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Abstract

Existing method for the designof applicationspecificin-
structionset processorsare tailored to the doman of data-
domindedapplicdions,whicharecharaterizedby extensie
computationsandfew brandes.In this paper we proposeto
combne a selectionof currentdata-donmateddesignmeth-
odsto form anintegrateddesignmethalology.

Designmethoddor the control-dominatedarearequirean
extendedsetof informationon apgdication charaterisics in
orderto effectively hande mary branclesintersectedwith
only smalldata-flav blocks. Therefore,weintrodue amulti-
layer apgication represetation that capture control, data,
andtiming dependenciesas well as further anndations, to
form a basisfor transferringthe methoalogy to the control-
dominaeddoman. Basedonthisrepresentdon, we propose
amethodto resole schediling conflicts betwea tight dead
lines. Thismethoddemamstrateghe potentialof thenew rep-
resentation.

1 Introduction

Most researchpubications on apgication-specificinstruc-
tion setprocessorg(ASIPs)concentrateon the designof dig-
ital signalprocessors(DSPs). Somepulicationson micro-
controllersand Prolog processorsexist [9], but they tendto
focusmoreonimplementéion detailsthanon algorithmsfor
automdic instruction-setonstruction.

DSP architectues are data-doninatedin that their appli-
cationshave long arithmetic sectionsbetwea cortrol-flow
bourdaries;.e. betweerbrancles.

Exampes of ASIPsin the cortrol-dominateddomainare
the building blocks of network processorgNPs),suchasa
heacar parser[7], which extractsfields out of paclet head
ers,or a protocol engine, whichimplementsprotocd FSMs.
Both tasksconsistmainly of branchdedsionswith only few
computations.Implemenationof suchFSMshasbeen inves-

tigatedfor ASIC high-level synthesigHLS), mainlyfor auto-
motive applicatiors [4], but notfor programmale cores.The
maindifferencebetwea thesetwo appro&hesis thefactthat
HLS optimizesthe circuits for a single applicaion wheres
anASIP mustsuppat avariety of apgications,including fu-
ture applicdionsthathave not been specifiedat designtime,
whichintroduesaflexibility factorthatis hardto quariify.

Onahighe abstractiorevel of asystem-on-a-chifSoC),
corsiderableresearcthasbeen corductel in the communi-
catiors area. An appro&h to quickly implemen nev com-
munication protocds in a mixed hardware/software system
canbefoundin [15]. The systemis not supposedo run ary
otherprotocd afterimplemernation, but optimizes the cost-
performare trade-of. Approachesfor more flexible NPs,
but alsoon a rathercoase-grainedSoClevel, aredescribed
in [3, 16, 21]. In contrastwe focuson the computerassised
gererationof a fine-graired instructionsetfor a specidized
processingcoreasonebuilding block of anSoC.

In this paper we cortribute three conceptsthat form the
basisfor furtherresearchFirst of all, in Section2 we intro-
duce anintegratad appro&h for the designof ASIPs. Sec
tion 3 summarizesxisting solutionsfor individual stepsof
this designmethalology Secadly, in Sedion 4 we present
our apgication represetation that is particularly suitedfor
the control-dominateddomain. Finally, the useof this rep-
resentatioris demorstratedin Section5 by an optimization
techriquewe call branch postponing thatresolesschediling
corflicts betweendeallines. Sedion 6 condudesthe pape.

2 ASIP Design Methodology

To derive an ASIP from apgicationsin the target domain
we combire a numker of techniquesinto a designmethoal-
ogy for ASIPsasshaown in Figure1l. The designe specifies
a suite of applicaions or partsof applicdions thatare char
acteristicfor thetamgetapgication-doman. Thisis donein a
high-level languae, suchasC. A compilerfront-endtrans-
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latesthis specificdion to anintermediataepresentatioR),
whichcanusuallybevisualizedasagraph,e.g.acortrol/data
flow graph(CDFG), of basicinstructions,suchasadd sub-
tract, shift, multiply, divide, etc.
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Figure 1: ASIP designmethalology

Basedon anarchite¢uretemplatethis graphis optimized,
emplgying methodsfoundin the conpiler literature[1], and
graphnodesareschedledinto time steps.Recuring instruc-
tion patternsareidentifiedthat are cardidatesfor hardware
implemertationto rendercodeexecutionmoreefficient. Op-
timizations,schedling, andpatternfinding have asignifican
impacton ead otherandarethusinterwoven. Theresultof
this processis a setof canddate patternsalongwith statisti-
calinformationabaut their ocaurrenceandtheir berefit. This
is alsothe point whereinformationfrom the individual ap-
plicationsin the setis melgedbeausethe valueof a pattern
is independent of the applicationin which it appeas. Based
on the statisics, patternsare selectedo be implemente as
instructionsanda processordescriptions geneated.

The completemethoalogy canbeiteratedby feedingthis
processordescriptionbad into the patternfinder. Oncethe
designe is satisfiedwith the outcane, the descriptionis im-
plemerned. Retagetdle tool suitesareusedto quicky build
a development ervironmentaroundthe processor including

simulator assemblercompiler anddetugger[13]. A recen
developnent is that tools can even be gereratedautamati-
cally for the new processofrom aformal processodescrip-
tion [14, 8].

3 State-of-the-Art Ingredients

In this sectionwe give an overview of existing method for
individual stepsof our designmethodlogy. A comigler
front-endtransformgprograns from a high-level languaeto
an IR. Possibletypesof IRs are the subjectof Section3.1.
Innumeablewaysto optimizeprogramsandschedile opera-
tionscanbefoundin the comgpler literature[1]. Section3.2
summarizestratgiesfor patternfinding in programs.Ow-
ing to the lack of automaic estimatesof implemenation
comgexity andtuning opporturities, the definition of a new
instructionsetis still a largely marual task. The designof
compglersfor newv ASIPsis the subjectof Sedion 3.3.

3.1 Intermediate Representation

A crucid point for the designmethalology is the interme-
diate representi#on (IR) of applicdions, which is andyzed
to find optimizatiors andinstructionpatterns Restrictionsof
the IR inadwertentlyresultin defidenciesfor the entirepro-
cessbecaisethe effectivenessof optimizatiors deperls on
the setof available information.

TheinformationthatanIR for ourtargetdoman mustcon
vey is

o cortrol flow aswell asdataflow;

e corcurreny and sequetiality;

e timing corstraints,and

e asmuchof theapgication develope’s expertiseaspos-
sible.

An overview of the models commaly usedin hard-
ware/softvare co-design (HSC) at systemlevel is given in
[5]: FSMs, discrete-gent systems,Petri nets, data-flav
grapls, commnunicatingprocessesandsynchromus/reactie
modds, aswell asseveral derivatives thereof.

In [4], anFSM notationspecidized for cortrol-dominated
modsds is introduced, calledco-design FSMs (CFSMs).Fur-
thermore, for the software part a directed agyclic graph
(DAG) mockl is reduedto a software graph, which is sup-
posedto allow somespecialoptimizaions impossiblewith
control-flow graphs.The CFSMappro&h wasthenexterded
into Function Flow Graph (FFG)modds [17]—anFSMwith
datamanipuation coce in ead node wherethe FSM rep-
resentsthe cortrol flow and the code representghe data
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flow. An FFG canbe describé in a C-Like Interchange
Format (CLIF). In [18], an FFGis anndatedwith desigrer
provided addtional information—manly visit probalilities
of nodes—whichmalesit an attributed FFG (AFFG). Sev-
eraloptimizaion stratgiesfor thosegraphsaresuggetedin
[17, 18].

3.2 Pattern Finding

A simpleappoachfor ASIP instructionsetdesignpropcsed
in [20] is to analysethe data-flav grapts (DFGs)in aCDFG
to find frequerntly recurringinstructionsequences. Appropri-
ate hardware resourceghat implemen thesesequacesare
thenmanudly addedto speedup programexecution,andthe
codeis modified to make useof thenew resourcesThesewo
stepssequeneandysis andaddng correspoding resource
to thehardware, areiterateduntil theresultis satishictoryfor
thedesigrer.

Theappro@h presentedh [10] doesthe samecorsidering
parallel opeationsratherthensequenes,andis targetedfor
pipelined processorsParalleloperatiors in DFGsaresched
uled into time steps,and operationsin the sametime step
form aninstruction.A simulatedanrealingalgarithm is then
usedto modify the original operationschediling to find bet-
ter instructionsets. Moreover, differentopaand encodngs
aretried out in orderto med a given instruction-sizecon
straint.

Insteadof startingfrom the most simple instructionset,
otherappro@hesarebasednexistingprocessocores, asde-
scribedin e.g.[9], in anattemptto keepdesigncostandtime-
to-marletlow. Thesecoresarethenmanudly extendedwith
applicdion-specifidnstructiongo speecup critical code sec-
tions.

In [2], partsof the above appr@achesare combinal: Ex-
isting processorsre exterdedfor an apgication domain by
finding two-dimersionalpatterng(i.e. consistingof sequen-
tial and parallel opeations)that shareat leastone operarl
andimplementing themasspecialinstructions.Applicatiors
arenotrepresetedby thecomgler output directly but by ex-
ecutiontracesthusallowing the detetion of patternsacross
control-flov boundaries,and a betterestimateof their fre-
quercy of occurence.

The pattern-mathing algarithm that works on thesetra-
cesdevelops its patternlibrary on the fly: It startswith a
library of basicoperationsandtheniteratively addsall possi-
ble comhinationsof eachoperationnodewith its neightors,
i.e. othernodes that shareat leastone operand with it. This
library is thenusedto cover the applicationgraphsuchthat
eachoperationis covered by exactly one pattern. A varia-
tion of dynamic programmingis employed to minimize the
implemertation costof the cover.

The patterndound aresortedby the numter of timesthey
ocaur in the applicdion graphsand by their popularity for
covering. From this list, patternsare manudly selected
grouped,andimplemented.

3.3 ASIP Compiler Design

Thedesignof acomgler for anASIP is tightly couded with
the designof the ASIP itself becawse the appro&@hesused
in instruction-segenegation are similar to instructionselec-
tion in complers. Furthermoe, the automaic gererationof
comilersfrom processodescriptionss anactive field of re-
search14, 8].

In [22], theimplemenationof aC compilerfor aparticular
network processoris described The focusis on operatiors
on variable-lengthbit-vedorsthatarenot aligned on register
boundariesand may even spanacrosstwo registers. Also,
suppat for arraysof bit vedorsis proposed

4 Multi-Layer Intermediate
Representation

In [2] it was found that the comgler outputis not a goad
apgication represetation to work on becase it provides
no information abou the probalility with which individual
branthesaretaken. The corsequene wasto useexecution
tracesinstead. In orderto reveal even more of the seman-
ticslostenroutefrom the develope’s expertiseto theassem-
bly code, we go to a higherabstractiorievel andintroduce a
programrepresentatiothat allows programnersto express
more of their apgdication expertise,suchasrangesfor loop
cowuntersandtiming corstraints.

We startwith the intermediaterepresetation (IR), which
is thedatastructureon which compilerswork, becaiseit de-
terminesthe set of possiblemethod to derive information
abaut the apdication, possibleoptimizatiors and ultimately
abaut advantageousprocessor structures. From an IR that
allows all desiredmethals it canthenbe corcludedwhich
anrotationsa high-level languagehasto provide.

IRs have a graphstructurewith nodes anddirectededges
thatrepresentlepemendesbetwea nodes. Nodesandedges
are anndated with information that is useful for the pro-
cess. Dependenciesthat should be expressedfor control-
dominatedapgicationsare

o data dependercies for compuations using results of
othercompuations,

e cortrol depandercies that determinethe cortrol-flow
throughanapgication,and
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e time dependendes to expresstiming constraintsand
synchraizationwith the ervironment.

Data dependencies are expressedusing data-flav grapts
(DFGs), where nodes representthe operatiors, incomng
edges the operanls,andoutgoing edgestheresults.

Control dependencies arerepresentedh a Petri-netnota
tion. The nodes (“places”) represenblocks of operatiors,
i.e.,they contan DFGs. Theedges (“relations”) shav where
the controlflow (“token’) leads,andcanbeuncmditionalor
condtional. Condtional edgesoriginatein a datanodeof a
DFG internalto a control node The false-edges taken if
theresultof the datanodeis zero. Thetrue-ed@ is taken if
the resultis not equal zero. Moreover, the modd not only
allows the expressionof if-then corstructsbut also of case
statements.For this purpose,the edges are anrotatedwith
the valuefor which they aretaken. A default edgemustbe
providedto preventdeadlocks.

To expresspardlel threadsof controlin a Petri-netmodd,
the controlflow cansplit up atbars(“transitions”)with more
thanoneedge leaving a bar Threals arejoined whentheir
control edgesenterthe samebar.  Control only proceeles
pasta bar whenthe control flow of a threadhasarrived at
eachincomingedge.This providessynchraizationbetwea
threads.Thecortrol flow of a programstartsata START bar
andendsatanEND bar

AstheDFGsin cortrol nodes (Petriplaces)rely oncompu-
tation resultsof othercortrol nodes, datadependaciesalso
exist betweencontrolnodes, forming asecondevel of DFG.
This meta-DFG overcomestheimperatie to storeall results
of computationsatevery cortrol-flow bourdaryin eitherreg-
istersor memory andallows optimizationrunsto move com-
putationnodesacros<ortrol-flow boundaries.Thisis partic-
ularly usefulfor control-doninatedapplicaionsin whichthe
sizeof DFGsin control nodesis often very smallandonly
their extersion acrass cortrol-flow bourdarieswill allow an
effective optimization

A control node however, may be reachd by morethan
onecontroledgeandead of thesecontroledgesmayrequire
adifferentsetof meta-DFGedges to be usedfor the conmpu-
tationin the controlnode. Hence, sourcesnustbe selectable
by the control edges. This is represeted by a multiplexer
consistingof one box per arriving control edge Eachbox
joinsacontroledgewith the meta-DFGedges it requires.

Finally, a way of representindgime dependencies are out-
put transition graphs(OTGs) as introduced for cortroller
FSMsin ASICs [12], where edges are annotded with the
minimum and maximun time betwesn nodes andschediled
nodes areanrotatedwith the determinedime step,given for
instancdn processorcycles.

We comline DFG, Petrinet, meta-DF5, and OTG into a
multi-layer IR with asinglestartnodeandasingleendnode.

Existing optimizaion runsthat have been propose for one
of the original grapts canstill be usedby working only on
the correspoding layer Figure2 shaws the differentlayers
in asimpleexamplegraph.

As graph operdions need more information, nodes and
edges can be further anrotated, e.g., schedled datanodes
will have an associatedime step,condtional control edges
may be anrotatedwith the minimum andmaxmum numbe
of timesthey aretakenin onerun, or DFG edges may have
ranges of legal values imposedon the varialles they repre-
sent.

Seaquentiality is expressedvith data-depndency andtim-
ing edges. Conalrreny canbefoundon several levels:

e Nodesin aDFGthatcamotreachtheother(obeying the
directionof edges) canbe executedin parallel.

e DFGsin thesamecortrol noderepresenparallelism.

e An controledgecansplitupatabarandleadto multiple
cortrol nodes.

Hene, the multi-layer IR fulfills all requirenentspostulated
atthebeginning of this section.

4.1 Nodesfor Data-Dependent Delay

In cortrol-dominatedapplicaionstiming corstraintsare of-
tendatadepemlent,i.e.,therequiredtime betwesntwo nodes
is deteminedby a systeminput. Onesuchproblemin a net-
work processoris thetaskof finding the beginning of a TCP
padket healer after a variable length IP healer The length
is enmdedin aheackr field andthis value correspordsto the
numter of inputwordsto bidebeforethe TCPheacdkrappars
atthe network interface.

In orderto provide an expressiorfor this depenleng, we
furtherexterd the multi-layer IR by atype of operationnode
that comectsthe DFG layer with the timing layer. We call
this node a delay node. It hasone DFG edgeas an input
whosevalue deteminesthe delay that the noderepresents,
given in the sametime unit asthe edges in the timing layer
of themulti-layerIR. Furthermoreto bemeanindul, adelay
node must have an incoming and an outgang timing edge
beauseits purpcseis to provide a particulardelay betwea
two othernodes.

Thedelaynocke is a virtual noce in thatit doesnot trans-
latedirectly to a primitive processoinstruction.Insteadjt is
transformednto one of two possibleimplemenation types.
It canbeimplemerned

1. entirelyin softwareby moving a startvalueinto aregis-
ter andthenexplicitly deadementingthis registerin ap-
propriateintervals andbranchng when it reachs zero,
or
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Figure2: Example of multi-layerIR graph

2. partially in hardware by providing a courter register
that is implicitly decrenentedby a corstant value—
typically by one—and comparedto zeroin eachclock
cycle. Whenthe courter reacteszerothenthe program
courterof theprocessoris setto anaddresshatis stored
in asecomw specialregister

The softwareimplementationmay requirequite a nunber
of instructionsin the applicationcodefor the repeatedsub-
tractionandtestfor zero.Eachadditioral instructioncompli-
catestheinstructionschediling process.

In comparison,the hardware solutionrelieson addtional
infrastructure Moreover, a counte canbe usedfor only one
delay nodeat a time. Startingthe counter in the applica
tion coderequiresat mosttwo move instructions—oneo set
the start value of the courter and one to setthe jump ad-
dressin the secoml register Writing the startvalue to the

cownter, however, need to be schedledin preciselythe cy-
cle requiredby the timing edges thatleadto the delaynode
Otherwisethe courterwould notgo off attheintended point
in time.

We canachieve the freedomto schedile the cownter start
earlieror later by introdudng anotter add or subtract node
respectiely, to adjustthe startvalue accadingly. This addi-
tionalnode maybearithmeticallymeigedwith othernodesin
thedelaycomputationby appropriateoptimizationmethals.

Notethattheadjustmetvalue dependson thefinal sched
uling of the instructionthat startsthe courter. Hene, the
value canonly bedetermind afterthefinal instructionsched
uling and might theneven be zero. In orderto performthe
correctadjustmenthe schediler need to be aware of oper
ationsthat implemen delay nodesin the applicaion. It is
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the schedler which deddeswhethe an adjustmentnodeis
introduced or not.

The schedlling freedomof the courter startfurthermore
depardson the minimum possiblestartvalueof the courter.
The minimum value detemines the time after which the
courter mustbe testedfor zerofor the first time and corre-
spondsto the latestpossiblestarttime of the courte—even
with adjustments.This calls for the afore-mentiord value
ranges to be anrotatedwith DFG edges.

For a software implemeration of a delay node,an enu
merationof thelegal delayvaluesoffersanoptimizaion op-
portunity Gaps betwea thevaluescorrespod to schedling
slotsin which the registerusedfor the court-down does not
have to be decrenentednor testedfor zero. To compensate,
it only hasto bedecranentedby a highe value lateron.

In corclusion, the delay nodeoffers the apgication pro-
grammeilanaddtional abstracexpressiorandenaltesthein-
structionschedilerto selectanoptimalimplemerationstrat-
egy for theexpression.

5 Branch Postponing

Onceanapgication suiteof thetargetdomainhasbeencap
turedin themulti-layerIR it canbeoptimizedandschedied
to meettiming requiremats. By meansof a novel optimiza
tion algorithmwe now demorstratehow the combinedinfor-
mationin the multi-layer IR canbe usedto resole schedl+
ing corflicts that would otherwiseinhibit the timely execu
tion of analgorithm.

In data-deninatedsystemssuchasDSPs, processingof-
tenstartswith receving a sampleof dataandendswith send-
ing outaresultingsampl€6]. Betweenstartandendthereis
no otherl/O to behardled. Hene, thereis only onedeadine
to be met per algorithmrun: The resultingframe hasto be
outptt in time.

In cortrol-dominatedeal-timesystemssuchasNPs,often
thereis not only one dealline at the end of a run but there
aremary /O interactiors with the ervironmentandmary of
themhave a deadine associateavith them.

In a high-sped network processqrfor instance,mem-
ory bardwidth is a major bottlenek. One way to relieve
this problemis to procesgaclet healerson-the-flyasthey
comein from alink (data-push processing) insteadf retriev-
ing them from memoryfor eachprocessingstep. But this
mears that every headkr word that containsfields to be pro-
cessechasa deadine associatedvith it beauseit hasto be
processed—orat leastsavedto a stable register—beforebe-
ing overwrittenby the next incoming healerword.

With multiple deallinesin shortsectionsof coce the need
for fine-ganulartiming optimizationarises. An example of
aproblemthatcanoccu is given in Figure3.
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Figure3: Branc postpoiing

Ontheleft, condtion compuation,branch andthen-coe
areall schedledin the sametime step X. Assumethatthe
then-cale alore need a full time stepto be conputed.As it
hastheanrotatedrequrementto beschedledin time stepX,
e.g.beauseof input datathat only occus in this particular
cycle,theothercontrolnodes mustbe moved to anothe time
step.

Thetechnige we useto achieve this hassimilarities with
speclative execution in thatit changesthe executionorder
of a condtional brand andfollowing code. Speciative ex-
ecuion does thisto fill processingslotsbeforethe branchin
orderto minimizethe executiontime of theaveragecaseand
the critical paththroughthe program.For choasingtheright
cock to speculatebrand predictionis emgoyed.

In contrast,brand postponingimprovesthe schediabil-
ity, not the averageexecutionrtime. It might even grow the
critical paththroughthe else-code But it allows to sched
ule cocke thatotherwisecoud notmed its timing corstraints.
This is doneindependently of wha the averagecaseis and
herce,no assumptionaremadeon branchprobabilities.
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Thefirst stepto solve the problem in Figure 3 is to move
the condition compuationto the precedhg time step,asde-
pictedontheright. Assumethattime stepX — 1 is now fully
occlpied. This means that the branchcamot be moved to
the precaling time stepaswell. Thentheonly remainingso-
lution is to move the brand to time X + 1. But thatwould
meanto move thebrand afteracode sectionthatshouldonly
be executedif thebranchis actudly taken,asalsoshavn on
theright.

This transformatiordoesnot changetheresultof the pro-
gramif thethen-co@is not“harmful”, i.e.,it doesnotchange
ary datathatis usedin theelse-branh. This cordition is met
if

e no outputto the ASIP environment occus in the DFG

nodes of the then-co@ be@usethis communicationis
partof the programresultthat shouldnot be alteredby
thetransformation;

e nomemorywritesoccu in the DFG nodes of thethen
codebeauseary datawritten mightbereadin theelse-
branch This criterioncanbefurtherrelaxed by examin-
ing memoryaccessemorecloselyandcompaing write
addressedn the then-coe with readaddressein the
else-branch This can,however, be a complec taskbe-
causeof the memoryaliasproblemof two differentex-
pressionglending the samememorylocation.

In control-daninatedapgications this situationoccus fre-
querntly, for instancejf the brand testsa terminationcond-
tion andthe else-branh startsan alternatie algorithmthat
doesnot useary resultfrom the first algaithm beauseit
handesaspeciakaseor whichthefirst algorithmis notsuit-
able.

5.1 Applicability and Relevance

For an estimationof the relevance of branchpostpoting in
a realworld example, we compiledthe healercompression
codein [11] with thegcccompilerfor 1A-32 processorand
isolatedthe compressainduncmpresgoutinesin theassem-
bly code. Headercompressionis atypicd cortrol-dominated
applicdion. We found that 9% of all assemblyinstructions
are condtional brandes,eat of which represets a potenr
tial schediling problemthatbranchpostponig cansolve.
For a closerexamination, we implemented the compess
routine in the multi-layer IR. The target ASIP is a proto-
col engne with a data-psharchitecure aspartof a network
processor The compessroutinehardlesonly comnon-case
paclets and delggateserror handing to anothe processing
entity. We foundthat33% of the condtional branclesin the
programare of the abose mentionel terminationcondition
typethatbranchoutof thealgarithm betwea tight deadline.

This is a typicd situationwherebranchpostpaming ensures
schedlability within thetiming constraintslt can,however,
be appliedalsoto the remainingconditional brandes.

Notethatbrand postpoiing addsonly littl e to the critical
pathin the else-branchbecaisethe else-codavould in ary
casehave to wait for time X + 1 to arrive owing to the given
minimumtimedistancdo thethen-caleof 1. Thetimeaddel
by moving the branchto the sametime stepis not critical
in mary casessuchasin the abore-menioned casewhen
it terminateghe algaithm. The gain, on the otherhard, is
significant asit allows thethen-caleto be schediled, which
otherwisecould notbeacammmodated.

Brandth postponig makes use of all four layers of the
multi-layerIR:

e Thecortrol layerrepresets the brand.
e Thetiming layerexpresseshedealline problem

e TheDFGlayeris usedto andysewhethe thethen-coe
blockis harmfulor not.

e Insteadof assigninga variablenanme to eachcompued
value in a control nodewhenleaving the node like in
a standardCDFG, the meta-DKs layer makesdatade-
perdencies between cortrol nodesolvious. Therefae,
no possiblecorflicts have to be examinedwhenmoving
thebranch

This demamstrateghe potenial of combinirg informationin
theanndatedmulti-layerIR.

6 Conclusionsand Future Work

In this pape we have proposé a way to link ASIP design
methalsto form anintegrateddesignmethoalogy. As part
of the methology we have comhned several appoache
for applicdion represetation and extendedthemwith new
expressionsto arrive at our multi-layer IR that allows us
to use optimization techriques defined for one of several
graphtypes. Finally, we presented novel optimization for
brandhesbetwea short-termdeallinesthatdemorstrateshe
power of the multi-layer IR by exploiting additiond schedil-
ing freedomthanksto timing information.

The next stepwill be to implemen the IR and method
working on it, including brand postpaing, in a compler
framework, suchasthe StanfordUniversity Intermediatd-or-
mat(SUIF)[19], in orderto furtherquantify therelevancefor
real-life cases.

Futureuseof the multi-layer IR will include patternfind-
ing acrosscortrol-flow boundariesand patternghatinclude
brandes,which will malke the apgroacheven morevalueble
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for the control-domirated domain, which featuresa large
numker of brandes.

For patternfinding in geneal it would be helpfulto find a
betterfigure of merit thanthe sumof matchingandcovering
contriktutions—preferablyonethatcorsidersmplemernation
costandthe lateng of customopeations. This might lead
to the inclusionof two-cycle operatios for possiblepattern
implemernation.

Oncethe set of anrotationsrequiredin the multi-layer
IR hasbeen consolidaéed, the apgication specifie mustbe
enalled to expressthis information, including timing con
straints,in ahigh-level languagethatcanthenbecompgled to
theanrotatedmulti-layerIR.

Thegod is to developa systemthatrelieves the ASIP de-
signerof tediousandcomgex taskswhile still providing suf-
ficient cortrol of the processto optimizetheresult.
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