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Abstract

Thedesignof application(-domain)specificinstruction-
setprocessos (ASIPs),optimizedfor codesize hastradi-
tionally beenaccompaniedby the necessityo programas-
semblyat leastfor the performanceeritical partsof theap-
plication. Thehighly encodednstructionsetssimplylack
the orthogonal structuee presentin e.g. VLIW processos,
that allowsefficientcompilation.Thislack of efficientcom-
pilation tools hasalso severely hampeedthe designspace
explorationof code-sizefiicientinstructionsets andcorre-
spondinglytheir tuningto the applicationdomain.In [13]
a practical methodis demonstatedto modela broadclass
of highly encodedinstruction setsin termsof virtual re-
souiceseasily interpretedby classicresouce constained
schedules (sud asthe popularlist-schedulingalgorithm),
therebyallowing efficientcompilationwith well undesstood
compilationtools. In this paperwe will demonstate the
suitability of this modelto also enableinstructionsetde-
sign (-spaceexploration) with a simple well-undestood
and provenmethodlong usedin the High-Level Synthesis
(HLS) of ASICs. A small casestudyprovesthe practical
applicability of the method.

1 Intr oduction

Application (-domain) specific instruction-setprocessors
(ASIPs)are becomingincreasinglypopularin systemson
a chip (SoCs)becausehey offer the possibility to exploit
thecharacteristicsf the application(-domain)to gaincon-
siderablesavings in silicon area,power consumptionand
codesize. Thereareroughly threewaysto tunean ASIP
coreto anapplication thatcanbe usedin combination:

e By synthesizingacommunicatior{bussespndstorage
(registers)infra-structurejust sufficient for the appli-
cation.

e By hardware acceleration9]. Functionalunits are
addedto the datapaththat performrelatively coarse
grainfunctionscharacteristiof theapplication for ex-
ampleabutterfly unitin an FFT processar

e By minimizing the width of the instructionsrequired
to control a given datapath[12]. Oneway is to en-
code frequently occurring (sequence®f) operations
with shortinstructionwords. Anotherpossibilityis to
limit the numberof instructionsby restrictingcertain
combination®f operationghatthe datapathcanexe-
cutein parallel.

Hardwareacceleratiompotentiallyoffersthelargestben-
efitson all accountsespeciallyfor applicationghatcontain
muchregularity. It is alsothe mostcomplex methodfor the
designebecausét requireschangesn the communication
andstoragehardwareandthe designof the dedicatedunc-
tional units. Thementionedvaysto tunethe ASIP coreall
have the sameseveredravback: They addthe necessityto
‘recognize’in the application,instructionssupportedn the
tunedinstructionset. Often this task of recognition(code
selection)is performedby the programmethimself, either
by writing assemblyor with the useof APIsin the source
codeto call thededicatednstructionsor hardware.Bothre-
quirealot of sourcecoderewriting andlow-level program-
ming, andboth are detrimentalfor the maintainabilityand
portability of the code.Alternatively, the compilercontains
a codeselectionphasethatrecognizewalid instructionsin
the DataFlow Graph(DFG), often usingpatternmatching
andgraphcoveringtechniqued4], [5]. Unfortunatelythe
resultsof applyingthesetechniquedave beenquite disap-
pointing. They arefor a large partresponsibldor the con-
siderableoverheadin both scheduldength and codesize
(reportedin the orderof 800%](7]) of compilergenerated
codecomparedo manuallywritten assembhfor ASIPs.

A way out of this statusquois offeredby the StaticRe-
sourceModel (SRM) [13] approach. The SRM approach



targetsinstructionsetsthatareminimizedby restrictingcer

tain combinationsof operationghatthe datapathcanexe-
cutein parallel. Instructionsetsin this class,which con-
tainse.g.theso-calledssueslotmachinescanbemodeled
in termsof virtual resourceseasily interpretedby classic
resourceconstrainedschedulerssuch as the popular list-

schedulingalgorithm. This alternatve machinemodelwith

virtual resourceghereforeallows efficient resourcecon-
straineccompilationwith well understoo@ndwidely avail-

able compilationtools, ratherthan the poorly performing
compilersbasecbninstructionselection.

The SRM approachalso enablesinstruction set de-
sign (-spaceexploration) with an equally well-understood
andproven methodlong usedin the High-Level Synthesis
(HLS) of ASICs[1]. This methodi,illustratedin Figurel,
analyzeghetime critical loopsfor bottlenecksn the avail-
ability of processoresourcesequiredto obtainthe target
schedulethroughput. Thesebottleneckscan be identified
by schedulingheloop andexaminingtheload diagramsof
the functionalresources.The load on critical resourcess
thenrelievedby allocatingadditionalresourcesThepoten-
tial useof this methodfor instructionsetdesignis basecdn
the obsenationthat both the availability of real functional
resourcesnd virtual resourcesanbe adaptedvhencon-
sideringthe SRM of aninstructionset.Increasingheavail-
ability of virtual resourcesesultsin anextensionof thein-
structionset. We presumethereforethatthe SRM view on
aninstructionsetallows instructionsetdesignin termsof
allocatingresourcegust suflicient to efficiently executethe
critical loops.
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Figure 1. Designflow of ASICs

The resultinginstructionsetcan be implementedas an
ASIC or anASIP. ASIPscanbereprogrammedfterfabri-
cation. In orderto tunethe instructionsetof a fabricated
ASIP to an application,the instructiondecodershouldbe
reconfigurabldo a certaindegree. Note thatthe real (non-
virtual) resourcesireconsideredixedin this case.

This paperis organizedas follows. Section2 presents
the basicdefinitions. Section3 addresseghe problemof
constructingan SRM of aninstructionset. In section4 we
proposean instructiondesignflow basedon the SRM ap-
proach.In Section5, a smallcasestudyis presentedCon-
clusionsandfuturework arediscussedh Section6.

2 Definitions

A DSP algorithm can be expressedas a dataflow graph,
which describeghe primitive operationsperformedin an
algorithmandthe dependencielsetweerthoseoperations.

Definition 1. A dataflowgraph(DFG)is atuple(V,E),
whereV is thesetof vertices(operationsandE CV x V is
thesetof precedencedges.

In this paperwe considersoftwarepipelinedioops. The
initiation interval (I1) is the periodin betweentwo succes-
sive executionsof theloop. In a processorrchitecturea
functionalresourcecanbe usedin differentways. E.g.,a
functional resourceALU can executean operationadd or
asubtact, etc. For reason®f compleity, we do not wish
to enumeratall possibleusesof a functionalresourcen
aninstructionset. Therefore we considerthe collectionof
theseusesof a functionalresourceandassociatavith it an
opemtiontype Thesetof operationtypesis denotedasT.
An instructionis now definedasa combinationof opera-
tion typesthatcanbe executedin a singleclock cycle. For
example,instruction[add, mul] performsthe operatiortype
add andmul in parallel.

An operationtype can appearmultiple timesin anin-
struction. For an operationtype op in aninstructionl, we
denotethis numberby | (op). If for two instructionslg and
I1, lo(op) is always at mostequalto 11(op) for eachop-
erationtype op, we saythatinstructionlg is containedin
instructionly. In this paperwe considerinstructionsets|S
wherefor eachinstructionlg all containednstructionsare
alsoin IS. We call theseinstructionsetsprefixclosed

The code generationproblemis to find a scheduleof
a DFG, i.e., to determinea starttime for eachoperation,
that satisfiesprecedenceonstraintsand architecturalcon-
straints. Thesearchitecturabonstraintscanbe modeledei-
therasaninstructionsetor by introducingfunctional vir-
tual resourcesndassociating certainvirtual resourceus-
agewith eachoperation.The correspondingesourcecon-
straintsarestaticin the sensehatthey only provide a fixed
upperimit andany usageof theresourcesvithin thelimit is
valid. We saythatthe problemhasa staticresourcenodel.

Definition 2. A StaticResouceModel(SRM)is amodel
for generatingstaticresourceconstraintsyhere

—Ris asetof resources,

—t is afunctiondefiningtheresource Rthatanoper
ationneeds,

—#r denoteghe numberof instance®f eachresource.

For example,in Figure 4 (b), the setof resourceR is
listed. Togethemith functiont asin Figure4 (c), it models
theinstructionsetin 4 (d).

In general operationtypescanbe associatedvith axes
andinstructionscanbe geometricallyrepresentedspoints
in the multi-dimensionakpaceasdepictedin Figure4. In
this space jnstructionls [add,add, mul, shift] is drawvn as



point p7, with coordinateds(add), I1(mul) andl(shift).
The setof pointsrepresentinghe IS canbe boundedge-
ometrically (seeFigure 4) by a set of planes,called the
corvex hull. Eachsuchplanecorresponds$o aninequality
(Figure 4 (a)) that constrainghe parallelismof operations
allowedin any instructionin IS.

The corvex hull problemis definedasfollows: Givena
setof points(valid instructions)construcits corvex hull as
asetof minequalities:

conv(lS) = {X| AX< b} (1)

wheren=|T|, Ac R™"andb € R

In this corvex hull, eachinequality correspondgo a
maximumresourcaisagen the SRM.

The corvex hull problemis a well-known mathematical
problemin thefield of computationajeometryfor which
algorithmsare availablethatsene our purposes.Theseal-
gorithmsare not relevant to our researchso we will not
discusghem.

3 The Static Resouice Model

In this section,we illustrate our methodfor constructing
an SRM for aninstructionset. It is a generalizatiorof the
methodin [13].

3.1 Advantageof the static resource model

As wementionedefore,codegeneratiorior ASIP cores
malkes it necessaryto recognizevalid instructionsin the
DFG. This taskis referredto asinstructionselection It
is performedby coveringthe DFG with valid instructions,
suchasdepictedon theleft handsideof Figure2.

instruction seffld, shl]
[Id, add]

[mul, add]

Figure 2. Instructionselectionprior to scheduling
mayyieldinferior results

The main issueintroducedby highly encodednstruc-
tion setsis the issueof phasecoupling On the onehand,
if instruction selectionis performedprior to scheduling,
the optimal schedulecaneasilybe eliminatedasthe result

of the choicesmadeduring instructionselection. On the
otherhand,if schedulingis performedfirst, the available
instructionsmay not be able to implementthe schedule.
Traditionalmethodsperformthe tasksin differentphases,
therebyyielding inferior schedule.This is depictedin Fig-
ure2. TheDFG ontheleft handsidehasbeencoveredwith
machineinstructions.The associatedchedulg6 clock cy-
cles)for this selectionof instructionsis givenon the right
handsideof Figure2.

The merit of the SRM approachis that by transferring
theinstructionsetconstraintgo staticresourceconstraints,
explicit instructionselectionis avoided and the scheduler
hasthe opportunityto generatéetterschedulein termsof
timing andregisterrequirements.This is depictedin Fig-
ure 3. We seethatthe constraintdrom the instructionset
{[Id,shl],[Id,add],[mul,add]} canbeexpresseasthreein-
equalitiesin Figure 3 (a), which aretranslatednto virtual
resources M, MS, SA directly. Thenumberof instance®f
eachvirtual resourcas 1. In addition,eachoperationtype
usesthevirtual resourceshatit is associateavith. For ex-
ample,mul appearsn inequality (1) and (2), thusit uses
thevirtual resourced M andMS. By applyingtheresulting
SRM of theinstructionsetto aresourceconstrainedgched-
uler, we obtainanoptimalscheduleof 5 clock cycles.

N(d) + N(mul) <=1 <=> #LM=1
N(mul) + N(shl) <=1 <=> #MS=1 @ nl
N(shl) + N(add) <=1 <=> #SA=1

(a) virtual resources obtained
from inequalities

Id->LM
mul -> LM, MS
shl -> MS, SA
add -> SA

(b) mapping from operation types
to virtual resources

Figure 3. With an SRMoptimalresultsare obtained

An exampleof constructingsuchan SRMis givenin the
next subsection.

3.2 An exampleof constructing an SRM

Theapproachis illustratedin Figure4. In this example,
for theinstructionsetgivenin Figure4 (d), all thepossible
instructionsare shavn aspointsin the space.The convex
hull of the setof points, computedwith the cdd package
[2], is listedin 4 (a) asa setof inequalities.Notice thatin-
equalitieq1) and(2) definethefunctionalresourceandin-
equalitieq3) to (5) aretranslatednto virtual resourceskFor
example,inequality (3) is translatednto a virtual resource
AM. For reason®f corveniencewe represena virtual re-
sourceby combiningthefirst lettersof all thoseoperation
typeswhich composehevirtual resourceThiswill beused



throughoutthe paper Figure4 (b) givesthe numberof in-

stance®f thoseresourcesThemappingfrom theoperation
typesto thosevirtual resourcess shavnin Figure4 (c). For

example,in inequality(4), thecoeficientof theseconderm
is 2, which implies operationtype shift requiresthe useof

two virtual resource$/ S simultaneously

[add, add, mul, shift]
[add, add, shift, shift]
[add, mul, mul, shift]

(d) an instruction set
V' N(add) + N(mul) + N(shift) <= 4
N(mul) + 2 N(shift) <= 4

shift

(1) N(add) <=2 4A=2
(2) N(mul) <=2 #M =2 add -> A, AM, AMS
S; Zgaddlg * 2‘5\'}2”2;): 8 . #AM =3 mul > M, AM, MS, AMS
mul) + shift) <= -
#MS =4 .
(5) N(add) + N(mul) + N(shift) <= 4 says = 4 shift -> MS, MS, AMS

(a) inequalities (b) virtual resources  (c) mapping from the operation types

to the virtual resources

Figure 4. Constructionofan SRM

4 Optimization of the ISA from the SRM
4.1 Problem statementand approach

Now thatwe have explainedthe SRM approachyve will
use this approachto perform instruction set architecture
(ISA) design.

Usually the instructionsetdesignprocesss performed
independentlyrom thecompiler Thusit couldhapperthat
althougha goodprocessoarchitecturds generatedit can
not producethe desiredperformancdor applicationseven
if alot of effort is put on generatingan efficient compiler
It is a challengeto designan instructionsetfor an ASIP
thatcanbeencodedisingarestrictechumberof instruction
bits, while still offeringasuflicientdegreeof parallelismfor
critical functionsin the targetapplication.We considerthe
following instructionsetdesignproblem.

Problem: Givena setof time critical loop kernelsrep-
resentingan applicationdomain with the corresponding
throughputonstraintandatargetinstructionwidth for the
ASIP, designaninstructionsetandthe correspondingRM
suchthatthethroughputconstraintcanbe satisfied.

Noticing thesimilarity betweerfunctionalresourcesind
virtual resourceswe proposean optimizationflow similar
to theflow in Figurel for allocatingfunctionalresourced
high-level synthesis.

In this optimizationflow, we startwith a defaultinstruc-
tion setand processomarchitectue. Subsequentiythe per
formanceon the critical loops is analyzed,which is ex-
plainedin more detail in the next subsection.If the per

formanceis insufficient, we look for the responsiblgvir-

tual)resource astepcalledbottlene&identification The
SRMis subsequentlynodifiedby e.g.increasinghe avail-

ability of the (virtual) resources.The essentialifference
to the high-level synthesidlow in Figurel is thatwe also
considerthe instructionwidth asa criterionin the design
procesgo evaluatethe modificationamadefor the SRM.

default IS & performance §
processor wordlength

architecture analysis
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Figure 5. Overviav of theinstructionsetdesignflow

4.2 Performanceand bottleneck analysis

Similar to the high-level synthesisapproach,perfor
manceanalysiscanbe doneeitherfastor accurate An ac-
curateanalysisis obtainedby actuallyschedulingthe crit-
ical loops and examining the load diagrams. Theseload
diagramsenablethe designerto identify critical resources.
Alternatively, the performanceon the critical loopscanbe
estimatedn afastway by consideringa well-known lower
bound basedon available (virtual) processorresources,
whichis explainedasfollows.

Suppose loop containingl4 add operationss mapped
on a datapath containingthreeadders. Thenwe needat
Ieast[l—;‘] = 5 clock cyclesto executethe loop. By doing
this calculationfor every available resource we obtaina
lower boundon theinitiation interval of a pipelinedsched-
ule of theloop. Thegenerakxperiencds thatthis boundis
verytight. Thelowerboundindicateshe critical functional
resourcedn the datapath. This estimationcanthereforebe
usedfor bottleneckidentification.

In additionto the allocationof additionalresourcesin
our instructionsetdesignflow we alsohave the possibility
to decreas¢heresourcausageof acritical resourcen order
to relieve thebottleneck Thereforeit is morecorvenientto
considettheinequalitiesasin Figure4 (a), becaus¢hey de-
scribeboththeresourceavailability and,for eachoperation
type,theusageof thatresourceFor example inequality(4)
indicatesthata mul usesoneinstanceanda shift usestwo
instance®f resourceMS, of whichfour areavailable.Sup-
posealoop containg® mul operationsand6 shiftoperations,
theninequality(4) determines lower boundon theinitia-
tion interval in thefollowing way. Thetotal resourcaisage
of virtual resourceMS equalsl x 9+ 2 x 6 = 21. Thisre-
sultsin Il > (2711. In ourapproachwe considetheinequal-
ities thatgeneratehe largestlower boundasthe bottleneck
for satisfyingthe performanceequirementsThe way that



we relieve the bottleneckis explainedin thefollowing sub-
section.

4.3 Modification of the SRM

Supposghatin the previoussubsectioninequality(4) in
Figure4 (a) wasidentifiedasthe bottleneck.We consider
two possibilitiesto modify the SRM.

e Increasehe numberof instancegthe right handside
of theinequality) of virtual resourceMS. This might
resultin anincreaseof theinstructionwidth.

e Decreaséhe largestusage(the shift operation)of the
resourceMS. We considerthelargestusagebecausét
hasthelargestimpacton the lowerbound.

An examplein Figure 7 illustratesthe designprocess.
In this examplewe considera loop with 6 add operations
and 9 mul operations. The initial instructionsetandthe
correspondingnequalitiesare shawvn in Figure6. add is
encodedwith 8 bits, andmul is encodedwith 10 bits. The
performanceequiremenbf theloop underconsideratiorns
givenasll = 5.

@ 8 bits @ 10 bits
[add, add, add] (1) N(add) <=3
[mul, mul] (2) N(mul) <=2
— [mul, add] (3) 2 N(add) + 3 N(mul) <=6

(a) an instruction set (b) the corresponding inequalities

Figure 6. Aninstructionsetandtheinequalities

initial design modifying right side modifying left side
inequality | 2 N(add) + 3 N(mul) <=6 | 2 N(add) + 3 N(mul) <=7 | 2 N(add) + 2 N(mul) <=6
SRM |#A=3,#M =2, #AM =6 |#A=3,#M=2,#AM=7 |#A=3,#M=2,#AM=6
mapping | add -> A | AM | AM add ->A|AM | AM add ->A | AM | AM
mul->M|AM|AM |AM | mul->M | AM | AM | AM mul->M | AM | AM
1S [add, add, add] [add, add, add] [add, add, add]
[add, mul] [add, add, mul] [add, mul, mul]
[mul, mul] [add, add, mul]
Mil max(6/3, 9/2, (2*6+3*9)/6)| max(6/3, 9/2, (2*6+3*9)/7) | max(6/3, 9/2, (2*6+2*9)/f|
=7 =6 =5
Wordlengtlr 24 bits 28 bits 28 bits

Figure 7. Modificationof the SRM

In Figure7, thesecondcolumncorrespondso theinitial
designdepictedin Figure6 (b). Virtual resourceAM with
respecto thethird inequalityis identifiedasthe bottleneck,
whichlowerboundghell to 7 ascalculatedn thesixthrow.
In thethird columnwe evaluatethe decisionto modify the
right handsideof the bottleneckby increasinghe number
of instancedo 7. As aresultof this modification,ll is now
lower boundedby 6. A new instruction[add, mul,mul] is
addedto theinstructionset,therebyincreasinghe instruc-
tion width to 28 bits. In the fourth columnwe evaluatethe

decisionto modify the left handside coeficientsunevenly
by decreasinghe largerone. Thelower boundonthell is
now 5 andthe instructionwidth amountsto 28 bits. From
this example ,we seethe designin fourth columnmeetshe
performanceequirementsalthoughboth designdecisions
increasé¢hewordlengthto 28 bits. We consideamoreelab-
orateexamplein thenext section.

5 CaseStudy

In this sectionwe demonstratéhepracticalapplicabilityof
our instructionsetdesignflow usingthe SRM approach.

inequlity SRM [#N| Il
[, m, m] (@) N(@) + N() <=3 AL | 3|5
[a s s m] @) N(s) + N(l) <=2 sL |2]s
[aas1 @) N(m) + 2N() <= 2 ML | 2] 8
[a a s, m] (@) N(s) + 2N(m) + 3N() <= 4 SML | 4| 8
[a.a,a,m (5)| N(a) + 2N(m) + 3N(l) <= 5 AML | 5] 7
[aaass] N +N(s)+2N(m) + 2N() <=5 | ASML| 5 | 7

(a) instruction set (b) SRM and the estimated initiation intervals

Figure 8. Aninstructionsetandthe SRM

For the instructionsgivenin Figure 8 (a) an SRM can
be obtainedusingthe approachin Section3. We usethe
fastmethodfor performanceevaluationexplainedin Sec-
tion 4 ratherthanperformingdetailedscheduling Sincethe
topologyof the DFG of theloopis irrelevantfor this analy-
sis,welist only thenumberof operationsandtheirresource
usages.We assumehe loop contains9 add operations3
suboperations4 mul operationsand6 |d operationsadd
andsubareencodedwith 8 bits each,mul andld with 16
bits. For reasonof corvenience we abbreviate add, suh
mul andld asa, s, mandl. Theinstructionwidth is con-
strainedto 40 bits. Thefourth columngivesthe numberof
instance®f eachvirtual resourceandthefifth columnlists
the estimatedinitiation interval for eachvirtual resource.
Assumingthe objective Il is 6, this designis far belov the
performanceequirements.

new inequality Il | extra instructiong WL
3141 | N(m) + N(l) <=2 5 [m |] 40
N(s) + 2N(m) +2N() <=4 | 6 '
3r4r|N(m) + 2N() <=3 6 [m, 1] 40
N(s) + 2N(m) + 3N() <=5 | 6 [s, m, m]
3l4r | N(m) + N(l) <=2 5 [m, ] 40
N(s) + 2N(m) +3N() <=5 | 6 [s, m, m]
3r4l [N(m) + 2N() <=3 6 m, 1] 40
N(s) + 2N(m) + 2N() <=4 | 6 '

Figure 9. Modificationfor candidateg3) and(4)

Figure9 shavsthedifferentresultsby applyingthemod-
ification methodsn Section4 to the bottleneckcandidates
(3) and(4). Thefirst columnrefersto the designdecision



underevaluation. For example, ‘3l4r’ representshe de-
cision to modify the left handside of inequality (3) and
the right handside of inequality (4). The secondcolumn
presentghe modified inequalities. The third column es-
timatesthe Il accordingto the new SRM. Becauseof the
modification theresourceonstraintarerelieved,andsub-
sequentlymoreinstructionsareallowed. Thefourthcolumn
givesthenew instructionsbesideghosealreadyprovidedin
Figure8 (a). The fifth column calculateshe wordlength
with the new instructionset.

From Figure 9 we can seethat all designssufficiently
reducethe bottleneck. We choosethe designof rwo three
for next iterationbecauset givesthe bestcombinationof
performancemprovementandextrainstructions.The next
identified bottlenecksare virtual resourceg5) and (6) in
Figure8 andthe sameproceduras repeatecandshawvn in
Figure10. Fromthis figure,we canseethatthe seconcand
third designexceedthe wordlengthlimitation and have to
beomitted. Thefirst andfourth designmeetboththetiming
andcodesizeconstraintaandareacceptable.

new inequality Il extra instructions WL|
5161 [ N(a) + 2N(m) + 2N(l) <=5 6
N(&) + Ns) + 2N(m) + N()y <=5 | 6 | > ™ b 18 40
5r6r| N(a) + 2N(m) + 3N(l) <=6 6 [[a,m,]
N(a) + N(s) + 2N(m) + 2N() <=6 | 6 |[a,s,m, m],[a,a,m,m] |48

[a,a s s,m,[aaas, m

516r | N(a) + 2N(m) + 2N(l) <=5 [a,m, 1]
N(@) + N(s) + 2N(m) + 2N() <=6 | 6 |[a, s, m, m] 48
[a,as,5,m], [a a a s, m]

o

56l [ N(a) + 2N(m) + 3N(l) <= 6 6

N(a) + N(s) + 2N(m) + N() <=5 | 6 fs.m. ], fa. m. 40

Figure 10. Modificationfor candidateg5) and (6)

6 Conclusions

In this paper we proposea methodfor the designof code
sizeefficientinstructionsetprocessorsargetedto a certain
application(domain). We usethe Static ResourceModel
(SRM)of aninstructionsetwhichallowsto reasoraboutthe
instructionsetconstraintsn termsof thelimited availability
of (virtual) functionalresourcen thedatapathof a proces-
sor. As aresult,efficient compilationcanbe performedus-
ing classicresourceconstrainedschedulingalgorithms,in-
steadof the poorly performingcodegeneratorghat apply
explicit instructionselection. The SRM approachalsoal-
lows instructionsetdesignin termsof allocating(virtual)
functionalresourcesa practicalmethodusedin the High-
Level SynthesigHLS) of ASICs. We have describedanit-
erative designflow comprisinga bottleneckanalysisbased
on fast performanceestimationof the instructionseton a
setof performance-criticaloops. The availability of criti-
cal virtual resourcess increasedo relieve the bottleneck,

resultingin an extensionof the instructionset. A small
casestudy demonstrateshe practical applicability of the
SRM approactto instructionsetdesign. The resultingin-
structionsetis supporteddy efficient classicresourcecon-
strainedcompilation, therebypreventing the considerable
performanceverheadntroducedy explicit instructionse-
lection,currentlyusedin ASIP compilers.

We intendto extendour work to supportmoreversatile
instructionsets,for examplean instructionset containing
both16 bits and32 bitsinstructions.
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