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Abstract

A commondesignmethodologyfor embeddedSPsystemss the

integration of one or more digital signal processorg§DSPs),pro-

grammemory andASIC circuitry ontoa singlelC. Consequently
programmemory size being limited, the criterion for optimality

is that the embeddedsoftware mustbe very dense. We describe
thedevelopmenbf anoptimizingcompiler basedn aretagetable
compiler infrastructure for the Fujitsu Elixir, a fixed-pointDSP
thatis primarily usedin cellulartelephoneskor smallDSPbench-
mark programs(25-90 lines of C code),the averageratio of the

sizeof compilergeneratedodeto the sizeof hand-writtenassem-
bly codeis 1.18. For a muchlarger program(morethan800lines

of C code),the ratio of the size of compiledcodeto the size of

hand-writtencodeis similar ( 1.14).

1 Introduction

A commondesignmethodologyfor embeddedSPsystemss the
integration of one or moredigital signal processos (DSPs),pro-
grammemory andASIC circuitry ontoasinglelC. An immediate
consequencef this system-on-a-chiglesignis the limited quan-
tity of silicon areathat is dedicatedto programmemory whose
purposeis to store the embeddedsoftware that executeson the
DSP(s). Thus,the embeddedsoftware mustbe suficiently dense
so asto fit within the allocatedarea. Additionally, the embedded
software mustbe written so asto meetvarioushigh-performance
constraintswhich mayincludehard real-timeconstraints.

1.1 Basic Compiler Review

Onemethodthatenableembeddedoftwareto be generatedn an
efficient manneiis for the designeito programthe applicationin a
high-level language (HLL), suchasC or C**, andallow compiler
technologyto automaticallytranslatehe HLL programinto tamget
machineassemblycode. Thestructureof abasiccompileris asfol-
lows: the front-endtakesasinput an HLL programandgenerates
an intermediaterepresentation(IR) of this programthatis inde-
pendenbf the sourcelanguageandtargetmachine.The badk-end
translateghe IR into target machineassemblycode. In particu-
lar, the back-endperformsthe phasef instruction selection in-
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structionscheduling andregisterallocation which arecollectively
known ascodegeneation.

An optimizingcompilerfeatureswo setsof codeoptimization
modulesjn additionto the componentshatweredescribedhbove:
madineindependenbptimizationsapplyvariousoptimizingtrans-
formationsto the front-end-generatetR; madine dependenbr
post-passoptimizationsapply variousoptimizing transformations
to thegeneratedssemblycode.

Unfortunately it is commonknowledgethat existing compil-
ersfor embeddedSPsaregenerallyunableto generateassembly
codethat is sufficiently dense. It is typical for naive DSP com-
pilersto generateassemblycodewhosesizeis morethan5 times
greaterthanthe size of the correspondinghand-writtenassembly
code.Therearetwo reasongor this: first, mostexisting embedded
DSPcompilersmale useof traditionalmachine-independewpti-
mizationtechniquesin which the primary metricis performance,
ratherthancodedensity In somecasesuchasloop unrollingthese
two metricsarenot closelyassociatedSecond currentembedded
DSPcompilersfail to provide adequatesupportfor the specialized
architecturalfeaturesof DSPsvia machine-dependemtode opti-
mizations. Thesefeaturesnot only allow for the fastexecutionof
commonDSPoperationsbut alsoallow for thegeneratiorof dense
assemblycodethatspecifiegheseoperations.

In orderto guarante¢hatall codedensityandperformancee-
quirementaresafelymet,systendesignersypically hand-program
theembeddedoftwarein assemblywhichis averytime-consuming,
tedious,and errorpronetask. In orderto increaseproductvity,
compilersmustbe developedthat are capableof generatinchigh-
quality codefor embeddedSPs.

In this paperwe discushow we have developed basednare-
targetablecompilerinfrastructure a high-quality compilerfor the
Fujitsu Elixir, a fixed-pointDSP that is primarily usedin cellu-
lar telephoneslincludedin this paperis adescriptionof thevarious
specializedeaturef theElixir architecturehatallow for thegen-
erationof denseandefficientassemblycode.Also includedis ade-
scription of the machine-dependemde optimizationalgorithms
that we have incorporatednto our compilerthat provide support
for eachof thesefeatures. Experimentalresultsdemonstratehat
for relatively small benchmarkprograms(25-90lines of C code),
the averageratio of the size of the compilergeneratec¢odeto the
size of referencenand-writtenassemblycodeis 1.18. For a much
largerprogram(around800linesof C code) theratio of the sizeof
the compilergeneratedodeto the size of hand-writtenassembly
codeis 1.14.

This paperis organizedas follows: Section2 describesthe
SFAM compilerinfrastructure a retagetablecompilerinfrastruc-
turefrom whichtheElixir optimizingcompilerhasbeenconstructed;
Section3 describeghe Fujitsu Elixir architecture;Section4 de-
scribesthe variouscodeoptimizationsthathave beenincorporated



into the Elixir compiler; Section5 providesquantitatve measure-
mentspertainingto the quality of codethat is generatecby our

compiler aswell asthe amountof effort thatwasinvolvedin con-

structingthis compiler;finally, we presenbur conclusionsn Sec-

tion 6.

2 The SPAM Compiler Infrastructure

In orderto build the Elixir optimizing compiler we have utilized
the SFAM compiler infrastructure,which is a retagetablecom-
piler infrastructurefor embeddedixed-pointDSPs. Most efforts
in retagetablecompilationfor embeddedSPs(see[6]) have fo-
cusedon alevel of retagetabilityknown asuserretargetability. In
a userretagetablecompilationernvironment, a descriptionof the
targetprocessors providedto acompilercompiler, which first de-
termineghosebuilt-in codeoptimizationalgorithmsthatareappli-
cableto this processqrthenautomaticallyconstructanoptimizing
compilerfor it. User retagetability hasbeensuccessfullyincor
poratedinto the code generationphaseof compilation: the Twig
andlburg [3] codegeneratogeneratorsake asinputa description
of the target machineinstruction setarchitectue (ISA), thenau-
tomatically constructcodegeneratorghat perform,in lineartime,
optimalinstructionselectionfor expressiorirees.

Unfortunately researchin userretagetableDSP compilation
hasbeenunableto achieve high codequality in parallelwith au-
tomation— userretagetabilityis currentlylimited to instructionse-
lection plus a very smallnumberof machine-dependemiptimiza-
tions. Themainreasorfor thisis thattherecurrentlydoesnot exist
a machine-descriptioformat that enablesa compilercompilerto
automaticallyinfer the setof all post-passodeoptimizationsthat
areapplicableto thetarget DSParchitecture- theseoptimizations
mustbe performedn orderfor high-qualitycodeto be generated.

In contrastto previous works, the SFAM compilerinfrastruc-
ture enforcesa level of retagetability knowvn as developerretar-
getability, wherea developeris definedto beapersorwho hashad
experiencein compilerdesign.Built into a developerretagetable
compilationframework is a library of parameterizedalgorithms
that perform code generationand machine-dependerttode opti-
mization. The developermay retaget sucha framework to a par
ticular DSPusingthefollowing methodology:

o first, the developerinfersthe setof all post-paszode opti-
mizationsthat are applicableto the target machineby thor
oughly studyingthe architecturalcharacteristic®f this ma-
chine.

e secondfor eachapplicablepost-pas®ptimizationO, thede-
veloperdeterminesvhetheror notaparameterizedlgorithm
for O existsin the compilationframenork. If suchanalgo-
rithm exists, thenthe developersimply providesit with the
appropriatemachine-specifiparametersit shouldbe noted
thatthespecificatiorof machine-specifiparametersnayin-
volve the developmentof a sizableamountof sourcecode);
otherwise,the developerimplementsa parameterizealgo-
rithm for O, addsthis algorithmto the built-in library, and

thenprovidesthealgorithmwith the appropriatgparameters.

o finally, the developerinvokesall applicablecodegeneration
andoptimizationalgorithmsin the mosteffective order

Theeffectivenes®f developerretagetablecompilationis mea-
suredby the amountof codereusethat occursduring the retar
gettingprocessin particular a developerretagetablecompilation
framawork is saidto exhibit sufiicient retagetability if the devel-
operis ableto make useof asignificantquantityof sourcecodethat
alreadyexistsin the framework.
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Figurel: Structureof the SFAM compilerinfrastructure

The structureof the SFAM compiler infrastructure,which is
publicly availableon the internetfor researctor developmentpur-
posesjs shavn in Figurel andoutlinedbelow:

The Stanfod University IntermediateFormat (SUIF) compiler
[6] implementghefront-endof the SFAM compiler SUIFtakesas
inputa sourceprogramwrittenin C, andgeneratesinunoptimized
IR.

A seriesof machine-independerdcalar optimizationsapply
variouscodedensity-impreing transformationso this IR.

The back-endof SPAM, which is known as TWIF, consistsof
two components.The first components a library of data struc-
turesthatencapsulatéhevarioussourceprogramintermediateep-
resentationge.g. calling graph contwol-flow graphs expression
DAGsandtrees etc.). Thesecondcomponents a library of algo-
rithms that performcodegeneratiorand machine-dependerbde
optimizationby analyzingand manipulatingthesedatastructures.
Thesealgorithmscurrentlysupporiembeddedixed-pointDSPswith
limited parallelism.However, we arein the procesof augmenting
the SPAM infrastructurewith new algorithmsthat will enableit
to provide supportfor other classesof embeddedSPs,suchas
floating-pointDSPsandVLIW DSPs.

3 Fujitsu Elixir Architecture

The Fujitsu Elixir, whosearchitectureis shavn in Figure 2, is a
proprietaryDSP that is primarily usedin cellular telephones. |t
is composedf an efficient 16-bit digital processocore, program
anddatamemoriesandsupportingperipheralsln this section,we
describethe variousarchitecturafeaturesof the Elixir. We begin
by describingtheregisterset.

3.1 Registers

TheElixir architecturdeatureshefollowing setsof registers:
Two 40-bitaccumulatorsCX andDX.
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Figure2: FujitsuElixir architecturabvervien

Four 16-bitgeneral-purposdataregisters:AQ, Al, BO, andBL
Eight 16-bit addressegisters,which areusedto indirectly ad-
dressdatamemory: X0, X1, X2, X3, X4, X5, X6, andX7.

3.2 Data memory banks

The Elixir architecturefeaturestwo independentK-word x 16-

bit datamemorybanks, ARAMandBRAM which enabletwo data
memoryaccesseto occurin parallelprovided thatthe referenced
variableshave beenallocatedto differentbanks,andthe registers
involved have beenallocatedappropriately

3.3 Addressing modes

TheElixir ISA supportghefollowing threeaddressingnodes:Ab-
solute addressing Registerindirect addressing and Modulo ad-
dressing In the Registerindirectaddressingnode,associateavith
the addresgegisterfile in the Elixir architectureis a specialized
auto-incementupdatemode,which enablesan addressegisterto
be post-incrementear post-decrementely the constantone at
no extra cost after a registerindirect memoryaccess. The auto-
incrementupdatemodeallows for efficient sequentiahccessingf
datamemory

3.4 Arithmetic/Logic Unit (ALU)

TheElixir ALU featureshardwarethatsupportssingle-gcle 16x16
multiplication and multiply-accumulation(MAC). The ALU also
efficiently performsarich setof logical andarithmeticoperations.
A significantamountof instruction-level parallelism (ILP) exists
betweenthe ALU and datamemorybanks. In particular certain
ALU operationsnaybeperformedconcurrentlywith datamemory
acces®perations.

3.5 Zero-overhead looping hardware

The Elixir architecturefeatureszein-overheadlooping hardware
[6], whichis specializedhardwarethatsupportghe efficient execu-
tion of loopsandalsoallows for the generatiorof denseassembly
codethatspecifiedoopingconstructsZero-oserheadoopinghard-
ware consistsof specializedogic that repeatedlyexecutesone or
moreinstructionswithoutincurringtheloop-index-variable-update
andconditional-branchingverheadyenerallyassociateavith soft-
wareimplementedoops.

4 Elixir Compiler Optimization Algorithms

In this sectionwe discusghevariouscodeoptimizationalgorithms
that have beenincorporatedinto the Elixir optimizing compiler
Eachof thesealgorithmsattemptsto reduceoverall codesize by
providing supportfor oneof the specializedarchitecturafeatures

describedn theprevioussection.We begin by discussinghepointer
variable optimization.

4.1 Pointer variable optimization

This optimizationexploits the auto-incrementapabilityof the ad-
dressregistersin the Elixir architectureby translatingeachpointer
variableaccesawith post-incrementn the sourceprograminto a
registerindirectmemoryaccessith auto-incremenin theassem-
bly program. It is assumedy this optimizationthat an unlimited
numberof addressegistersareavailable— hence gachuseof reg-
isterindirectioninvolvesasymbolic ratherthana physical address
register

4.2 Optimization of loops

This optimization exploits the specializedzero-oserheadlooping
hardware in the Elixir architectureby transforminglooping con-
structssuchthatthey executeon this hardware. Specifically given
aloopingconstructin which theiterationcountis staticallyknown
and the loop index variableis usedas a counteronly, this opti-
mizationinsertsan appropriatdoop hardware-controllinginstruc-
tion prior to theloop body (this instructionis eithera REPor DO,
dependingnwhetherthebodyis comprisedf a singleinstruction
or multiple instructionsyespectrely).

4.3 Symbolic register allocation

This phaseallocatesthe local programvariablesto registers,as-
suming that an unlimited numberof registersare available. In
particular eachreferencen the sourceprogramof a non-pointer
(pointer)localvariableis replacedy asymbolicdata(addressjeg-
isterreferenceasopposedo a directdatamemoryreferencelt is
the goal of the subsequentegisterassignmenphaseto mapeach
symbolicdata(addressjegisterontoaphysicaldata(addressjeg-
ister, while keepingto aminimumthenumberof symbolicregisters
thatneedto be storedin memory

4.4 Local code compaction

The heuristicfor performing code compaction,employed in the
Elixir compiler is the list schedulinglocal compactionalgorithm
[4], which performscode compactionwithin basic block bound-
aries. List schedulingscheduleswo memoryaccessemto along
instructionword provided that no datadependencieareviolated.
Additionally, an ALU operationO is scheduledwith datamem-
ory accessegrovided that no datadependencieare violated and
it is permissiblefor O to executein parallelwith datamemoryac-
cessesTheElixir compilerperformscompactiorbefore variables
have beenallocatedto memorybanksandsymbolicregistershave
beenassignedo physicalregisters. If the compilerwereto per
form compactioraftermemorybankallocationandregisterassign-
ment,thenthe quality of the compactedcodecould suffer (dueto
the stringentmemorybankallocationandregisterassignmenton-
straintsthat areimposedon compactednstructionsby the Elixir
ISA).

4.5 Memory bank allocation

In orderfor aninstructioncontainingtwo memoryaccesseo be
legally specified thereferencedrariablesmustbe allocatedto dif-

ferentmemorybanks,andthe symbolicregistersinvolved mustbe
appropriatelyassignedo physicalregisters. Otherwise the paral-
lel memoryaccessemustbe decomposedhto two sequentiabc-
cessesThegoal of thememorybankallocationphasseis to intelli-

gentlyallocatevariableso memorybanksARAM andBRAM such



thata minimum numberof parallelmemoryaccesseareillegally
specified.

4.6 Symbolic data register assignment

The objective of the symbolicdataregisterassignmenphases to
assigneachsymbolicdataregisterto a physicaldataregister while
keepingto a minimum the numberof symbolicregistersthatneed
to be spilledto (i.e. storedin) datamemory The Elixir compiler
malkes use of the graph coloring heuristicthat was proposedby
Briggsetal. [2].

4.7 Modulo addressing optimization

The moduloaddressingodeoptimizationattemptsto exploit the
specializednodulo addressingnodein the Elixir ISA, which al-
lows for theimplementatiorof circular databuffers. In particular
this optimizationsearcheshe codefor non-arithmeticusesof the
modulo operatoy replaceseachsuchuseby a modulo-addressed
memoryaccessandinsertsat the appropriatdocationsassembly
instructionsthatdefinea circularbuffer.

4.8 Array index allocation

Given a sequencef arrayaccessewithin aloop, the arrayindex

allocationoptimization[1] utilizestheauto-incrementapabilityof

the addresgegistersin orderto efficiently walk throughthe ele-
mentsof thearrays.This algorithmis basedn finding aminimum-
cardinality disjoint path covering of an agyclic indexing graph,

which corveys the distancebetweeneachpair of arrayindicesin

theloop. Additionally, this algorithmassumeshe existenceof an
unlimitednumberof addressegisters.

4.9 Offset assignment optimization

Given a compactednstruction containingtwo datamemory ac-
cessesthe compilermustemploy registerindirect addressingor
eachaccess Givenan instructioncontaininga singlememoryac-
cessthe compilermay employ eitherabsoluteor indirectaddress-
ing. However, sinceeachuseof absoluteaddressingn the Elixir
ISA incursa one-word penalty (an additionalinstructionword is
requiredto encodethe absoluteaddress)the compilerreferences
all local variablesusingtheregisterindirectaddressingnode.

Now, in orderfor amemorylocationto beindirectly addressed,
theremustexist anaddressegisterthatpointsto thislocation.One
methodof ensuringthat suchan addresgegisterexists is to per
form addressarithmeticon anaddressegister— in the Elixir ISA,
addresarithmeticis implementedy eitherloadinganaddresseg-
isterwith the desiredaddresspr by addingan offsetto anaddress
register However, notethattheauto-incrementipdatemodeallows
for efficient sequentialaccessingof memory Consequentlyin-
steadof generating=xpensve addressarithmeticinstructionsprior
to eachindirect memoryaccessthe compiler could intelligently
orderthelocal variableswithin thetwo datamemorybanksandal-
low addresarithmeticto be subsumedhto cheaperuto-increment
arithmetic.Determiningsuchanintelligentvariableorderingis the
goalof the OffsetAssignmen(OA) problem[5].

TheOA algorithmemployedby the Elixir compileroperate®n
anintraprocedurabasis,soit is not ableto determinethe optimal
memory location for eachglobal variable. Hence,the compiler
referencesll globalvariablesusingthe absoluteaddressingnode.
Furthermorethe algorithmassumeshe existenceof an unlimited
numberof addressegisters.

Size Size CodeSize
Benchmark || (Hand) | (Compiled) Ratio
hup 17 20 1.18
yhaten 28 36 1.29
kncal 36 38 1.06
dt_ pow 148 176 1.19

Table1: Comparisorof Elixir compiledcodewith referencecode
(smallbenchmarks)

4.10 Symbolic address register assignment

This phaseis analogougo the symbolic dataregisterassignment
phasegxceptthatthegraphcoloring processs appliedto thesym-
bolic addressegistersin theassemblycode.

5 Experimental Results

In thissectionwe presentwo setsof experimentatesults.Thefirst
setof resultspertaingto the quality of codethatis generatedby the
Elixir optimizingcompiler Thesecondsetquantitatvely describes
the amountof developereffort that was involved in constructing
this compiler

5.1 Quality of the Elixir Optimizing Compiler

It is not uncommonfor nave DSP compilersto generateassem-
bly codewhosesize is more than 5 times greaterthan the size
of the correspondindhand-writtenassemblycode. In orderto de-
terminethe quality of code generatedy the SFAM-basedElixir
compiler we obtainedtwo setsof DSPbenchmarkprograms.The
first setof benchmarkss comprisef four hand-writterassembly-
codedprogramghatform partof a large Fujitsucellulartelephone
application. Associatedwith eachof theseprogramsis an algo-
rithmic descriptionof the program,which we have translatednto
semantically-equialentC sourcecode—thesizeof thissourcecode
rangesfrom 25to 90 lines (excluding comments).The secondset
of benchmarkss comprisedof the large G721 and G729 speech
encoding/decodingpplications.The G721benchmarkconsistsof
approximately800lines of C sourcecode,while the G729bench-
markconsistsof approximatelyl0,000lines of C sourcecode.

Table 1 presentgesultspertainingto the quality of codethat
is generatedby the Elixir compilerfor thefirst setof benchmarks.
Basedon theseresults,it canbe seenthatthe averageratio of the
sizeof the compilergeneratedtodeto the size of the correspond-
ing hand-writtencodeis 1.18, which is significantlylessthanthe
codesizeratio thatis typically associatedvith naive DSPcompil-
ers. A closeanalysisof the compilergeneratedand hand-written
coderevealedthatthereweretwo primaryreasongor the compiled
code overhead. First, the Elixir compiler did not perform code
compactionwithin loops as efficiently asthe assemblyprogram-
mer. Secondthe compiledcodecontainednoreaddresarithmetic
instructionshanthe hand-writtencode.

In Table 2, experimentalresultsare presentedhat pertainto
the quality of codethatis generatedby the Elixir compilerfor the
G721andG729benchmarksTable2 demonstratethatthe Elixir
compiler generatedyood-qualitycodefor the G721 program. In
particular the ratio of the size of the G721 compiledcodeto the
sizeof the correspondindnand-writtencodeis 1.14,which is also
muchlessthanthe codesizeratio typically associatedvith naive
DSPcompilers.Althoughhand-writtercodeis notyetavailablefor
G729,we estimatethatthe sizeof this code(in instructionwords)
will be approximatelytwo timesthe size of the correspondingC
sourcecode. Thus,we predictthattheratio of the sizeof compiler
generatedodeto thesizeof hand-writtencodefor thedecodeand



Bench CodeSz CodeSz | CodeSz | Compile
mark C/Hand | Compiled | Ratio Time
G721 800/ 2,300 2,615 1.14 1 min.
G729dec | 4,000/ - 11,915 - 25min.
G729cod | 6,000/ - 24,562 - lhr

Table2: Comparisorof Elixir compiledcodewith referencecode
(largebenchmarks)

CodeSize(lines of code) Reuse
DSP || Total ]| Reused] Algo || Struc || Rate

C25 24,100]| 14,800 || 5,600 || 9,200 || 61.4%
56K 27,400]| 17,400 || 8,200 || 9,200 || 63.5%
Elixir || 29,150{ 17,400 || 8,200 || 9,200 || 59.7%

Table3: Codereusemeasurements

codercomponentof G729will be approximatelyl.49 and2.05,
respectiely.

As shavnin Table2, it shouldbepointedoutthatona200MHz
SunMicrosystemSPARC20with 128MBof RAM compilationof
G721requiredapproximatelyl minute;andcompilationof thede-
coderand codercomponentof G729 requiredapproximately25
minutesandl hourrespectiely.

5.2 Quantitative Measurements of Code Reuse

As partof our researchn developerretagetableDSPcompilation,
we have usedthe SFAM compilerinfrastructureto build optimiz-
ing compilersfor two otherfixed-pointDSPsbesidesthe Fuijitsu
Elixir, namelythe Texas InstrumentsTMS320C25and Motorola
DSP560006] (whichwill subsequentlye referredto asthe C25
and56K, respectiely). Theeffectivenesof developerretagetable
compilationis measuredy the amountof codereusethat occurs
during the retagetting process.With respectto the SFAM infras-
tructure,we definereusablesourcecodeto encompasshe built-in
optimizationalgorithmsanddatastructuresn the TWIF back-end.
Furthermorewe characterizehe useof built-in sourcecodein a
particularcompilerasaninstanceof codereuseif andonly if this
sourcecodeis utilized in at leastoneothercompiler.

Table 3 presentsneasurementthat quantitatvely describethe
amountof codereusethat occurredduring the constructionof the
threeoptimizingDSPcompilers.Thistableis organizedasfollows:
the three DSPsarelisted in the first column; the secondcolumn
specifiesthe total size (in lines of code)of the sourcecodethat
implementsthe correspondingompiler— thesenumbersonly in-
cludesourcecodethatformspartof TWIF, aswell asary machine-
specificsourcecodethathasbeenwritten by thedeveloper(e.g.for
purpose®f specifyingmachine-specifiparameters)hethird col-
umn specifieghetotal size (in lines of code)of all sourcecodein
thecompilerthatwasreused(i.e. codethatwasemplo/edin atleast
oneothercompiler);thenext two columnsspecifythetotal size(in
linesof code)of thereusectodethatrepresentbuilt-in algorithms
anddatastructuresrespectiely; thefinal columnspecifieghe per
centageof sourcecodein eachcompilerthatwasreused.

Table 3 demonstrateghat a significantamountof codereuse
occurredduring the retagettingof the SPAM infrastructureto the
threefixed-pointDSPs— the averagepercentageof sourcecode
in eachcompilerthatis utilized in at leastone othercompileris
61.5%. This high rateof codereusemay be attributedto two fac-
tors. First, the entire datastructuredlibrary in TWIF is utilized
in eachcompiler Secondmary of the built-in optimizationalgo-
rithmsin TWIF areutilized acrosamultiple compilers.

Anothermetric thatquantitatvely describeghe amountof de-

velopereffort involvedduringthe compilerconstructiorprocesss
overall developmenttime — on average,approximatelyl00 hours
were spentdeveloping eachcompiler However, we believe that
overall developmenttime is aninappropriatemetric for developer
effort for thefollowing reasonsincemostdeveloperswill initially

have little familiarity with the SPAM infrastructure thesedevel-

operswill mostlikely initially requireconsiderablymorethan100
hoursto develop a compilet We believe thatoverall codereuseis

amuchbettermetricfor developereffort, sinceit is independentf

thedevelopers familiarity with the SFAM infrastructure.

6 Conclusions

We have describedhe developmentof a high-qualitycompilerfor

the Elixir DSP This compileris built on top of the SFAM com-
piler infrastructure which is a developerretagetablecompilation
frameawork for embeddedixed-pointDSPs. Most work in retar

getableDSPcompilationhasfocusedntheautomaticonstruction
of optimizing compilersfrom a given target machinedescription;
however, dueto the extremedifficulty in automaticallyinferring

the setof all post-pas®ptimizationsthatareapplicableto thetar-

getmachinetheseworkssuffer in termsof the quality of codethat
is generated.In contrast,the developerretagetablecompilation
methodologyenableswide rangeof post-pas®ptimizationgo be
supportedn aretagetablemanneralthoughsomedevelopereffort

is generallyrequired.

Experimentalresultsdemonstratehat our compilergenerates
good-qualitycodefor avarietyof DSPbenchmarlprograms Specif-
ically, for a groupof small programsthe averageratio of the size
of compiledcodeto the size of hand-writtencodeis 1.18; for the
largerprogramG721 ,theaverageratio of thesizeof compiledcode
to the sizeof hand-writtencodeis 1.14;andalthoughhand-written
codefor the G729applicationis currentlyunavailable, we expect
the ratio of the size of compiledcodeto the size of hand-written
codefor the decoderand codercomponentgo be approximately
1.49and2.05,respectiely.
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