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We describeanapproachfor application-specificprocessordesign
basedon an extendiblemicroprocessorcore. Core-baseddesign
allows to derive application-specificinstructionprocessorsfrom a
commonbasearchitecturewith low non-recurringengineeringcost.

Theresultsof thisapplication-specificcustomizationof acom-
monbasearchitecturearefamiliesof relatedandlargely compati-
ble processorfamilies. Thesefamiliescansharesupporttoolsand
evenbinarycompatiblecodewhich hasbeenwritten for thecom-
monbasearchitecture.Critical codeportionsarecustomizedusing
theapplication-specificinstructionsetextensions.

Wedescribeahardware/softwareco-designmethodologywhich
can be usedwith this designapproach.The presentedapproach
usesthe processorcoreto allow early evaluationof ASIP design
optionsusingrapidprototypingtechniques.

We demonstratethis approachwith two casestudies,basedon
the implementationandevaluationof application-specificproces-
sorextensionsfor Prologprogramexecution,andmemoryprefetch-
ing for vectorandmatrixoperations.
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New applicationareasfor microprocessor-basedsystemshave di-
verseandoftenconflictingrequirementson themicroprocessorsat
the coreof thesesystems.Theserequirementscanbe low power
consumption,performancein a givenapplicationdomain,guaran-
teedresponsetime,codesizeandoverallsystemcost.

To meet thesecriteria, processorcharacteristicscan be cus-
tomizedto matchtheapplicationprofile. Customizationof a pro-
cessorfor aspecificapplicationholdsthesystemcostdown,which
is particularlyimportantfor embeddedconsumerproductsmanu-
facturedin highvolume.

The trade-offs involved in designingapplication-specificpro-
cessorsdiffer considerablyfrom thedesignof generalpurposepro-
cessors,becausethey arenotoptimizedfor “applicationmix” (such
asrepresentedin theSPECbenchmarksuite)but target a specific
problemclass.Theprimaryaim thenis to satisfythedesigngoals
for thatproblemclass,with performanceon generalpurposecode
beinglessimportant.

In designingapplicationspecificprocessors,different design
solutionsand trade-offs betweenhardwareand softwarecompo-
nentsconstitutingasystemhaveto beexplored.As aconsequence,
application-specificprocessordesignis mostnaturallydefinedas
�
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a hardware/softwareco-designproblem. An overview of design
issuesfor applicationspecificprocessorsis givenin [4].

Hardware/softwareco-designof application-specificprocessors
identifiesfunctionswhichshouldbeimplementedin hardwareand
which in softwareto achieve the requirementsof the application,
suchascodesize,cycle count,power consumptionandoperating
frequency. Functionsimplementedin hardwareareincorporatedin
anapplicationspecificprocessoreitherasnew instructionsandpro-
cessorcapabilities,or in theform of specialfunctionunits. These
specialfunctionunitsmay theneitherbe integratedon thechip or
implementedasperipheraldevices.

In the past,suchsupporttoolshave beenavailablemostly for
theevaluationof softwareaspects,basedeitheron tracecollection
andevaluationof thedesignor acycle-accuratetimer modelof the
architecture.Thisavailability of softwaretoolshasledtoasituation
werestudiesfocusintenselyonsoftwareissueswhichareeasilyac-
cessiblewith themethodologiesandtoolsathand,while neglecting
thehardwareaspectssuchasdesignsize,power consumptionand
achievableprocessorfrequency.

We have tried to investigatepossibilitiesfor achieving equally
goodevaluationcapabilitiesof hardwareaspectsof instructionset
design.In thecourseof this,wehave turnedto reconfigurablepro-
cessorcoresdescribedin ahardwaredescriptionlanguageandsyn-
thesisto evaluatetheimpacta designdecisionmayhave on hard-
warecomplexity.

In this work, weshow how proposedinstructionsetextensions
canbe evaluatedfor both its impacton programperformanceand
onhardwareefficiency. Wedescribehardware/softwareco-evalua-
tion, aspresentedin [6], andhow this methodologycanbeapplied
to explore the designspaceand generateoptimizedimplementa-
tionsfor specificapplicationrequirements.

We have developeda processorcorebasedon theMIPS RISC
architecture[15] which serves asbasefor hardware/softwareco-
designspaceexploration[7]. We have synthesizedtheVHDL de-
scriptionof theprocessorcorefor severaltargettechnologies,such
as MHS ���  
! and AMS �"�  #! ASIC and the Xilinx XC4000XL
FPGAfamily [7, 10]. In thiswork, wehaveusedthe $%��&'! LSI 10k
ASIC processastarget technologyto facilitatecomparisonto the
originalMIPS-I implementations.

WehaveusedtheMIPSprocessorcoreto exploreseveralappli-
cation-specificinstructionsetextensionsto implementa memory
prefetchingmechanismand other performanceenhancingexten-
sions,includingtagsupportfor dynamicallytypedlanguagessuch
asProlog[6], vectorprocessing[9], andfuzzyprocessing[20].

This paperis structuredas follows: We presentrelatedwork
in section2. Section3 introducesthehardware/softwareco-design
methodologyusedfor designevaluation. Section4 shows how to
extend the processorcore to includenew operations.Sections5
and6 giveadescriptionof theinstructionsetevaluationperformed
for Prologandprefetchingarchitectures,respectively. Wedraw our
conclusionsin section7.
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A numberof reconfigurableprocessorcoreshavebeenmadeavail-
ablecommerciallyrecently. TheseincludeaMIPS-I processorcore
by Lexra which is similar in many ways to the coreusedin this
work [24]. Lexra allows its licenseesto addexecutionunitsand/or
instructionsto thebaseCPUby tappingdirectly into theCPUcore.
Lexra’s synthesizablemodel breaksout all the signals– includ-
ing a 12-bit opcode-field,two 32-bit operandbuses,a 32-bit result
bus,andsynchronizationsignals– neededto attachextraexecution
units. Any unusedMIPS opcodesmaybeusedto enabletheextra
instructions.

Anothercommercialofferingfor reconfigurableprocessorcores
is theARC processorcore[1, 23]. Unlike Lexra’s MIPS core,the
ARC core is not compatiblewith any existing architecture.The
processorcoreis supportedby a “configurationwizard” which al-
lows to parameterizevariousaspectsof theprocessorcoreandse-
lect from predefinedinstructionsetextensions.Anotherextendible
corespecificallydesignedfor DSPapplicationsis reportedin [18].

An alternateapproachto processorconfigurabilityis takenby
Siemens’Carmelarchitecturewhich is aimedat the DSPmarket
[22]. While the processorarchitectureis fixed, userscan define
complex instructionwordswhichexecuteupto 6 operationsin par-
allel. This approachis quite similar to variablelengthVLIW in-
structionformats.

Instructionset definition haspreviously beenaddressedin a
numberof publications,but theauthorshave treatedinstructionset
designandinstructionsetselectionmostlyasaschedulingproblem
of operations[12, 13].

An alternativeapproachtreatsinstructionsetselectioneitheras
a moduleselectionor operationcouplingproblem[21, 25]. This
approachis drivenby compilerstatisticsgeneratedduringthecode
generationphaseandcannottakeinto accountaccuratehardware
costestimates.This approachis closelyrelatedto reconfigurable
compilerandsimulatorgenerationbasedoninstructionsetdescrip-
tions.

Both thepipelineschedulingandmoduleselectionapproaches
cannotgeneratenew logic resources.An approachwhich canac-
tually generatenew logic capabilitiesfor aprocessorhasbeenpre-
sentedin [2] for anadaptivemachinearchitecture.Here,thecom-
piler extractsfunctionalityfrom ahigh-level languagesdescription
andimplementsit in field-programmablegatearrays(FPGAs)at-
tachedto a processor. However, this approachsuffers from high
communicationoverheadbetweenthe processorandthe attached
FPGAsandalsothe idiomsrecognizedby thesystemseemrather
limited.
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In thepast,hardware/softwareco-designhasbeenappliedmostlyto
thepartitioningof embeddedsystems[26, 3, 5]. In thesesystems,
the softwarepart executeson a processorwith a fixed instruction
setandthe hardwarepart is implementedascoprocessors.Hard-
ware/softwareco-designprocessinvolvesa partitioningstepinto a
softwarecomponentexecutingonamicroprocessorandahardware
component.Typically, thehardwarecomponentconsistsof oneor
moreASIC or FPGAsupportchips.

Thesehardwarecomponentsaremoreor lesstightly coupledto
the microprocessor, involving different synchronizationcosts. In
suchenvironments,theselectionof anappropriatecommunication
andsynchronizationmethodbetweenthesoftwarepartitionandthe
coprocessorsis an importantfactorwhich alsoinfluencespossible
partitioning[11, 14].

In our work, thehardwarepartitionis not in a coprocessor, but
the modifiedmicroprocessor. Thus,communicationandsynchro-
nizationaresolved implicitly. Communicationbetweenhardware

andsoftwaretakesplacevia theprocessorstate,whichcanbemod-
ified by both the hardwareand softwarepart. Consequently, the
major problemin hardware/softwareco-evaluationis partitioning
to reducea givencostmetricandcloselyrelatedto instructionset
generation.

In applicationspecificprocessors,thehardwarecomponentof a
co-designsolutionis integratedon thechip anddirectly controlled
by the instructionstream. Becauseof this tight coupling, the at-
tachedhardwarecanaccessall processorresourcessuchasregister
files andotherprocessorstate,which virtually eliminatesthecost
of synchronizationanddatatransfer. The interfaceand synchro-
nizationbetweenhardwarecomponentsis moreor lessstatically
definedby theinstructionstream.

In the designof suchprocessors,interfacesynthesisbetween
the hardwareandsoftwarecomponentstakesthe form of instruc-
tion setdefinition. This tight couplingof hardwareandsoftware
in problem-optimizedinstructionsetarchitectureshasbeentaken
advantageof in a numberof designsolutions,specificallyin areas
suchassignalandmultimediaprocessing.

An importantdesignpointin partitioningfunctionalityinto hard-
wareandsoftwarecomponentsis the interfacebetweenthesesys-
temparts.In applicationspecificprocessors,wheretheapplication-
specifichardwarecomponentsaretightly coupledto theprocessor,
this interfaceis usuallyin theform of special-purposeinstructions
embeddedin the instructionstream. This allows for naturalsyn-
chronization,tight couplingandfastcommunicationbetweensoft-
wareandhardwarecomponents.

Tight coupling implies that extensionsmust run at processor
speed,andwhenintroducingnew instructions,theimpactonhard-
warecomplexity andclock frequency hasto beconsidered.In en-
vironmentswerepowerconsumptionis constrained,higherproces-
sorfrequency is rarelydesirable:a lowerprocessorfrequency with
fewer cyclesandasmallercodefootprint mayprovidecompetitive
performancewith lowerpowerconsumption.

We baseour hardware/softwareco-designmethodologyon the
usageof aprocessorcoreasastartingpoint in designprocess.The
coreis extendedwith new functionality to tunethe processorto a
specificapplication. Developinga full customprocessorfor each
applicationmay result in a moreefficient design,but full invest-
ment, higherdevelopingcosts,longer time to marketand higher
risk makedesigningfrom scratcha dedicatedprocessorfor a spe-
cific applicationprohibitive.

Startingfrom an existing “thin” RISC processorcorereduces
overall engineeringcosts.In this approach,theextendibleproces-
sorcoredefinestheprocessorframework anddesigneffortscanbe
focusedon definingits application-specificenhancements.Several
variationsof anextendedprocessormaybeevaluatedbeforetheop-
timal designis selected.In our approach,we usetheseprototypes
to evaluatehardware,anddevelopsoftwareto evaluatethecurrent
design. This allows explorationof the designspaceto definethe
final architecturewithout incurringunreasonablecost.

Thecore-basedco-designprocessconsistsof thefollowing steps:
instructiondefinition,cycle-level simulation,processorcoreexten-
sionandevaluation.
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To allow for new functionalitypresentin extendedinstructions,the
available resourcescan be parameterized.This includesadding
new function blocks,extendingexisting function blocks(suchas
addingadditionalfunctionality to the ALU) and introducingnew
interfacesbetweenblocks.

Theadditionsrequiredto implementmostinstructionsetexten-
sionsarelocalizedto theIF andEXE pipelinestages.Considerthe
exampleof implementingthedifferenceor zerodoz instruction.



Figure1: Designflow in thehardware/softwareco-designapproach
in designingapplication-specificprocessors.

An operationcodehasto beassignedto thedoz operationin
theinstructionsetarchitecture,theinstructiondecodestagemustbe
modifiedto recognizethis instruction,anddecodeit appropriately
for theALU. Thesearetrivial changesto theprocessor, whichpre-
decodesall commonsignalsfor known instructionformats.

In the executionstage,the differenceor zerofunction is then
implementedaspartof theALU. This is performedby extendinga
casestatementfor theoperationcodewith a clauseimplementing
thisparticularoperation.All inputsignalsto theALU aregenerated
by thesurroundinglogic, sotheALU only needsto implementthe
actualcomputation:

when doz_op =>
if signed(fw_data_rs1) < signed(fw_data_rs2) then
-- result is 0
data_rt <= conv_std_logic_vector(0, 32);

else
-- result is difference
data_rt <= signed(fw_data_rs1) -

signed(fw_data_rs2);
end if;

Similar extensioncapabilitiesare available for other aspects
of theprocessordesign,suchasthe brancharchitecture.This al-
lows implementationof specialpurposebranchingstructuressuch
as counterloopsor multi-way branches.Considerthe following
three-waybranchwhichbranchesto differentaddressesdepending
on thesgn()functionof theargumentregister:

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

branch_address <= address(pipe_out.addr_br1);
take_branch <= ’1’;

elsif zero = ’0’ then -- reg > 0
branch_address <= address(pipe_reg.addr_br2);
take_branch <= ’1’;

end if;

In addition,theuseof communicatingstatemachinesfor syn-
chronizingpipelinecontrolmakeevencomplex controlflow in the
pipelineeasyto implement.Suchmorecomplex controladaptation
wasusedfor implementingscoreboardingasusedin prefetching.
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We have evaluatedinstructionset extensionstargetedat improv-
ing Prologprogramperformance[6], which have beendeveloped

Figure2: Areausageandcritical pathfor instructionsimplemented
in theALU.

to supportthe high-performanceVIP Prolog systemdesignedat
TechnischeUniversiẗat Wien [17].
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Basedon theperformancecharacterizationof theVIP Prologsys-
tem, critical operationswere identified to efficiently supportthe
Prologinterpreter, the runtimesystem,andcodegeneratedby the
Prologcompiler[16]. Thefunctionalityidentifiedascritical for ef-
ficientexecutionof Prolog,andotherdynamicallytypedlanguages,
wasappropriatetagsupportto facilitateefficientdecodinganddis-
patchingof differentfunctionsbasedon thedatatype.

In addition,sincePrologis an interpretedlanguagebasedon a
bytecodeintermediaterepresentation,supportfor fetching,decod-
ing anddispatchingthebytecodesof thePrologVirtual Machine
wasidentifiedasimportant.

Finally, supportfor automaticstackandmemorymanagement,
andfor the implementationof efficient garbagecollection,should
beconsidered[16].

Taghandlingiscriticalbecausein dynamicallytypedlanguages,
theactualoperationto be performedis only identifiedat program
run time basedon the datatypespresentedto it. The meaningof
operationsis “overloaded”andonly resolvedat run time basedon
theoperandtypes.

To reducethe pathlengthof this decoding,different forms of
multiwaybranchingcanprovide theappropriateamountof branch
bandwidthto dispatchoperationsin a singlecycle. Thus,we con-
sidereddifferent implementationsof multiway branching,suchas
3-waybranch(b3w),4-waybranch(b4w),andcomputed(jmptag)
andtable-basedn-waybranches.To remainflexible, positionand
sizeof thetagsusedby theseinstructionsshouldbeaparameterof
theoperation.

We also experimentedwith additional addressingmodesfor
branching(like conditionalregister indirect branching)and with
conditionalfunctioncalls,bothof which areusefulfor interpreter
implementation.

Memorymanagement(i.e.,Prologstackmanagementandgar-
bagecollection)is supportedby theoperationsmin, max,andfind
first bit.
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Table-basedn-waybranchprovedto bevery complex becausethe
dataflow didnotmapwell ontheprocessorpipeline.Ensuringcon-
sistentpipelinesynchronization(two branchdelayslotsareneces-
saryto cover thecostsof tablelookupandinstructionfetch)would
have increasedcontrol complexity unreasonably. To simplify im-
plementationandincreaseachievablefrequency, weimplementeda



Figure3: Areausageandcritical pathfor branchoperations.

Figure4: Thisfigureshowstheeffectof differentmicroarchitecture
decisionson the critical pathand resourceusage. Precomputing
resultsin the instructiondecodestagereducesthe overall critical
pathfor thebranches.

’load tagtable’ instruction(ltt) whichperformsthetablelookupfor
ann-waybranchbasedonatag.Thebranchcanthenbeperformed
with anormalregister-indirectbranchinstruction.

Thisdesignachievesthesamefunctionalitywhile fitting on the
existing pipelineflow. In addition,thetagtablelookupinstruction
primitive (ltt) canalsobeusedin othercontextsweretagsareused
to index data. While this designdecisionleadsto somedegrada-
tion in achievableCPI, it resultsin betteroverall performancedue
to higherclockspeed.Wealsoinvestigatedafour-waybranchwith
fixedtagposition(b4wlite)to reducedelayassociatedwith extract-
ing the tag of the sourceregister. Arbitrary tag positionscanbe
supportedby shiftingthetagappropriately.

Theresultsfor instructionsetevaluationareclassifiedby mod-
ified processorcomponents,i.e.,ALU or branchunit. Althoughltt
is amemoryoperation,theonly modificationsrequiredwereto the
ALU for addresscomputationof thememoryaccess.Thememory
accessis a regular32bit readoperationfrom aneffectiveaddress.

Figure2 givesthegatecountandcritical pathdelayfor exten-
sionsto theexecutionstage.Only datafor executionstageis given,
as only the ALU was modified and the other modulesremained
unchanged.

Figure3 gives the gatecountand critical pathdelay for new
branchinstructions. Thesechangeonly the branchaddressand
branchcondition evaluationin the executionstage,the interface
betweenEXE andtheAT stagewhichcontainstheprogramcounter
beingjustanaddressandabranchflag(indicatingwhethertobranch
to thataddressor not). Thecritical pathsreportedarethosefor the
interfaceto theAT stage,not thosefor otherinterfaces.

Figure5: Prefetcharchitecture.

In exploring the designspacefor efficient implementationof
themultiway branches,we have experimentedwith precomputing
partial resultsin the instructiondecodestage.This distributesthe
amountof logic requiredandreducesthecritical pathin theexecu-
tion stage.Theresultsof thisexperimentareshown in figure4.
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Using the presentedapproach,we alsotried to evaluatea scheme
for prefetchingvectordatawith regular datalayout. The scheme
is baseduponstride-directedprefetching,wherethe stride is the
distancebetweensuccessiveaccesses. This is especiallygoodfor
vectorandmatrixmanipulation,or for multimediadatawhichhave
pooror no locality, or aworking setwhich is too large to fit in the
cache.

Stride-directedstreamprefetchingis particularlyusefulfor em-
beddedapplicationswhereL2 cachesaretoo expensive or which
performmultimediaprocessingwith ahighnumberof compulsory
missesdueto large working sets. In fact, streamingdatais often
accessedonly oncein theseapplications(or far enoughapartsuch
that a previously loadedvaluewould alreadyhave beendisplaced
from thecachefrom furtheraccesses.)
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Figure5 givesanoverview of thesystemarchitecturewith stream
prefetching.Theprocessorcoreis extendedby two additionalreg-
isterfiles, thestrideregisterfile andtheprefetchbuffer. Thestride
register file holds the distancebetweentwo successive accesses,
andtheprefetchbuffer is thedestinationfor prefetchrequests.

Operationscan directly accessthe prefetchbuffer as one of
the sourceoperands. When the prefetchbuffer is accessed,the
next asynchronousprefetchaccessinitiated.Prefetchaddressesare
computedby adedicatedaddressgenerationunit. Theprefetchunit
andtheCPUaresynchronizedthroughtheuseof scoreboardingon
theprefetchbuffer.

TheCPUaccessesasplit transactionbus,andmultiplememory
modulescanbeusedto supplysufficient memorybandwidth.The
prefetcharchitectureis describedin moredetailin [9].
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For performancecharacterization,we have usedLivermorevector
processingkernels[19] with varyingproblemsize. We have eval-
uatedconfigurationsfor cold- andwarm-startedcaches,aswell as



Figure6: Livermorekernelperformancefor differentmemoryac-
cessschemes,asa functionof problemsize.

Figure7: Area usageandcritical pathof the executionunit after
implementingtherequiredfunctionalityfor datastreaming.

prefetchingwith differentmemorysubsystems.Thenormalizedge-
ometricmeanfor cyclecountasafunctionof problemsizeis shown
in figure6. Additional resultsfor somegraphicscodekernelsare
reportedin [8].

Figure7 shows resourceusageandcritical pathfor theexecu-
tion stageof aprefetchimplementation.Theareausagein theexe-
cutionstageis increasedessentiallyby thesizeof anadderneeded
to computerthenext memoryaccessaddressby addingthestride
to the currentaddress.The critical pathof the executionstageis
actuallyshortened,becausewe have streamlinedthe implementa-
tion. While memoryaddresseswerepreviously computedby the
ALU, all addressesarenow generatedby a singleaddressadder,
simplifying theinternalstructure.
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In thispaper, wehavedemonstratedhow toapplyhardware/software
co-evaluationto instructionset definition. We have definedand
evaluatedinstructionsetextensionsfor two applicationareas.The
instructionsetextensionshavebeenaddedto aRISCprocessorcore
basedon the MIPS instructionsetarchitecture.In this work, we
evaluateinstructionsetarchitectureextensionsoptimizedfor sev-
eralapplication-specificproblems.

A core-baseddesignapproachallows early designevaluation
with low non-recurrentengineeringcoststo reduceoverall design
risk. As this methodgives quick feedbackon the performance,
efficiency andpriceof thedesign,severaldesignchoicesfrom the
designspacecanbeevaluatedin averyshorttimeuntil theoptimal
designis specified.
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