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Abstract

Thedesignof application(-domain)specificinstruction-
setprocessors (ASIPs),optimizedfor codesize, hastradi-
tionally beenaccompaniedby thenecessityto programas-
sembly, at leastfor theperformancecritical partsof theap-
plication. Thehighly encodedinstructionsetssimplylack
the orthogonal structure presentin e.g. VLIW processors,
thatallowsefficientcompilation.Thislack of efficientcom-
pilation toolshasalsoseverely hamperedthedesignspace
explorationof code-sizeefficientinstructionsets,andcorre-
spondingly, their tuningto theapplicationdomain.In [13]
a practical methodis demonstratedto modela broadclass
of highly encodedinstruction setsin termsof virtual re-
sourceseasily interpretedby classicresource constrained
schedulers (such asthepopularlist-schedulingalgorithm),
therebyallowingefficientcompilationwith well understood
compilationtools. In this paper we will demonstrate the
suitability of this modelto also enableinstructionsetde-
sign (-spaceexploration) with a simple, well-understood
and provenmethodlong usedin the High-Level Synthesis
(HLS) of ASICs. A small casestudyprovesthe practical
applicabilityof themethod.

1 Intr oduction

Application (-domain) specific instruction-setprocessors
(ASIPs)arebecomingincreasinglypopularin systemson
a chip (SoCs)becausethey offer the possibility to exploit
thecharacteristicsof theapplication(-domain)to gaincon-
siderablesavings in silicon area,power consumption,and
codesize. Thereareroughly threeways to tunean ASIP
coreto anapplication,thatcanbeusedin combination:

� By synthesizingacommunication(busses)andstorage
(registers)infra-structure,just sufficient for theappli-
cation.

� By hardware acceleration[9]. Functionalunits are
addedto the datapath that performrelatively coarse
grainfunctionscharacteristicof theapplication,for ex-
ampleabutterflyunit in anFFTprocessor.

� By minimizing the width of the instructionsrequired
to control a given datapath [12]. Oneway is to en-
code frequentlyoccurring (sequencesof) operations
with shortinstructionwords. Anotherpossibility is to
limit the numberof instructionsby restrictingcertain
combinationsof operationsthatthedatapathcanexe-
cutein parallel.

Hardwareaccelerationpotentiallyoffersthelargestben-
efitsonall accounts,especiallyfor applicationsthatcontain
muchregularity. It is alsothemostcomplex methodfor the
designerbecauseit requireschangesin thecommunication
andstoragehardwareandthedesignof thededicatedfunc-
tional units. Thementionedwaysto tunetheASIP coreall
have thesameseveredrawback: They addthenecessityto
‘recognize’in theapplication,instructionssupportedin the
tunedinstructionset. Often this taskof recognition(code
selection)is performedby the programmerhimself, either
by writing assemblyor with the useof APIs in the source
codeto call thededicatedinstructionsor hardware.Bothre-
quirea lot of sourcecoderewriting andlow-level program-
ming, andbotharedetrimentalfor the maintainabilityand
portabilityof thecode.Alternatively, thecompilercontains
a codeselectionphasethat recognizesvalid instructionsin
theDataFlow Graph(DFG), oftenusingpatternmatching
andgraphcovering techniques[4], [5]. Unfortunatelythe
resultsof applyingthesetechniqueshave beenquitedisap-
pointing. They arefor a largepart responsiblefor thecon-
siderableoverheadin both schedulelength and codesize
(reportedin the orderof 800%[7]) of compilergenerated
codecomparedto manuallywrittenassemblyfor ASIPs.

A way out of this statusquois offeredby theStaticRe-
sourceModel (SRM) [13] approach.The SRM approach
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targetsinstructionsetsthatareminimizedby restrictingcer-
tain combinationsof operationsthat thedatapathcanexe-
cute in parallel. Instructionsetsin this class,which con-
tainse.g.theso-calledissueslotmachines,canbemodeled
in termsof virtual resources,easily interpretedby classic
resourceconstrainedschedulerssuchas the popular list-
schedulingalgorithm.Thisalternativemachinemodelwith
virtual resourcesthereforeallows efficient resourcecon-
strainedcompilationwith well understoodandwidelyavail-
ablecompilationtools, ratherthan the poorly performing
compilersbasedon instructionselection.

The SRM approachalso enablesinstruction set de-
sign (-spaceexploration)with an equallywell-understood
andprovenmethodlong usedin the High-Level Synthesis
(HLS) of ASICs [1]. This method,illustratedin Figure1,
analyzesthetimecritical loopsfor bottlenecksin theavail-
ability of processorresourcesrequiredto obtainthe target
schedulethroughput. Thesebottleneckscan be identified
by schedulingtheloopandexaminingtheloaddiagramsof
the functionalresources.The load on critical resourcesis
thenrelievedby allocatingadditionalresources.Thepoten-
tial useof thismethodfor instructionsetdesignis basedon
theobservationthat both theavailability of real functional
resourcesand virtual resourcescanbe adaptedwhencon-
sideringtheSRMof aninstructionset.Increasingtheavail-
ability of virtual resourcesresultsin anextensionof thein-
structionset. We presumethereforethat theSRM view on
an instructionsetallows instructionsetdesignin termsof
allocatingresourcesjust sufficient to efficiently executethe
critical loops.
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Figure 1. Designflow of ASICs

The resultinginstructionsetcanbe implementedasan
ASIC or anASIP. ASIPscanbereprogrammedafter fabri-
cation. In order to tunethe instructionsetof a fabricated
ASIP to an application,the instructiondecodershouldbe
reconfigurableto a certaindegree.Note that thereal (non-
virtual) resourcesareconsideredfixedin thiscase.

This paperis organizedas follows. Section2 presents
the basicdefinitions. Section3 addressesthe problemof
constructinganSRM of aninstructionset. In section4 we
proposean instructiondesignflow basedon the SRM ap-
proach.In Section5, a smallcasestudyis presented.Con-
clusionsandfuturework arediscussedin Section6.

2 Definitions

A DSP algorithmcan be expressedas a dataflow graph,
which describesthe primitive operationsperformedin an
algorithmandthedependenciesbetweenthoseoperations.

Definition 1. A dataflowgraph(DFG) is a tuple
�
V � E � ,

whereV is thesetof vertices(operations)andE � V � V is
thesetof precedenceedges.

In thispaper, weconsidersoftwarepipelinedloops.The
initiation interval (II ) is theperiodin betweentwo succes-
sive executionsof the loop. In a processorarchitecture,a
functionalresourcecanbe usedin differentways. E.g., a
functional resourceALU canexecutean operationadd or
a subtract, etc. For reasonsof complexity, we do not wish
to enumerateall possibleusesof a functional resourcein
aninstructionset. Therefore,we considerthecollectionof
theseusesof a functionalresourceandassociatewith it an
operation type. Thesetof operationtypesis denotedasT.
An instruction is now definedasa combinationof opera-
tion typesthatcanbeexecutedin a singleclock cycle. For
example,instruction � add � mul� performstheoperationtype
add andmul in parallel.

An operationtype can appearmultiple times in an in-
struction. For anoperationtypeop in an instructionI , we
denotethis numberby I

�
op� . If for two instructionsI0 and

I1, I0
�
op� is always at most equalto I1

�
op� for eachop-

erationtype op, we say that instructionI0 is containedin
instructionI1. In this paperwe considerinstructionsetsIS
wherefor eachinstructionI0 all containedinstructionsare
alsoin IS. We call theseinstructionsetsprefixclosed.

The codegenerationproblemis to find a scheduleof
a DFG, i.e., to determinea start time for eachoperation,
that satisfiesprecedenceconstraintsandarchitecturalcon-
straints.Thesearchitecturalconstraintscanbemodeledei-
ther asan instructionsetor by introducingfunctionalvir-
tual resourcesandassociatinga certainvirtual resourceus-
agewith eachoperation.Thecorrespondingresourcecon-
straintsarestatic in thesensethatthey only providea fixed
upperlimit andany usageof theresourceswithin thelimit is
valid. We saythattheproblemhasa staticresourcemodel.

Definition 2. A StaticResourceModel(SRM)is amodel
for generatingstaticresourceconstraints,where	 R is asetof resources,	 τ is a functiondefiningtheresourcesin R thatanoper-
ationneeds,	 #r denotesthenumberof instancesof eachresource.

For example,in Figure4 (b), the setof resourcesR is
listed.Togetherwith functionτ asin Figure4 (c), it models
theinstructionsetin 4 (d).

In general,operationtypescanbe associatedwith axes
andinstructionscanbegeometricallyrepresentedaspoints
in themulti-dimensionalspaceasdepictedin Figure4. In
this space,instructionI1 � add � add � mul � shif t � is drawn as



point p7, with coordinatesI1
�
add � , I1

�
mul� and I1

�
shif t � .

The set of points representingthe IS canbe boundedge-
ometrically (seeFigure 4) by a set of planes,called the
convex hull. Eachsuchplanecorrespondsto an inequality
(Figure4 (a)) that constrainsthe parallelismof operations
allowedin any instructionin IS.

Theconvex hull problemis definedasfollows: Givena
setof points(valid instructions),constructits convex hull as
asetof m inequalities:

conv
�
IS��

���x � A�x � b � (1)

wheren 
��T � , A � Rm � n andb � Rm.
In this convex hull, eachinequality correspondsto a

maximumresourceusagein theSRM.
Theconvex hull problemis a well-known mathematical

problemin thefield of computationalgeometry, for which
algorithmsareavailablethatserve our purposes.Theseal-
gorithmsare not relevant to our research,so we will not
discussthem.

3 The Static ResourceModel

In this section,we illustrate our methodfor constructing
anSRM for an instructionset. It is a generalizationof the
methodin [13].

3.1 Advantageof the static resourcemodel

As wementionedbefore,codegenerationfor ASIPcores
makes it necessaryto recognizevalid instructionsin the
DFG. This task is referredto as instructionselection. It
is performedby coveringthe DFG with valid instructions,
suchasdepictedon theleft handsideof Figure2.
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Figure 2. Instructionselectionprior to scheduling
mayyield inferior results

The main issueintroducedby highly encodedinstruc-
tion setsis the issueof phasecoupling: On the onehand,
if instruction selectionis performedprior to scheduling,
theoptimalschedulecaneasilybeeliminatedasthe result

of the choicesmadeduring instructionselection. On the
other hand,if schedulingis performedfirst, the available
instructionsmay not be able to implementthe schedule.
Traditionalmethodsperformthe tasksin differentphases,
therebyyielding inferior schedule.This is depictedin Fig-
ure2. TheDFGontheleft handsidehasbeencoveredwith
machineinstructions.Theassociatedschedule(6 clock cy-
cles)for this selectionof instructionsis givenon the right
handsideof Figure2.

The merit of the SRM approachis that by transferring
theinstructionsetconstraintsto staticresourceconstraints,
explicit instructionselectionis avoidedand the scheduler
hastheopportunityto generatebetterschedulesin termsof
timing andregisterrequirements.This is depictedin Fig-
ure 3. We seethat the constraintsfrom the instructionset
��� ld � shl����� ld � add �����mul � add ��� canbeexpressedasthreein-
equalitiesin Figure3 (a), which aretranslatedinto virtual
resourcesLM, MS, SA directly. Thenumberof instancesof
eachvirtual resourceis 1. In addition,eachoperationtype
usesthevirtual resourcesthat it is associatedwith. For ex-
ample,mul appearsin inequality (1) and (2), thus it uses
thevirtual resourcesLM andMS. By applyingtheresulting
SRM of theinstructionsetto a resourceconstrainedsched-
uler, weobtainanoptimalscheduleof 5 clockcycles.
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Figure 3. With anSRMoptimalresultsareobtained

An exampleof constructingsuchanSRMis givenin the
next subsection.

3.2 An exampleof constructing an SRM

Theapproachis illustratedin Figure4. In this example,
for theinstructionsetgivenin Figure4 (d), all thepossible
instructionsareshown aspointsin the space.The convex
hull of the set of points, computedwith the cdd package
[2], is listedin 4 (a) asa setof inequalities.Noticethat in-
equalities(1) and(2) definethefunctionalresourcesandin-
equalities(3) to (5) aretranslatedinto virtual resources.For
example,inequality(3) is translatedinto a virtual resource
AM. For reasonsof convenience,we representa virtual re-
sourceby combiningthe first lettersof all thoseoperation
typeswhichcomposethevirtual resource.Thiswill beused



throughoutthepaper. Figure4 (b) givesthenumberof in-
stancesof thoseresources.Themappingfrom theoperation
typesto thosevirtual resourcesis shown in Figure4 (c). For
example,in inequality(4), thecoefficientof thesecondterm
is 2, which impliesoperationtypeshift requirestheuseof
two virtual resourcesMSsimultaneously.

#A = 2

#AM = 3
#MS = 4
#AMS = 4

(1) N(add) <= 2
(2) N(mul) <= 2
(3) N(add) + N(mul) <= 3
(4) N(mul) + 2 N(shift) <= 4
(5) N(add) + N(mul) + N(shift) <= 4

#M = 2

(c) mapping from the operation types

add
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[add, mul, mul, shift]

an instruction set(d) 

add -> A, AM, AMS

mul -> M, AM, MS, AMS

shift -> MS, MS, AMS

(0,0,2)

(1,2,1)

(a) inequalities (b) virtual resources
to the virtual resources

Figure 4. Constructionof anSRM

4 Optimization of the ISA fr om the SRM

4.1 Problemstatementand approach

Now thatwehaveexplainedtheSRMapproach,wewill
use this approachto perform instruction set architecture
(ISA) design.

Usually the instructionsetdesignprocessis performed
independentlyfrom thecompiler. Thusit couldhappenthat
althougha goodprocessorarchitectureis generated,it can
not producethe desiredperformancefor applicationseven
if a lot of effort is put on generatingan efficient compiler.
It is a challengeto designan instructionset for an ASIP
thatcanbeencodedusingarestrictednumberof instruction
bits,while still offeringasufficientdegreeof parallelismfor
critical functionsin thetargetapplication.We considerthe
following instructionsetdesignproblem.

Problem: Givena setof time critical loop kernelsrep-
resentingan applicationdomain with the corresponding
throughputconstraintsandatargetinstructionwidth for the
ASIP, designaninstructionsetandthecorrespondingSRM
suchthatthethroughputconstraintscanbesatisfied.

Noticingthesimilarity betweenfunctionalresourcesand
virtual resources,we proposeanoptimizationflow similar
to theflow in Figure1 for allocatingfunctionalresourcesin
high-level synthesis.

In thisoptimizationflow, westartwith a defaultinstruc-
tion setandprocessorarchitecture. Subsequently, theper-
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 responsible(vir-
tual)resourcesin astepcalledbottleneck identification. The
SRM is subsequentlymodifiedby e.g. increasingtheavail-
ability of the (virtual) resources.The essentialdifference
to the high-level synthesisflow in Figure1 is thatwe also
considerthe instructionwidth asa criterion in the design
processto evaluatethemodificationsmadefor theSRM.
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Figure 5. Overview of theinstructionsetdesignflow

4.2 Performanceand bottleneckanalysis

Similar to the high-level synthesisapproach,perfor-
manceanalysiscanbedoneeitherfastor accurate.An ac-
curateanalysisis obtainedby actuallyschedulingthe crit-
ical loops and examining the load diagrams. Theseload
diagramsenablethedesignerto identify critical resources.
Alternatively, the performanceon the critical loopscanbe
estimatedin a fastway by consideringa well-known lower
bound basedon available (virtual) processorresources,
which is explainedasfollows.

Supposea loopcontaining14 add operationsis mapped
on a datapathcontainingthreeadders. Thenwe needat
least � 14

3 � 
 5 clock cyclesto executethe loop. By doing
this calculationfor every available resource,we obtain a
lower boundon theinitiation interval of a pipelinedsched-
uleof theloop. Thegeneralexperienceis thatthisboundis
verytight. Thelowerboundindicatesthecritical functional
resourcein thedatapath. This estimationcanthereforebe
usedfor bottleneckidentification.

In additionto the allocationof additionalresources,in
our instructionsetdesignflow we alsohave thepossibility
to decreasetheresourceusageof acritical resourcein order
to relievethebottleneck.Thereforeit is moreconvenientto
considertheinequalitiesasin Figure4 (a),becausethey de-
scribeboththeresourceavailability and,for eachoperation
type,theusageof thatresource.For example,inequality(4)
indicatesthat a mul usesoneinstanceanda shift usestwo
instancesof resourceMS, of which four areavailable.Sup-
posealoopcontains9 mul operationsand6 shiftoperations,
theninequality(4) determinesa lower boundon theinitia-
tion interval in thefollowing way. Thetotal resourceusage
of virtual resourceMSequals1 � 9 � 2 � 6 
 21. This re-
sultsin II ��� 21

4 � . In ourapproach,weconsidertheinequal-
ities thatgeneratethelargestlowerboundasthebottleneck
for satisfyingtheperformancerequirements.Theway that



werelieve thebottleneckis explainedin thefollowing sub-
section.

4.3 Modification of the SRM

Supposethatin theprevioussubsection,inequality(4) in
Figure4 (a) wasidentifiedasthebottleneck.We consider
two possibilitiesto modify theSRM.
� Increasethe numberof instances(the right handside

of the inequality)of virtual resourceMS. This might
resultin anincreaseof theinstructionwidth.� Decreasethe largestusage(theshift operation)of the
resourceMS. We considerthelargestusagebecauseit
hasthelargestimpacton thelowerbound.

An examplein Figure 7 illustratesthe designprocess.
In this examplewe considera loop with 6 add operations
and 9 mul operations. The initial instructionset and the
correspondinginequalitiesareshown in Figure6. add is
encodedwith 8 bits, andmul is encodedwith 10 bits. The
performancerequirementof theloopunderconsiderationis
givenasII 
 5.

* 10 bits+ 8 bits

(b) the corresponding inequalities

(2) N(mul) <= 2

(a) an instruction set

(3) 2 N(add) + 3 N(mul) <= 6

[add, add, add]

[mul, mul]

[mul, add]

(1) N(add) <= 3

Figure 6. An instructionsetandtheinequalities
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mapping

MII
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initial design

= 7

24 bitswordlength

2 N(add) + 3 N(mul) <= 6

add -> A | AM | AM

mul -> M | AM | AM | AM

modifying right side

2 N(add) + 3 N(mul) <= 7

[add, add, mul]

#A = 3, #M = 2, #AM = 7

add -> A | AM | AM

28 bits

#A = 3, #M = 2, #AM = 6

2 N(add) + 2 N(mul) <= 6

modifying left side

add -> A | AM | AM

mul -> M | AM | AM

28 bits

mul -> M | AM | AM | AM

= 6 = 5

[add, add, add]

[add, mul]

[mul, mul]

[add, add, add] [add, add, add]

[add, add, mul]

[add, mul, mul]

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)/6)

Figure 7. Modificationof theSRM
In Figure7, thesecondcolumncorrespondsto theinitial

designdepictedin Figure6 (b). Virtual resourceAM with
respectto thethird inequalityis identifiedasthebottleneck,
whichlowerboundstheII to7 ascalculatedin thesixthrow.
In thethird columnwe evaluatethedecisionto modify the
right handsideof thebottleneckby increasingthenumber
of instancesto 7. As a resultof this modification,II is now
lower boundedby 6. A new instruction � add � mul � mul� is
addedto theinstructionset,therebyincreasingthe instruc-
tion width to 28 bits. In thefourth columnwe evaluatethe

decisionto modify the left handsidecoefficientsunevenly
by decreasingthe largerone. Thelower boundon the II is
now 5 andthe instructionwidth amountsto 28 bits. From
thisexample,weseethedesignin fourthcolumnmeetsthe
performancerequirements,althoughboth designdecisions
increasethewordlengthto28bits. Weconsideramoreelab-
orateexamplein thenext section.

5 CaseStudy

In thissection,wedemonstratethepracticalapplicabilityof
our instructionsetdesignflow usingtheSRMapproach.
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Figure 8. An instructionsetandtheSRM

For the instructionsgiven in Figure8 (a) an SRM can
be obtainedusing the approachin Section3. We usethe
fastmethodfor performanceevaluationexplainedin Sec-
tion 4 ratherthanperformingdetailedscheduling.Sincethe
topologyof theDFGof theloop is irrelevantfor thisanaly-
sis,welist only thenumberof operationsandtheir resource
usages.We assumethe loop contains9 add operations,3
suboperations,4 mul operationsand6 ld operations;add
andsubareencodedwith 8 bits each,mul and ld with 16
bits. For reasonof convenience,we abbreviate add, sub,
mul and ld asa, s, m and l . The instructionwidth is con-
strainedto 40 bits. Thefourth columngivesthenumberof
instancesof eachvirtual resourceandthefifth columnlists
the estimatedinitiation interval for eachvirtual resource.
Assumingtheobjective II is 6, this designis far below the
performancerequirements.

3l4l

3r4l

3r4r

3l4r

II

5
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6
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5
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6
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N(m) + N(l) <= 2
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N(s) + 2N(m) + 3N(l) <= 5

N(m) + N(l) <= 2
N(s) + 2N(m) + 3N(l) <= 5

N(s) + 2N(m) + 2N(l) <= 4
N(m) + 2N(l) <= 3

extra instructionsnew inequality WL

40

40

40

40

[m, l]

[m, l]
[s, m, m]

[m, l]
[s, m, m]

Figure 9. Modificationfor candidates(3) and(4)

Figure9 showsthedifferentresultsby applyingthemod-
ification methodsin Section4 to thebottleneckcandidates
(3) and(4). Thefirst columnrefersto the designdecision



underevaluation. For example, ‘3l4r’ representsthe de-
cision to modify the left handside of inequality (3) and
the right handsideof inequality(4). The secondcolumn
presentsthe modified inequalities. The third column es-
timatesthe II accordingto the new SRM. Becauseof the
modification,theresourceconstraintsarerelieved,andsub-
sequentlymoreinstructionsareallowed.Thefourthcolumn
givesthenew instructionsbesidesthosealreadyprovidedin
Figure 8 (a). The fifth columncalculatesthe wordlength
with thenew instructionset.

From Figure 9 we can seethat all designssufficiently
reducethe bottleneck.We choosethe designof rwo three
for next iterationbecauseit givesthe bestcombinationof
performanceimprovementandextra instructions.Thenext
identified bottlenecksare virtual resources(5) and (6) in
Figure8 andthesameprocedureis repeatedandshown in
Figure10. Fromthisfigure,wecanseethatthesecondand
third designexceedthe wordlengthlimitation andhave to
beomitted.Thefirst andfourthdesignmeetboththetiming
andcodesizeconstraintsandareacceptable.
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extra instructionsnew inequality

[s, m, m], [a, m, l]

Figure 10. Modificationfor candidates(5) and(6)

6 Conclusions

In this paper, we proposea methodfor the designof code
sizeefficient instructionsetprocessorstargetedto a certain
application(domain). We usethe Static ResourceModel
(SRM)of aninstructionsetwhichallowsto reasonaboutthe
instructionsetconstraintsin termsof thelimitedavailability
of (virtual) functionalresourcesin thedatapathof aproces-
sor. As a result,efficient compilationcanbeperformedus-
ing classicresourceconstrainedschedulingalgorithms,in-
steadof the poorly performingcodegeneratorsthat apply
explicit instructionselection. The SRM approachalsoal-
lows instructionsetdesignin termsof allocating(virtual)
functionalresources,a practicalmethodusedin the High-
Level Synthesis(HLS) of ASICs. We have describedanit-
erative designflow comprisinga bottleneckanalysisbased
on fastperformanceestimationof the instructionseton a
setof performance-criticalloops. Theavailability of criti-
cal virtual resourcesis increasedto relieve the bottleneck,

resulting in an extensionof the instructionset. A small
casestudy demonstratesthe practicalapplicability of the
SRM approachto instructionsetdesign.The resultingin-
structionsetis supportedby efficient classicresourcecon-
strainedcompilation, therebypreventing the considerable
performanceoverheadintroducedby explicit instructionse-
lection,currentlyusedin ASIPcompilers.

We intendto extendour work to supportmoreversatile
instructionsets,for examplean instructionset containing
both16bitsand32bits instructions.
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