ware/softwareo-desigrprocessnvolvesa partitioningstepinto a
softwarecomponenexecutingonamicroprocessoandahardware
component.Typically, the hardwarecomponentonsistsof oneor
moreASIC or FPGAsupportchips.

Thesehardwarecomponentsremoreor lesstightly coupledto
the microprocessorinvolving different synchronizatiorcosts. In
suchervironmentsthe selectionof anappropriatecommunication
andsynchronizatiomethodbetweerthe softwarepartitionandthe
coprocessors animportantfactorwhich alsoinfluencegossible
partitioning[11, 14].

In our work, the hardwarepartitionis notin a coprocessqgbut
the modifiedmicroprocessorThus, communicatiorand synchro-
nizationare solved implicitly. Communicatiorbetweerhardware

andsoftwaretakesplacevia theprocessostate which canbemod-
ified by both the hardwareand softwarepart. Consequentlythe
major problemin hardware/softwareo-evaluationis partitioning
to reducea given costmetric andcloselyrelatedto instructionset
generation.

In applicationspecificprocessorghehardwarecomponenof a
co-desigrsolutionis integratedon the chip anddirectly controlled
by the instructionstream. Becauseof this tight coupling, the at-
tachechardwarecanaccessll processoresourcesuchasregister
files andother processostate,which virtually eliminatesthe cost
of synchronizatiorand datatransfer The interfaceand synchro-
nization betweenhardwarecomponentss more or lessstatically
definedby theinstructionstream.

In the designof suchprocessorsinterfacesynthesisbetween
the hardwareand softwarecomponentsakesthe form of instruc-
tion setdefinition. This tight couplingof hardwareand software
in problem-optimizednstructionsetarchitecturehasbeentaken
adwantageof in a numberof designsolutions,specificallyin areas
suchassignalandmultimediaprocessing.

An importantdesignpointin partitioningfunctionalityinto hard-
wareandsoftwarecomponentss the interfacebetweerthesesys-
temparts.In applicationspecificprocessorsyheretheapplication-
specifichardwarecomponentaretightly coupledto the processar
thisinterfaceis usuallyin the form of special-purpos@structions
embeddedn the instructionstream. This allows for naturalsyn-
chronizationtight couplingandfastcommunicatiorbetweersoft-
wareandhardwarecomponents.

Tight couplingimplies that extensionsmust run at processor
speedandwhenintroducingnew instructionstheimpacton hard-
warecompleity andclock frequeng hasto be consideredln en-
vironmentsverepower consumptioris constrainedhigherproces-
sorfrequeny is rarelydesirable:alower processofrequeng with
fewer cyclesanda smallercodefootprint mayprovide competitive
performancavith lower power consumption.

We baseour hardware/softwareo-desigrmethodologyon the
usageof aprocessocoreasa startingpointin designprocessThe
coreis extendedwith new functionality to tunethe processoto a
specificapplication. Developinga full customprocessofor each
applicationmay resultin a more efficient design,but full invest-
ment, higher developing costs,longertime to marketand higher
risk makedesigningfrom scratcha dedicatedprocessofor a spe-
cific applicationprohibitive.

Startingfrom an existing “thin” RISC processocorereduces
overall engineeringcosts.In this approachthe extendibleproces-
sorcoredefineghe processoframevork anddesignefforts canbe
focusedon definingits application-specifienhancementsSeveral
variationsof anextendedprocessomaybeevaluatedbeforethe op-
timal designis selected.In our approachwe usetheseprototypes
to evaluatehardware anddevelop softwareto evaluatethe current
design. This allows explorationof the designspaceto definethe
final architecturavithoutincurringunreasonableost.

Thecore-basedo-desigrprocesgonsistof thefollowing steps:
instructiondefinition,cycle-level simulation processocoreexten-
sionandevaluation.

4 Extending The Processor Core

To allow for new functionalitypresenin extendednstructionsthe
available resourcescan be parameterized.This includesadding
new function blocks, extendingexisting function blocks (suchas
addingadditionalfunctionality to the ALU) andintroducingnew
interfacedetweerblocks.

Theadditionsrequiredto implementmostinstructionsetexten-
sionsarelocalizedto the IF andEXE pipelinestagesConsidetthe
exampleof implementinghedifferenceor zerodoz instruction.



Figurel: Designflow in thehardware/softwareo-desigrapproach
in designingapplication-specifiprocessors.

An operationcodehasto be assignedo the doz operationin
theinstructionsetarchitecturetheinstructiondecodestagemustbe
modifiedto recognizethis instruction,anddecodeit appropriately
for the ALU. Thesearetrivial changego the processamwhich pre-
decodesll commonsignalsfor known instructionformats.

In the executionstage the differenceor zerofunctionis then
implementedaspartof the ALU. Thisis performedby extendinga
casestatementor the operationcodewith a clauseimplementing
thisparticularoperation All inputsignalgto the ALU aregenerated
by the surroundindogic, sothe ALU only needgo implementthe
actualcomputation:

when doz_op =>

if signed(fw data_rsl) < signed(fw data_rs2) then
-- result is O
data_rt <= conv_std_l ogic_vector (0, 32);

el se
-- result is difference
data_rt <= signed(fw data_rsl) -

signed(fw data_rs2);
end if;

Similar extensioncapabilitiesare available for other aspects
of the processodesign,suchasthe brancharchitecture.This al-
lows implementatiorof specialpurposebranchingstructuresuch
as counterloops or multi-way branches. Considerthe following
three-waybranchwhich branchego differentaddressedepending
onthesgn()functionof theargumentregister:

when bnp =>
-- three way branch, fall through if reg == 0
if negative ='1 then -- reg <0

branch_address <= address(pi pe_out.addr_br1);
take_branch <= "1";

elsif zero ='0" then --reg >0
branch_address <= address(pi pe_reg. addr _br2);
take_branch <= "1";

end if;

In addition,the useof communicatingstatemachinedor syn-
chronizingpipelinecontrolmakeeven complex controlflow in the
pipelineeasyto implement.Suchmorecomplec controladaptation
wasusedfor implementingscoreboardingsusedin prefetching.

5 Case Study: Prolog Support

We have evaluatedinstructionset extensionstargetedat improv-
ing Prolog programperformancdg6], which have beendeveloped
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Figure2: Areausageandcritical pathfor instructiondmplemented
in the ALU.

to supportthe high-performance/IP Prolog systemdesignedat
TechnischdJniversitit Wien [17].

5.1 Architectural support for Prolog execution

Basedon the performancecharacterizationf the VIP Prologsys-
tem, critical operationswere identified to efficiently supportthe
Prologinterpreter the runtime system,and codegeneratedy the
Prologcompiler[16]. Thefunctionalityidentifiedascritical for ef-
ficientexecutionof Prolog,andotherdynamicallytypedlanguages,
wasappropriatéag supporto facilitateefficient decodinganddis-
patchingof differentfunctionsbasedn the datatype.

In addition,sincePrologis aninterpretedanguagebasedon a
byte codeintermediateepresentatiorsupportor fetching,decod-
ing anddispatchingthe byte codesof the PrologVirtual Machine
wasidentifiedasimportant.

Finally, supportfor automaticstackandmemorymanagement,
andfor theimplementatiorof efficient garbagecollection,should
be considered16].

Taghandlingis critical becaus@ dynamicallytypedlanguages,
the actualoperationto be performedis only identifiedat program
run time basedon the datatypespresentedo it. The meaningof
operationss “overloaded"andonly resohedat run time basedon
theoperandypes.

To reducethe pathlength of this decoding differentforms of
multiway branchingcanprovide theappropriateamountof branch
bandwidthto dispatchoperationsn a singlecycle. Thus,we con-
sidereddifferentimplementation®f multiway branching suchas
3-waybranch(b3w), 4-waybranch(b4w),andcomputedjmptag)
andtable-based-way branches.To remainflexible, positionand
sizeof thetagsusedby theseinstructionsshouldbe a parametepf
theoperation.

We also experimentedwith additional addressingnodesfor
branching(like conditionalregister indirect branching)and with
conditionalfunction calls, both of which areusefulfor interpreter
implementation.

Memory managemen(.e., Prologstackmanagemerandgar-
bagecollection)is supportedy the operationsnin, max,andfind
first bit.

5.2 Evaluation

Table-based-way branchprovedto be very complex becausehe
dataflow did notmapwell ontheprocessopipeline.Ensuringcon-
sistentpipelinesynchronizatior{two branchdelayslotsareneces-
saryto cover the costsof tablelookupandinstructionfetch)would
have increasedtontrol compleity unreasonablyTo simplify im-
plementatiorandincreasechievablefrequeng, we implementec
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Figure3: Areausageandcritical pathfor branchoperations.
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Figure4: Thisfigureshavstheeffectof differentmicroarchitecture
decisionson the critical path and resourceusage. Precomputing
resultsin the instructiondecodestagereducegshe overall critical
pathfor thebranches.

‘load tagtable’instruction(ltt) which performsthetablelookupfor
ann-waybranchbasednatag. Thebranchcanthenbeperformed
with anormalregisterindirectbranchinstruction.

This designachievesthe samefunctionalitywhile fitting onthe
existing pipelineflow. In addition,thetagtablelookupinstruction
primitive (Itt) canalsobe usedin othercontextsweretagsareused
to index data. While this designdecisionleadsto somedegrada-
tion in achievableCPlI, it resultsin betteroverall performancelue
to higherclock speed We alsoinvestigateda four-way branchwith
fixedtagposition(b4wlite) to reducedelayassociategvith extract-
ing the tag of the sourceregister Arbitrary tag positionscanbe
supportedy shiftingthetagappropriately

Theresultsfor instructionsetevaluationareclassifiedoy mod-
ified processocomponentsi,e., ALU or branchunit. Althoughltt
is amemoryoperationthe only modificationsrequiredwereto the
ALU for addresgomputatiorof thememoryaccessThe memory
accesss aregular 32 bit readoperatiorfrom aneffective address.

Figure2 givesthe gatecountandcritical pathdelayfor exten-
sionsto theexecutionstage.Only datafor executionstageis given,
asonly the ALU was modified and the other modulesremained
unchanged.

Figure 3 gives the gatecountand critical path delayfor new
branchinstructions. Thesechangeonly the branchaddressand
branchcondition evaluationin the execution stage,the interface
betweerEXE andthe AT stagewhich containgheprogramcounter
beingjustanaddressindabranctflag (indicatingwhetheito branch
to thataddres®r not). Thecritical pathsreportedarethosefor the
interfaceto the AT stage hotthosefor otherinterfaces.

,
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Figure5: Prefetcharchitecture.

In exploring the designspacefor efficient implementationof
the multiway brancheswe have experimentedvith precomputing
partial resultsin the instructiondecodestage. This distributesthe
amountof logic requiredandreduceghecritical pathin the execu-
tion stage.Theresultsof this experimentareshavn in figure 4.

6 Case Study: Vector Prefetching

Using the presente@pproachwe alsotried to evaluatea scheme
for prefetchingvectordatawith regular datalayout. The scheme
is basedupon stride-directedorefetching,wherethe strideis the
distancebetweensuccessie accessesThis is especiallygoodfor
vectorandmatrix manipulationor for multimediadatawhich have
pooror no locality, or aworking setwhichis too large to fit in the
cache.

Stride-directedtreanprefetchings particularlyusefulfor em-
beddedapplicationswherelL2 cachesaretoo expensve or which
performmultimediaprocessingvith a high numberof compulsory
missesdueto large working sets. In fact, streamingdatais often
accessednly oncein theseapplicationgor far enoughapartsuch
that a previously loadedvalue would alreadyhave beendisplaced
from thecachefrom furtheraccesses.)

6.1 Prefetch architecture

Figure5 givesanoverview of the systemarchitecturewith stream
prefetching.The processocoreis extendedby two additionalreg-
isterfiles, the strideregisterfile andthe prefetchbuffer. The stride
register file holds the distancebetweentwo successie accesses,
andthe prefetchbuffer is the destinatiorfor prefetchrequests.

Operationscan directly accesshe prefetchbuffer as one of
the sourceoperands. When the prefetchbuffer is accessedthe
next asynchronouprefetchaccessnitiated. Prefetchaddresseare
computedy adedicatecaddresgeneratiorunit. The prefetchunit
andtheCPU aresynchronizedhroughtheuseof scoreboardingn
the prefetchbuffer.

TheCPUaccesseasplit transactiorbus,andmultiple memory
modulescanbe usedto supplysuficient memorybandwidth.The
prefetcharchitectureés describedn moredetailin [9].

6.2 Performance

For performancecharacterizationywe have usedLivermorevector
processindernels[19] with varying problemsize. We have eval-
uatedconfigurationdor cold- andwarm-startec¢cachesaswell as
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Figure7: Areausageandcritical pathof the executionunit after
implementingherequiredfunctionalityfor datastreaming.

prefetchingwith differentmemorysubsystemsThenormalizedge-
ometricmearfor cycle countasafunctionof problemsizeis shovn
in figure 6. Additional resultsfor somegraphicscodekernelsare
reportedn [8].

Figure 7 shavs resourcausageandcritical pathfor the execu-
tion stageof a prefetchimplementationTheareausagen the exe-
cutionstageis increasedssentiallyby the sizeof anaddemeeded
to computerthe next memoryaccessaddressy addingthe stride
to the currentaddress.The critical path of the executionstageis
actuallyshortenedbecauseve have streamlined¢he implementa-
tion. While memoryaddressesvere previously computedby the
ALU, all addressearenow generatedy a single addressadder
simplifying theinternalstructure.

7 Conclusion

In thispaperwehave demonstratedow to applyhardware/software
co-evaluationto instructionset definition. We have definedand
evaluatednstructionsetextensiondor two applicationareas.The
instructionsetextensiondave beeraddedo aRISCprocessocore
basedon the MIPS instructionsetarchitecture.In this work, we
evaluateinstructionsetarchitecturextensionsoptimizedfor sev-
eralapplication-specifiproblems.

A core-basediesignapproachallows early designevaluation
with low non-recurrenengineeringcoststo reduceoverall design
risk. As this methodgives quick feedbackon the performance,
efficiency andprice of the design,severaldesignchoicesfrom the
designspacecanbeevaluatedn avery shorttime until theoptimal
designis specified.
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