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Abstract
Thispaperpresentsa methodologyto automaticallygen-

erate production quality software developmenttools for
programmablearchitecturesusingthemachinedescription
language LISA. Various architectures presentingdiverse
architectural originalitieswill bepresentedandthefeasibil-
ity of automaticallygenerating simulator, assembler, linker
and graphical debugger frontendwill be discussed. The
presentedapproach isnotlimitedto a fixedabstractionlevel
– casestudiesof theTexasInstrumentsC62xandC54x,the
Analog DevicesADSP2101aswell astheARM7will show
theapplicabilityof themethodologyfromcycle/phaseto in-
structionaccuratemodels.

1 Intr oduction
All embeddedprocessorslike Digital SignalProcessors

(DSP)andmicro-controllers( � C) needa completetool set
consistingof code-generationandsimulationtools. How-
ever, building simulator, assembler, linker and graphical
debugger frontend manually for new architecturesis ex-
tremely error-proneand tedious. The lengthy processof
matchingthesimulatorto anabstractmodelof theprocessor
architecturemightbeperformedseveraltimeswithin thede-
velopmentof a programmableSystem-On-Chip(SOC)de-
sign. Moreover, co-simulationof hardware and software
puts specific requirementson the simulationaccuracy on
theprogrammableside,while simulatorperformanceis still
an important factor. Hence,processormodelson differ-
entlevelsof abstractionaredemandedto provide increased
simulationaccuracy aswell asoutstandingfastsimulation
performance.Theefforts of writing softwaredevelopment
tools can be reducedsignificantly by using a retargetable
approachbasedon a machinedescription.

The Languagefor InstructionSet Architectures(LISA)
[5] was developedfor the automaticgenerationof 100%
consistentdevelopmenttools. The LISA languageis de-
signedfor the formalizeddescriptionof programmablear-

chitectures,their peripherals,andinterfaces.A LISA pro-
cessordescriptioncoverstheinstruction-set,thebehavioral
andthetiming modelof theunderlyinghardware,thuspro-
viding all essentialinformationfor thegenerationof acom-
pletesetof developmenttools including compiler, assem-
bler, linkerandsimulator. Changesin thehardwareareeas-
ily transferredto theLISA modelandareautomaticallyap-
plied to the generatedtools. Moreover, the speedandthe
functionality of the generatedtools allow usageafter the
productdevelopmenthasbeenfinished. Thereforethereis
noneedto rewrite thetoolsin orderto upgradethemto pro-
ductionqualitystandard.

2 RelatedWork
Hardwaredescriptionlanguages(HDLs) like VHDL or

Verilog arewidely usedto modelandsimulateprocessors,
but mainly with the goal of developinghardware. Using
thesemodelsfor instruction-level processorsimulationhas
a numberof disadvantages.They cover hardware imple-
mentationdetails which are not neededfor performance
evaluationandsoftwareverification.Moreover, thedescrip-
tion of detailedhardwarestructureshasasignificantimpact
onsimulationspeed[7]. Anotherproblemis thattheextrac-
tion of the instructionsetis a highly complex, manualtask
and instructionset information, like e.g. assemblysyntax
cannotbeobtainedfrom HDL descriptions.

The machinedescriptionlanguagenML wasdeveloped
at TU Berlin [2] andadoptedin severalprojects[4]. While
retargetableassemblersanddisassemblerscanbegenerated
for someDSPprocessors,it isnotpossibleto producecycle-
accuratesimulatorsfor pipelinedprocessorarchitectures.

Theserestrictionsalsoapplyto theapproachof ISDL [3]
which is very similar to nML. The approachbasedon the
languageEXPRESSION[1] incorporatesparticularmech-
anismsfor the descriptionof memoryhierarchiesand fo-
cuseson retargetinghigh level languagecompilers. How-
ever, no resultsarepublishedthat indicatetheapplicability
for cycle-accuratesimulationpurposes.



To summarizethereview, noneof theapproachesabove
does support modeling of cycle/phase-accuratearchitec-
turesincludingpipelinesor thegenerationof very fast,pro-
ductionquality tools.

3 Software developmenttools
TheLISA tool-suiteis asetof developmenttools,which

is automaticallygeneratedfrom LISA machinedescrip-
tions. It includesassembler, linker, simulationcompilerand
simulatoraswell asa graphicaldebuggerfrontend.Provid-
ing thesetools,a completesoftwaredevelopmentenviron-
ment is availablewhich rangesfrom the assemblysource
file up to simulationwithin a comfortablegraphicaldebug-
ger frontend. Figure1 shows the componentsof the LISA
tool-suite.

Figure 1. Automatic tool-c hain generation.

LISA Simulator and Simulation Compiler The LISA
simulatorutilizesthetechniqueof compiledsimulationfor
outstandingsimulationperformance[8]. Compiledsimula-
torsareapplication-specificsimulators,whicharegenerated
from thetargetapplicationfile by insertingatranslationstep
beforethesimulationis run. Thetranslationof theapplica-
tion is performedby a tool calledsimulationcompiler.

A major taskin compiledprocessorsimulationis to de-
terminethetemporalorderof executedoperations– in par-
ticular for pipelined architectures. The simulation com-
piler utilizes three schedulingprinciples to generatethe
most efficient simulator for the underlying architecture
model,namelydynamicscheduling,staticscheduling,and
instruction-basedcodetranslation. While the former two
techniquesareusedfor pipelinedprocessormodels,thelat-
ter is a techniquethatmaybeappliedto instruction-setac-
curatemodelsandcycleaccuratemodelswithoutaninstruc-
tion pipeline,resultingin an enormousincreasein simula-
tion speed.Principlesandimplementationaspectsof these
simulationtechniquesarediscussedin [9].

LISA Assembler The LISA assemblertranslatesmean-
ingful text-basedinstructionsinto object codefor the re-
spective programmablearchitecture.Symbolic namesfor
opcodes,memory-contentsandbranchaddressessimplify
the programmingenormously. Besidethe processorspe-
cific instruction-set,the LISA assemblerprovidesa setof

pseudo-instructionsto control the assemblingprocess(di-
rectives). This concernsdatainitialization, reasonablesep-
arationof the programinto sections,handlingof symbolic
identifiersfor numericvaluesandbranchaddresses.There-
targetabilityof theLISA assemblerrequiressupportfor un-
restrictedinstructionword-sizesandthe handlingof com-
plex assemblysyntax.

LISA Link er Large programsdo consist of multiple
modules,whereeachmoduleis a unit of logically grouped
functions,variablesanddeclarations.Themodulescanbe
assembledseparately. TheLISA linkercombinesthesemul-
tiple objectfiles into a singleexecutableobject.

The linking processis controlledby a linker command
file which keepsa detailedmodelof thetargetmemoryen-
vironmentandan assignmenttableof the modulesections
to their respective targetmemories.

Graphical debugger fr ontend The LISA debugger
frontendis a genericGUI for thegeneratedLISA simulator
(seefigure 2). It visualizesthe internalstateof the simu-
lation process.Both the C-sourcecodeandthe disassem-
bly of the applicationas well as all configuredmemories
and(pipeline)registersaredisplayed.All contentscanbe
changedin the frontendat runtimeof the application.The
processof thesimulatorcanbecontrolledby steppingand
runningthroughtheapplicationandsettingbreakpoints.

Figure 2. Graphical debugger frontend

4 Considered Ar chitectures
To examineandanalyzethemodelingabilitiesof LISA

as well as the feasibility of generatingsoftware develop-
ment tools, four different architectureshave beenconsid-
ered. The architectureswere carefully chosento cover a
broadrangeof architecturalcharacteristicsandarewidely
used in the field of digital signal processing(DSP) and
micro-controllers( � C). Moreover, the abstractionlevel of
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themodelsrangesfrom phaseaccuracy (TMS320C62x)to
instruction-setaccuracy (ARM7).
� ARM7 TheARM7 coreis a32bit micro-controllerof

AdvancedRISC MachinesLtd. The realizationof a
LISA modelof theARM7 � C at instruction-setaccu-
racy tookapprox.two weeks.

� ADSP2101The Analog Devices ADSP2101is a 16
bit fixed-pointDSPwith 20bit instruction-wordwidth.
The realizationof the LISA modelof the ADSP2101
atcycleaccuracy tookapprox.3 weeks.

� TMS320C54x The Texas InstrumentsTMS320C54x
is a high performance16 bit fixed-pointDSP with a
five stageinstructionpipeline. The realizationof the
modelat cycle accuracy (includingpipelinebehavior)
tookapprox.8 weeks.

� TMS320C62x The Texas InstrumentsTMS320C62x
is a general-purposefixed-pointDSPbasedon a very
long instruction-word (VLIW) architecturecontaining
anelevenstagepipeline. Therealizationof themodel
at phaseaccuracy (including pipeline behavior) took
approx.6 weeks.

Thecharacteristicsof theLISA description(coding,syntax,
behavior) of thesearchitecturesarediscussedin thefollow-
ing. Besides,it will be shown that the generatedtools are
workingaccuratelyandwith a satisfactorylevel of speed.

5 Ar chitectural characteristics
Every architecturehas its characteristicsparticularly

with regardto theinstruction-setor thestructure.However,
evenfor complex architecturesthehighmodelingefficiency
of LISA allows to realizea modelof the chosenarchitec-
ture in a reasonableamountof time. This sectionfocuses
on the modelingof oneoutstandingcharacteristicfor each
presentedarchitecture.

5.1 VLIW

The C62x DSPof TexasInstrumentsis a VLIW archi-
tecturewith 256bit instructionwordwidth. Theinstruction
word is fetchedas a whole from memoryand then parti-
tioned into eight micro-instructionswhich are dispatched
into theexecutionpipeline.For themodelingof word-sizes
greaterthanthemaximumwordsizeof thesimulatinghost,
LISA providesa dedicatedtype bit which is parameter-
izedby theresourcesbit-width.

RESOURCE
{

...
unsigned bit[256] insn_register;
...

}

is anexcerptof theresource-declarationof theC62xLISA
model showing the declarationof the instructionregister.

The bit datatype in LISA containsa set of overloaded
operatorsand can thus be usedin the behavioral codeof
theLISA modelasany otherC-typecan. For modelingof
signedandunsignedoperationson theprocessorresources,
the bit data-typecan be attributed with a signed or
unsigned keyword.

OPERATION Dispatch IN pipe.DP
{
DECLARE
{
GROUP micro_insn_1, micro_insn_2, micro_insn_3,

micro_insn_4, micro_insn_5, micro_insn_6,
micro_insn_7, micro_insn_8 =
{ decode_instruction };

}
CODING
{
insn_register ==

(micro_insn_1) || (micro_insn_2)
|| (micro_insn_3) || (micro_insn_4)
|| (micro_insn_5) || (micro_insn_6)
|| (micro_insn_7) || (micro_insn_8)

}

Example1: Formalexpressionof parallelinstructions

Oncethe VLIW instruction-word is in the dispatcherit is
split into eightmicro-instructionswhich areall of thesame
type, i.e. areprocessedby identicaldecodersin hardware.
To preventwriting separateLISA-codefor all eightinstruc-
tions, they aremergedonto the samecoding-tree.Exam-
ple 1 shows therespectiveLISA-codetakenfrom theC62x
model. ThelogicalOR betweenthemicro-instructionindi-
catesparallelexecution.

5.2 Multiple instruction words

Frequently, architecturesareemployedwhich utilize in-
structionsmade up of multiple instruction words. The
TMS320C54xDSPcontainsinstructionsthat canbe com-
posedof either one, two or even threeinstructionwords.
The second/thirdinstructionword mostly carriesimmedi-
atevaluesor operandsbut canalsobepartof theopcodeof
theinstruction.

The correlationbetweenthe different instructiontypes
andthe decodersis establishedin the coding-root. Exam-
ple2 shows themappingof eachinstructiontypedescribed
in the coding-rootof the LISA descriptiononto the re-
spective coding-tree– insn reg DC, insn reg FE and
insn reg PF aretherebyprocessorresourcescarryingthe
instructionwordswhereasType1,Type2 andType3 rep-
resentthe threecoding-treesfor the respective instruction
type.Thebranchinginto thethreecoding-treesis controlled
by a SWITCH-CASEstatementwhich is partof the LISA
control structure.The selectionof the appropriateinstruc-
tion type is basedon an enumerationtype with the effect
that all coding-treesare searcheduntil the currently pro-
cessedinstructionword is identified.
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OPERATION Decode IN pipe.DC
{

DECLARE {
ENUM InsnType = { Type1, Type2, Type3 };
GROUP Decode_16 = { ALU || Branch };
GROUP Decode_32 = { ALU_op || Branch_op };
GROUP Decode_48 = { ALU_op1_op2 }; }

SWITCH (InsnType)
{

CASE Type1: /* 16 bit instruction */
CODING { insn_reg_DC == Decode_16 }

/* 16 bit instruction with 16 bit address */
CASE Type2:

CODING { (insn_reg_DC == Decode_32)
&& (insn_reg_FE == Operand) }

/* 32 bit instruction with 16 bit address */
CASE Type3:

CODING { (insn_reg_DC == Decode_48)
&& (insn_reg_FE == Operand1)
&& (insn_reg_PF == Operand2) }

}
}

Example2: Formalexpressionof multiple insn-words

5.3 Non-coherent coding elements

Especiallyin low-power architecturesan optimal usage
of the instructionword is required.Here,coherentcoding-
fieldsaresplit into multiple piecesspreadover the instruc-
tion word. In theARM7 � C, this is thecasefor theoperand
in ALU-instructions.

Data_Processing_ALU
00 Operand2 OpCode Setcond Src1 Dest Operand2

Operand2
...

2 1244141

13 Bits

Figure 3. Non-coherent coding in the ARM7

The codingof Operand2 is distributedover the cod-
ing of the operationData Processing ALU. Example
3 shows how the merging of thecoding-treeis modeledin
LISA. Thedistributedcodingelementis attributedwith the
positionin thecodingof theLISA operationtheelementis
referringto.

OPERATION Data_Processing_ALU
{

DECLARE {
INSTANCE Operand2;
REFERENCE { Src1, Dest, Setcond }; }

CODING
{
00b Operand2=[12..12] OpCode Setcond

Src1 Dest Operand2=[0..11]
}

}

Example3: Modelingnon-coherentcodingin LISA

5.4 Algebraic instruction syntax

Sometimes, architecturesprogrammed primarily in
assemblyusea C like assemblyinstructionsyntaxto ease
programming. The Analog Devices ADSP2101features
suchanalgebraicprogrammingsyntax.Thismeansthatthe
instructionsyntaxis not fragmentedinto amnemonicanda
list of operandsbut formulatedasanalgebraicexpression.
An examplefor analgebraicinstructionwould be:

ADD Y,X,Z ��� Z=X+Y

The LISA control-flow syntaxcan be usedto express
the syntax dependency on the coding of the instruction-
word. Example4 shows an excerpt of the model of the
ADSP2101.

OPERATION ALU_Instructions
{

DECLARE {
REFERENCE Destination, Xoperand, Yoperand;
GROUP Opcode = { ADD || SUB || AND }; }

CODING { 0011b Opcode }
SWITCH(Opcode) {

CASE ADD:
SYNTAX { Dest "=" Xop "+" Yop }

CASE SUB:
SYNTAX { Dest "=" Xop "-" Yop }

CASE AND:
SYNTAX { Dest "=" Xop "&" Yop }

}
}

Example4: Algebraicinstructionsyntaxin LISA

Here,dependingontheOpcode of theinstructionwordthe
respectivesyntaxis chosenvia theSWITCH-CASEcontrol
structure.

6 Efficiency of the generatedtools
To evaluatetheapplicabilityandefficiency of thegener-

atedtools,wecomparedthemto thecommerciallyavailable
tools provided by the semiconductorvendors. Measure-
mentstookplaceonaAMD Athlon systemwith aclockfre-
quency of 800MHz. Thesystemis equippedwith 256MB
of RAM andis part of the networking system.It runsun-
dertheoperatingsystemLinux, kernelversion2.2.14.Tool
compilationwasperformedwith GNU gcc,version2.92.

Thegenerationof thecompletetool-suite(simulator, as-
sembler, linkeranddebuggerfrontend)takes,dependingon
the complexity of the consideredmodel, between12 sec
(ARM7 � C instruction-setaccurate)and67 sec(C6x DSP
phaseaccurate).

6.1 Performanceof simulator
Figures4 and5 show the speedof the generatedsimu-

latorsin instructionsper second/cyclesper secondrespec-
tively. Simulationspeedwasquantifiedby runningan ap-
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plicationon therespectivesimulatorandcountingthenum-
berof prcocessedcycles. Thesimulatedapplicationon all
architecturesis an ADPCM G.721 (Adaptive Differential
PulseCodeModulation)coder/decoder.

Figure 4. Speed of ARM7 and ADSP2101

As expected,thecompiledsimulationtechniqueapplied
by the generatedLISA simulatorsoutperformsthe vendor
simulatorsby oneto two ordersin magnitude.

For theARM7, ADSP2101andtheC54x,staticschedul-
ing wasappliedwhich is thehighestpossiblegradeof pre-
diction in compiledsimulation.ConsideringanARM7 � C
runningat a frequency of 25 MHz, the softwaresimulator
running at 31 MIPS even outperformsthe real hardware.
Thismakesapplicationdevelopmentsuitablebeforetheac-
tualsiliconis athand.Dueto its superscalarinstructiondis-
patchingmechanismthe simulatorfor the C62x DSPuses
compiledsimulationwith dynamicscheduling.

Figure 5. Speed of C62x and C54x

6.2 Performanceof assemblerand link er
Thegeneratedassemblerandlinker arenot astime crit-

ical asthe simulatoris. It shall be mentionedthoughthat
the performance(i.e. the numberof assembled/linked in-
structionspersecond)of theautomaticallygeneratedtools
is comparableto thatof thevendortools.

7 Conclusionand Future Work
In this paper, we presenteda methodologyto auto-

matically generatesoftware development tools for pro-
grammablearchitecturesusingthemachinedescriptionlan-

guageLISA. To enablemodelingandautomatictool gener-
ation for a wide rangeof architecturesfeaturingstructural
originalitiesasVLIW, multiple instructionwordsandnon-
coherentcodingfieldsaswell asinstruction-setoriginalities
asalgebraicassemblysyntaxthe LISA languagecontains
specialsyntaxelements.

In casestudies,LISA modelswere realizedand tools
successfullygeneratedfor the ARM7 � C, the Analog De-
vices ADSP2101, the Texas InstrumentsC62x and the
TexasInstrumentsC54x on instruction-set/cycle/phaseac-
curacy respectively. Dueto theusageof thecompiledsim-
ulation principle, the generatedsimulatorsrun by one to
two ordersin magnitudefasterthanthevendorsimulators.
Moreover, thegeneratedassemblerandlinker cancompete
well in speedwith thevendortools.

Our futurework will focuson modelingfurtherreal-life
processorarchitecturesand retargetablecompiledsimula-
tors that provide the third stepof compilation[6] – opera-
tion instantiation.Another issueis the integrationof soft-
waresimulatorsinto HW/SW co-simulationenvironments.
Furthermore,thegoalof theongoinglanguagedesignis to
addressVHDL-codesynthesisfor thecontrol-pathandthe
instructiondecoderof themodeledarchitecture.
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