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Abstract

Systemlevel designis oneapproach to tackle the complexity of designinga modernSystem-on-Chip.One
major aspectis the capability of developingthe systemmodelirrespectableof the later occurring hardware
software split, with thegoal to developbothhardware andsoftware seamlesslyat thesametimeand to merge
thetraditionallyseparateddevelopment�ows.

Hardware/softwareco-simulationis neededfor anef�ciently integrateddesign�ow. Dependingonthedesign
phase, this co-simulationcanbeperformedat differentlevelsof abstraction.Early in thedesignphase, a a very
abstract simulationat theunpartitionedspeci�cationlevel yieldsfast functionalresults.On theotherend,the
cycleaccuratesimulationof RTLhardware andinstructionsetsimulatedsoftware allowsan accurateinsightto
the�nal systemperformance.

Thisreportfocuseson thesoftware perspectiveof a co-design/co-simulationenvironment.In form of a case
study, weaddressthreemajor tasksnecessaryto build an integratedembeddedsoftware design�ow: modeling
of a processorcore (includingan instructionsetsimulator),porting of a RTOSto theselectedprocessorcore,
andtheembeddedsoftwaregeneration that includesRTOStargetingof thegeneratedcode.

In particular, we havemodeleda popular ARM core, the ARM7TDMI,at an abstract level, as well as on
a cycle-accurate level usingSWARM, an InstructionSetSimulator(ISS)for the ARM core. Furthermore, we
haveportedMicroC/OS-II,a Real-TimeOperatingSystem(RTOS),to run on topof theSWARMISS.Finally, we
implementeda software generation tool. It automaticallysynthesizesC code, targetedto theselectedReal-Time
OperatingSystem(RTOS),fromthere�ned designcapturedin thea systemleveldesignlanguage.

Wedemonstrateour embeddedsoftwaredevelopment�ow byuseof anautomotiveapplication.Anexampleof
anti-lock breaksusesa distributedarchitectureof sensorsandactuatorsconnectedvia a Controller AreaNetwork
(CAN).We undergo all stepsof thedesign�ow startingwith thecapturingof thespeci�cationmodel,downto
validation of the implementationwith an ISSbasedco-simulation. Our resultsshowthat the co-design/co-
simulationenvironmentis feasible. All re�ned models,including the ISSbasedcycle-accurate model,showa
functionalcorrectbehavior.
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Abstract

Systemleveldesignis oneapproach to tacklethecom-
plexity of designinga modernSystem-on-Chip.One
major aspectis the capability of developingthe sys-
temmodelirrespectableof the later occurring hard-
ware software split, with the goal to develop both
hardware and software seamlesslyat the sametime
andto merge thetraditionallyseparateddevelopment
�ows.

Hardware/software co-simulationis neededfor an
ef�ciently integrateddesign�ow. Dependingon the
designphase, this co-simulationcanbeperformedat
different levels of abstraction. Early in the design
phase, a a very abstract simulationat the unparti-
tionedspeci�cationlevelyieldsfastfunctionalresults.
On the other end, the cycle accurate simulationof
RTLhardware andinstructionsetsimulatedsoftware
allowsan accurate insight to the �nal systemperfor-
mance.

This report focuseson the software perspectiveof
a co-design/co-simulationenvironment.In form of a
casestudy, weaddressthreemajor tasksnecessaryto
build an integratedembeddedsoftware design�ow:
modelingof a processorcore (including an instruc-
tion setsimulator),porting of a RTOSto theselected
processorcore, and the embeddedsoftware genera-
tion that includesRTOS targeting of the generated
code.

In particular, we have modeleda popular ARM
core, theARM7TDMI,at an abstract level,aswell as

on a cycle-accurate level usingSWARM,an Instruc-
tion SetSimulator(ISS)for the ARM core. Further-
more, wehaveportedMicroC/OS-II,a Real-TimeOp-
erating System(RTOS),to run on top of theSWARM
ISS.Finally, we implementeda software generation
tool. It automaticallysynthesizesC code, targetedto
the selectedRTOS,from the re�ned designcaptured
in thea systemleveldesignlanguage.

We demonstrate our embeddedsoftware develop-
ment�ow by useof an automotiveapplication. An
exampleof anti-lock breaksusesa distributedarchi-
tectureof sensorsandactuatorsconnectedvia a Con-
troller AreaNetwork(CAN).We undergo all stepsof
thedesign�ow startingwith thecapturingof thespec-
i�cation model,downto validationof the implemen-
tation with an ISSbasedco-simulation. Our results
showthat theco-design/co-simulationenvironmentis
feasible. All re�ned models,including the ISSbased
cycle-accurate model,showa functionalcorrect be-
havior.

1 Intr oduction

System-On-Chip(SoC) designfacesa gap between
the productioncapabilitiesand time-to-market pres-
sures. The designspace,to be explored during the
SoCdesign,growswith theimprovementsin thepro-
duction capabilities,while at the sametime shorter
product life cycles force an aggressive reductionof
thetime-to-market. Addressingthis gaphasbeenthe
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aim of recentresearchwork. System-level designis
oneapproachthataimsto reducethetime-to-market,
acceleratethe designprocessand increasethe pro-
ductivity. It allows for a seamlessco-designof hard-
wareandsoftwarewithout specialattentionto the �-
nalhardwaresoftwaresplit.

Throughoutthesystemlevel design�o w, thesoft-
wareconcernshave to betakeninto account.For val-
idation,hardwaresoftwareco-simulationis neededat
differentlevelsof abstraction,startingfrom thespeci-
�cation level down to thelevel of cycle accuratesim-
ulationof asystemusingcycleaccuratehardwareand
anInstructionSetSimulator(ISS).

1.1 ProblemStatement

In order to reducetime-to-market, designersutilize
systemlevel designthat reducesthe complexity by
moving to higher level of abstraction. The system
level designprocessstartswith a speci�cation in an
SystemLevelDesignLanguage(SLDL) andperforms
step-wisere�nement using a systemsynthesistool.
Time andcostof softwaredevelopmentcanbe dra-
matically reducedwhenit is integratedinto the sys-
temlevel design�o w.

Besidesan SLDL, which is able to captureboth
hardandsoftwarecomponents,threemajorelements
areneededin orderto supportthesoftwareaspectof
thedesign�o w:

² Processormodelsthat capturethe processorat
differentlevelsof abstraction.

² RTOSsupportfor theprocessor.

² A softwaregenerationtool thatsynthesizesuser
codetargetedfor theselectedRTOS.

This documentreportson a casestudyfor eachof
theseelementsasoutlinedin Figure1.

1.2 RelatedWork

Systemlevel modelinghasbecomean importantis-
sue,asa meansto improve the SoCdesignprocess.
SLDLs for capturingsuchmodelshave beendevel-
oped (e.g. SystemC[27], SpecC[20]). Different
frameworksfor systemlevel designandsoftwaresyn-
thesishavebeendeveloped.
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Figure1: Softwaresynthesis.

Benini et al. [9] introduceMPARM, a platformfor
multi-processorSoCsdesign. It includesprocessor
models(ARM), SoCbus models(AMBA), memory
modelsandcodedevelopmenttools(GNU toolchain).
It providesa multi-processorcycle accuratearchitec-
tural simulator. They integratea numberof instruc-
tion set simulatorsby encapsulatingeachISS in a
SystemCwrapper. Themainpurposeis systemlevel
analysis,including pro�ling of systemperformance,
executiontraces,signalwaveform,andpowerestima-
tion.

Herraraetal. [28] describeanapproachfor embed-
dedsoftwaregenerationfrom SystemC.Theproposed
methodologyis basedon the rede�nition and over-
loadingof SystemCclasslibrary elements.Theirgoal
is to usethesameSystemCcodethatallows system-
level speci�cationandveri�cation, andSW/HW co-
simulationandembeddedsoftwaregeneration.How-
ever, they imposestrict requirementsfor the speci�-
cationin theinputSystemCmodel.

The POLIS [8] approachis basedon a �nite state
machine-like representation,calledCo-DesignFinite
StateMachine(CFSM).Eachelementin thenetwork
of CFSMsrepresentsa componentbeingmodeledin
the system. The software synthesisprocessis per-
formedin two steps,transformationof CFSM spec-
i�cation into an S-Graph,andgenerationof C code
from the S-Graph. This work is mainly for reactive
real-timesystemsandis not designedfor generalap-
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plications.
[11] presentsa softwarere�nement �o w basedon

the SystemCSLDL. It too makesuseof integrating
aninstructionsetsimulatorfor hardware/softwareco-
simulation.

SoCDesignerwith MaxSim Technology[6], is a
commercialtool setfor fastmodeling,simulationand
debuggingfor complex System-on-Chipsdesigns.It
providesagraphicaluserinterfacefor interactivesys-
tem design,modeling and simulation. It provides
cycle-accurateand cycle-approximatemodels with
supportfor SystemC.VaSTSystems[36] offersasim-
ilar setof tools with a focuson embeddedsystems.
Furthermore,CoWare [13] presentswith the Virtual
PlatformDesigneran integratedsolutionfor thecus-
tomplatformsoftwaredesign.

1.3 Outline

This documentis organizedasfollows,Section2 de-
scribesmodelingof the processor(we selectedthe
ARM7TDMI [7]). This sectionwill describetheab-
stractmodels,aswell as the integrationof a suiting
ISS(SWARM [14]). Second,Section3 reportson the
porting of an RTOS (µC/OS-II [29]) toward the se-
lectedprocessorcore. Thirdly in Section4, we will
give an overview how the generatedSW codeis tar-
getedto theselectedprocessorcore.

Combiningthesethreeelementsenablesanintegra-
tion of thesoftwaredevelopmentandsimulationinto
the systemlevel design. The advantagesof this in-
tegrationareshown with anexampleof caranti lock
breaksin Section5.

2 Processor

The�rst key point for supportingasoftwaredevelop-
ment �o w is to integratea processormodel into the
system�o w. By capturingthefundamentalcharacter-
isticsof theprocessorit makesthesytemdesign�o w
awareof a processorasa processingelement,allows
to mapsoftwareto it andto estimatetheperformance.
Thereforewe will �rst describethe selectedproces-
sorandits modeleding.We captureprocessorat two
levels of abstraction.First asan abstractbehavioral
modelthatyieldsearlyexplorationresultsandsecond

asanintegrationof anInstructionSetSimulator(ISS)
for acycleaccurateexecutionof thetargetbinaries.

We chosean ARM core as a modelingexample,
sinceARM is the industry leadingprovider of 32-
bit embeddedRISCmicroprocessorwith almost75%
of the market [4]. In particular, we focusedon the
ARM7TDMI.

2.1 ARM7TDMI

According to [2] the ARM7TDMI core is at the
presentthe industry's most used 32-bit embedded
RISCmicroprocessor. Wethereforeselectedthiscore
asa basisfor the embeddedsoftwaresynthesis.The
coreprovideshigh performancewith very low power
consumption. It is a RISC architecture,provides
highinstructionthroughputandreal-timeinterruptre-
sponse.TheARM7TDMI coreis 100%binarycom-
patiblewith otherARM7 family coresandforward-
compatiblewith the ARM9, ARM9E andARM10E
families. The processorcoreis supportedby a wide
rangeof operatingsystems.

TheARM7TDMI hasaVonNeumannarchitecture,
with a single 32-bit databus carrying both instruc-
tionsanddata.Only load,storeandswapinstructions
canaccessdatafrom memoryanddatacanbe 8-bit
(bytes),16-bit (halfwords)and32-bit (words)[7].

2.1.1 Instruction Pipeline

As shown in Figure 2, the ARM7TDMI containsa
three-stagepipeline.

Figure2: ARM7TDMI InstructionPipeline(Source
[7]).

The three-stagepipelineallows concurrentopera-
tion of theprocessingandmemorysystem.While one
instructionis executed,its successoris beingdecoded
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at thesametime andyet anotherinstructionis being
fetchedfrom thememory. TheProgramCounter(PC)
refersto the instructionbeingfetchedratherthanthe
instructionbeing executed. Therefore,the value of
thePCis usuallyaheadby two addresslocationswith
respectto theinstructionin theexecutionstage.

2.1.2 Ar chitecture

The ARM7TDMI [2], an implementationof the
ARMv4T architecture,is a 32-bit RISC processor
with a uni�ed 32-bit dataandaddressbus. Figure3
shows thearchitectureof theARM7TDMI processor
core.

For increasedmemoryef�ciency, it supportsboth
theARM andtheThumbinstructionsets.While the
ARM instruction set is 32-bit wide and offers the
full instruction�e xibility , the Thumbinstructionset
is limited to 16-bit. It only implementsthe most
frequentlyusedinstructions,which accordingto [7]
cover65%of typicalARM code.

Each16-bit Thumbinstructionis internally trans-
latedto thecorresponding32-bit counterpart.Thumb
instructionsoperateonthesameregisterset,thesame
32-bit ALU and32-bit memoryaddressasthe32-bit
ARM instructions.With that, the Thumbinstruction
setallows for very compactcode,while deliveringat
thesametime theperformanceof the32-bit architec-
ture.

The ARM7TDMI processorcan be extendedby
customco-processors.Up to 16 co-processorscan
betightly coupledwith theARM7TDMI corefor im-
plementationof highly specializedadditionalinstruc-
tions. Detailedinformation aboutcycle countsand
thetwo instructionsetscanbefoundin [2, 7].

To react to external events, the ARM7TDMI has
two low active, level sensitive interrupts signals
(nIRQ andnFIQ). nIRQ triggersthegeneralpurpose
interruptandnFIQ the Fast InterruptRequest(FIQ)
with ahigherpriority thatthenIRQ.In additionto the
higherpriority, theFIQ is optimizedfor fasterexecu-
tion. It usesa reducednumberof registersthat are
exclusively available during interrupt execution. A
lowernumberof registers,minimizestheoverheadof
context switchingandreducestheinterruptoverhead.

Figure3: ARM7TDMI processorcore(source[7]).

2.1.3 BusAr chitecture

The ARM7 Thumb family processorcoresare de-
signedfor usewith AMBA on-chipbusarchitecture.
ARM de�nedwith theAdvancedMicroprocessorBus
Architecture(AMBA) [3] a widely usedon-chipbus
systemstandard.It containsa groupof busses,which
areusedhierarchicallyasshown in Figure4. TheAd-
vancedHigh-performanceBus(AHB) is asystembus
designedfor connectinghigh-speedcomponentsin-
cludingARM processors.

Although the initial ARM7TDMI designdid not
include a direct connectionto the AdvancedHigh-
performanceBus(AHB), it canbeconnectedthrough
a wrapper, providedwith theAMBA DesignKit [2],
to theAMBA AHB.

The AHB is a multi-masterbus that operateson
a single clock edge. High performanceis achieved
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Figure4: AMBA busarchitecture(Source[3]).

by a pipelinedoperationthatoverlapsarbitration,ad-
dress,anddataphases,andby theusageof bursttrans-
fers. Split andretry transfersallow the slave to free
thebusif therequesteddatais temporaryunavailable.
TheAHB alsoemploysamultiplexedinterconnection
schemeto avoid tri-statedrivers.

2.2 Abstract ProcessorModeling

In orderto performsoftwaresynthesisin our design
and re�nement �o w, basedon the System-on-Chip
Environment(SCE) [1], the target processorhasto
becapturedasa ProcessingElement(PE)[22]. A PE
is a systemcomponentthatprocessesdata(performs
computation)by executingapplicationspeci�c algo-
rithms.Examplesfor aPEarecustomdesignedhard-
wareor a programmableelement(e.g. a processor).
EachPEis capturedat multiple levelsof abstraction.
Throughoutthe designprocessa model with an in-
creasingamountof detailwill beused.

A Behavioral Model of a PE is the mostabstract
model,whichdescribesonly thebasiccharacteristics.
It is usedfor thePEallocationandmappingof com-
putationbehaviors of the speci�cationmodelduring
architectureexploration.

Later in the design�o w the OSModel is usedas
a templatefor insertingan RTOS modelfor abstract
scheduling.

TheBusFunctionalModelis apin-accuratemodel,
that adds communication layers describing com-
munication behavior of the component. For a
programmablePE, a cycle-accurateInstruction Set
Model is also usedfor clock cycle-accuratesimula-
tion of thePE.

Next sectionsdescribein moredetail eachmodel
for theselectedprocessor, theARM7TDMI.

2.2.1 Behavioral Model

A PE behavioral model is used for PE allocation
during architectureexplorationandde�nes the basic
characteristicsof a PE.It enablesthere�nement�o w
to mapuserbehaviors to it andto analyzetheperfor-
mancein variousaspects.

TheARM7TDMI behavioral modelcontainsthree
aspects.It containsannotationsfor generaldatabase
management,attributesandweighttables.

Theannotationsfor thedatabasemanagementcon-
tain the basic information neededfor managingthe
PEin thedatabase.For exampleit includesa catego-
rizationof theARM7TDMI PEasa generalpurpose
corethat is a 32-bit RISC.It alsocontainsreferences
to the moredetailedmodels(OS Model, Bus Func-
tional Model and Cycle AccurateModel). Further-
moreit containsthebusconnectivity of theprocessor
andits addressrange.

Figure 5 shows the behavioral model of
ARM7TDMI. The ARM7TDMI is connected
throughan AHB wrapperto the AMBA AHB. For
simplicity however, we integratedthis wrapperinto
our ARM7TDMI model as if the processorhad a
directinterfaceto theAHB bus.

ARM7TDMI
ARM7TDMI

Behavioral Model

PortA

AMBA AHB

master0

0x0FFFFFFF – 0xFFFFFFFF

AMBA AHB

BUS

Figure5: ARM7TDMI behavioral model.

Attribute annotationsdescribethe basiccharacter-
isticsof aPE.Theattributesinclude,clockfrequency,
MIPS (million instructionsper second),power con-
sumption,instructionwidth, datawidth, datamem-
ory and programmemory. Theseattributes of the
ARM7TDMI havebeende�ned accordingto thedoc-
umentation[7, 2, 4]. Someof the attributesarede-
�ned asranges,to adaptthe processorto the current
designneeds.As oneexample,the clock frequency
canbe setbetween12.5 MHz and75 MHz to meet
theapplicationdemands.

Themaininformationof anPEbehavioral modelis
capturedin form of weight tables.Theweight tables
areusedfor interpretationof thegenericpro�ling re-
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sults. Thepro�ler collectsgenericpro�ling informa-
tion duringsimulationfor eachPE.It countstheexe-
cution timesfor eachbasicblock anddeterminesthe
amountof instructionsfor eachblock. Thegenericre-
sultsaretheninterpretedfor aparticularPEusingthe
PE's weighttables.This interpretationyieldsthe�rst
applicationandtargetspeci�c performancedata.The
interpretedpro�ling resultsarethenusedfor compar-
ativeanalysisof differentdesignalternatives.

The ARM7TDMI behavioral model containstwo
weighttables.Thecomputationweighttablecontains
numberof cyclesto executeeachpossibleoperation
per datatype. The secondweight tablecontainspa-
rametersfor calculatingthe codesize. Eachitem in
thelatterweighttableindicatesthenumberof instruc-
tions requiredto performanoperationwith a certain
datatype.

Usingtheweighttablesfor aninterpretationof the
pro�ling resultsdramaticallysimpli�es the process.
Despitethis simpli�cation, the resultsareuseful for
exploration. When comparingthe performancees-
timation of two alternative designsthe relation be-
tweentheseresultsis of interestfor designdecision.
As long astheestimationful�lls the�delity property
[19], which requirestherelationbetweentheestima-
tion resultsof thetwo designsto beidenticalto there-
lation in a real implementation,anabsoluteaccuracy
is notrequired.For simplicity, wemadethefollowing
assumptionsfor populatingtheweighttables.

1. ARM7TDMI hasathree-stagepipelinein which
an instructionis �rst fetched,thendecodedand
�nally executed.Weassumedfor theclock-cycle
countthattheinstructionis in theexecutionstage
with fetchinganddecodingalreadyperformedin
thepreviouscycles.Hence,fetchanddecodecy-
clesarenot includedin thecyclecount.

2. We assumeall operandsto be are available in
registers and furthermorethe absenceof data
hazards.Hence,our cycle countmetriccaptures
thebestcaseresults.

3. Theweighttablesre�ect thecyclecountwithout
any co-processor1.

1 For the ARM7TDMI, a Vector Floating Point (VFP) co-
processoris neededfor ahardwaresupportof �oating pointoper-
ations.

4. The numberof instructionsrequiredfor �oat-
ing point operationhighly dependson the �oat-
ing point emulationlibrary or thehardwaresup-
port. To have someestimation,we assumeda
four times longerexecutionfor �oat datatypes
over an integerdatatype. Operationson double
datatypesareassumedto beeight timeslonger.
For example,we captureda �oat additionto re-
quirefour instructionsin four cycles.

In summary, weassumebestcaseconditionsin the
weighttables.

2.2.2 OSModel

If more than one behavior is mappedto a PE, the
mappedbehaviors have to be scheduled. A pro-
grammablePE allows only sequentialexecutionat a
time. Oneschedulingapproachis dynamicschedul-
ing as executedby an RTOS on the target system.
However, it is not desirableto executea complete
RTOS at an early designstagedue to the simula-
tion overhead.Therefore,anabstractRTOSmodelas
describedin [23] is usedfor explorationof different
schedulingpolicies.

The ARM7TDMI OS modelprovidesa template.
Later, there�nementtools �ll this templatebasedon
theselectedschedulingpoliciesandparameters.The
RTOSmodelis notacompleteRTOS,but implements
the necessaryconceptsincluding task management,
real-timescheduling,tasksynchronizationandinter-
rupt handling. ThePE's OSmodelis insertedasan-
otherlayeraroundthebehavioral model.

2.2.3 BusFunctional Model

The Bus FunctionalModel is a pin-accuratemodel,
which containsinformation aboutthe PE's commu-
nicationinterfacesanddescribesthe communication
behavior. Additionally, it containsa templatefor
computationfunctionalitythatwill be�lled by adding
communicationlayersontopof thebehavioral model.
The generalrequirementsfor the PE Bus Functional
Model (BFM) canbefoundin [22].

The ARM7TDMI BFM consistsof a behavior hi-
erarchy asshown in Figure6. The outershell is the
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Figure 6: ARM7TDMI bus functional model
overview.

bus functional shell that de�nes all pins of the pro-
cessor. It containsthreeparallelexecutingbehaviors:
the processorcore, a ProgrammableInterrupt Con-
troller (PIC) anda timer. Theprocessorcoremodels
thebarecoreasdescribedin theARM documentation.
ThePIC is aninterruptcontrollerthatmaps32 exter-
nal interruptsto the two core interrupt lines (nIRQ,
nFIQ). The timer, disabledby default, can generate
periodic interrupts. The BFM communicatesto the
outsidevia the AMBA AHB and interruptscan be
triggeredby oneof the32externalinterruptlines.

Thebus implementationof theAMBA AHB itself
is taken from the bus database.The layer basedim-
plementationis realizedin channelsas describedin
[35]. Eachlayer is implementedin a separatechan-
nel. In orderto communicate,theaccordingchannel
is instantiatedinsidethebehavior.

The processorcore containstwo behaviors that
areexecutingin parallel. The HardwareAbstraction
Layer(HAL) shellactsasatemplate.Throughoutthe
synthesisthetemplatewill be�lled with theusercom-
putationbehaviors. The InterruptRequest(IRQ) be-
havior containsan interrupthandlinglogic thatcom-
municateswith thePIC andtriggersexecutionof the
interrupthandlers.

Both behaviors the Hardware AbstractionLayer
(HAL) andthe IRQ communicatethroughthe AHB
master interface. The protocol layer interface is
wrappedby the the protocolwrap channelbeforeit
connectsto the HAL shell. The wrapperdisables

the interrupt handlingwhile a bus transactionis in
progress.Doing so avoids preemptionof a partially
�nished transactionand is neededto maintainaccu-
rateprotocoltiming.

The IRQ behavior hastwo connectionsto theout-
side,it terminatesthe nIRQ andnFIQ lines that sig-
nalaninterruptfrom thePICandamediaaccesslayer
link channelfor thedataconnectionto thePIC. This
connectionis usedfor communicatingwith the PIC,
in orderto determinetheactualsourceof aninterrupt
andto cleartheinterruptafterhandlingit.

The PIC behavior is connectedas a AHB slave
to the AHB bus, which is implementedthroughthe
AMBA AHB Slave Protocolchannel. For a Media
AccessControl (MAC) layer accessit usesthe slave
versionof the link layer. Additionally a channelfor
the interruptdetectionis instantiatedinside the PIC
thatperformstherecognitionof an interruptfrom an
externalsource.The InterruptControl Logic behav-
ior listensto the interrupt detectionlogic, sorts the
incominginterruptsby priority andsignalsanaggre-
gatedinterruptto thecore.

For the bus functionalmodel,we captureda Pro-
grammableInterrupt Controller (PIC) accordingto
NEC's System-on-ChipLite+ de�nition in [25], with
a few simpli�cations. ThePIC provides32 maskable
interrupts,with a 2-level programmablepriority. It is
build out of 4 basicblocks: low level interrupt de-
tectionmodules,the interrupt control logic, register
behaviors and the slave channelsfor the bus inter-
face.Theinterruptdetectmodulesareresponsiblefor
recognizingthe interruptconditionon PE's interrupt
lines andto changethe interruptstatusregister(Intr.
Status) accordingto thedetectedstate.

The control logic behavior combinesthe interrupt
informationof all detectmodules,sortsthemby pri-
ority and signalsthe interrupt condition to the pro-
cessorcorethroughnIRQ andnFIQ if a non-masked
interrupt is active. It then provides in Intr. Source
thehighestpriority active interrupt,whichtheproces-
sorevaluatesto selectthe interruptserviceroutineto
execute. The PIC alsocontainsa maskbehavior, so
that thecoreasthepossibility to maskindividual in-
terruptsthroughthe Intr. Maskregister. For a clean
startup,all interruptsaredisabledby default.

Additionally, we modeleda programmabletimer
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unit alsofollowing NEC'sSystem-on-ChipLite+ def-
inition in [25]. Thetimer canbeprogrammedto gen-
erateperiodic interrupts. It is usedin the later de-
scribedcycle accuratemodelfor the actualRTOS to
keeptrackof time. Thetimer's activity (reset,count-
up, count-down) is controlledby the Timer Control
Register (TMC) and the period through the Timer
Load Register (TML). Theseregistersare available
via the AHB interface. The timer is disabledby de-
fault. It will beenabledby theRTOSrunningin the
cycleaccuratemodelasdescribedin Section3.2.4.

2.3 Cycle-Accurate Instruction Set Simula-
tor

After the �nal stageof the embeddedsoftwaresyn-
thesisthegeneratedbinarieshave to betestedandthe
�nal systemperformancehas to be evaluated. For
thatpurposeanInstructionSetSimulator(ISS) is re-
quired,thatprovidesanaccuratemodelof aprocessor
(besidesexecutionon theactualtargetprocessor)and
acceptsthebinarycodeof thetargetprocessor.

TheembeddedC codeis generatedin thesoftware
synthesisasthe�nal stepof softwarere�nement(see
Section4). The C codeis thencompiledandlinked
against all requiredlibraries (e.g. RTOS library) to
yield the �nal target binary. For the validation of
the�nal targetbinary, co-simulationof hardandsoft-
warecanbe used,which requiresan ISS in the sys-
tem level design�o w. The ISSmodel,aspartof the
database,thenreplacespartsof thebusfunctionalpro-
cessormodel. A bus functionalmodelof the target
designwith an integratedISS offers true hardware/-
software co-simulationcapabilitiesand yields cycle
accuratetiming informationfor all aspects:software
execution,hardwareexecution2 andcommunication.

Next we will describetheselectionof anISSfrom
multiple candidatesandcover its integrationinto the
database.

2.3.1 Selectionof an ISS

An Instruction Set Simulator (ISS) is a simulation
modelthatmodelsthemicroarchitectureof aproces-
sorat theinstructionsetlevel. An ISSreproducesthe

2 Assumingthecustomhardwarehasbeenre�ned to RTL.

executionbehavior of the actualprocessorby read-
ing binaryinstructions,decodingandexecutingthem
while incrementallymaintainingall relevant internal
state information of the processor. It emulatesall
componentsaccessibleto the target assemblycode,
suchasregisters,programcounterandprocessorsta-
tus �ags. Additionally, it canprovide debug access
to internalstateinformationof theprocessorthatare
usuallyhiddenin a realhardware(e.g.detailedstatus
of the pipeline). Using an ISS easessoftwaredevel-
opmentanddebuggingby providing a deterministic
execution;especiallyusefulfor analyzingracecondi-
tions.

For integration into the systemlevel design�o w,
we consideredseveral instructionset simulatorsfor
theARM7 core:

1. SimpleScalar[10]

2. GDB ARMulator [15]

3. SWARM [14]

4. ARM ARMulator [5]

The selectionprocessof the ISS was guided by
the requirementsof the developmentandsimulation
environment. Especiallythe integration into the co-
simulationenvironmentposessomerestrictions.For
example,anISSis typically implementedto run asa
standaloneprocess.However, for a co-simulationit
hasto run within thecontext of theco-simulationen-
gine.Wehaveconsideredthefollowing requirements
for theISSselection:

1. Cycle-accuratesimulation of ARM7 micro-
architecture.

2. Cyclecallableinterface(API) for cycle-by-cycle
simulation.

3. Accessto thebusinterfaceof theISS.

4. Ability to handle interrupts and optionally to
provideaninterruptcontroller.

5. Availability of sourcecodefor theISS.

6. Availability without licensecost.

9



A key requirementfor the ISS is a cycle callable
API, to call it cycle-by-cycle while simulatingalong
with othercomponentswithin thedesign.TheARM7
core will be connectedto different system-on-chip
componentsthroughthe AMBA bus. Therefore,the
ISShasto provideanaccessto thebusinterfaceto in-
tegratewith ourAHB busmodel.For synchronization
with othercomponents,theISShasto implementin-
terrupthandlingfrom differentsources.For aneasier
integrationandadaptationthesourcecodeof theISS
shouldbeavailable.

Figure 7 compareseachconsideredsimulatorac-
cording to the de�ned criteria. The following para-
graphsdiscusseachsimulatorindividually.

SimpleScalar [10] is a tool set consisting of
compiler, assembler, linker, simulator and visual-
ization tools. The SimpleScalarsimulatorsupports
the ARM7 instructionset, but modelsthe SA-1100
micro-architecture.Both StrongARMSA-1 coreand
ARM7 corearebasedon ARMv4 ISA but have dif-
ferentmicro-architectures.While StrongARMSA-1
corehasa � ve-stagepipeline,theARM7 implements
a three-stagepipeline. Therefore SimpleScalar's
StrongARMmodelwould yield inaccuratetiming in-
formationfor theARM7.

TheGNU Project debugger (GDB) [15] contains
anARM emulatorcalledGDB ARMulator. TheGDB
ARMulator emulatesARMv4T andARMv5ET, and
supportsboth ThumbandDSPextension. However,
it lackssupportfor the interrupts. Furthermoreit is
aninstruction-by-instructionsimulatorthatonly sim-
ulatesthefunctionalityandnotthemicroarchitecture.
Thereforeit doesnotoffer accuratecyclecountinfor-
mation.

SWARM (Software ARM) [14] is a C++ based
modelof the ARM7 processor's datapathat the bus
level. It supportsARMv4 InstructionSet Architec-
ture(ISA), andhastheacceptablelimitation of requir-
ing binariesgeneratedfrom gcc(in theCOFFformat).
Thesimulatordoesnot supportthe16-bit Thumbex-
tension.SWARM implementsa cycle callableinter-
faceandprovidescycle accuratesimulation.Further-
more,is supportsinterrupthandling.

ARM itself offers an ISS,calledARMulator [5],
for its processorcoresasa part of its RealView De-
veloperSuite. TheARMulator supportsmany ARM

core processorfamilies, including ARM7, ARM9E
andARM10E.It providesacycleaccuratesimulation
with supportfor interruptsandexceptions.However,
it requiresa licenseandis not freelyavailable.

Weighting the featuresof eachISS candidate,we
selectedSWARM for our work. SWARM provides
a cycle accuratesimulationfor the ARM7 processor
coreandmodelsthe ARM processorcoredatapath
at thebus level. It providesa cycle-by-cycle callable
interfaceandsupportshandlinginterruptsandexcep-
tions(it evenincludesa interruptcontroller).Beinga
university researchproject,SWARM is freely avail-
able in sourcecode. Additionally, SWARM is the
only simulatorthat individually simulatesthe ARM
processorcore,while the remainingthreesimulators
areapartof alargertool setandsupportISAsof other
processorcoresnotneeded.Weexpectaneasierinte-
grationdueto thereducedcomplexity.

2.3.2 SWARM (SoftwareARM)

SWARM [14] is a modularconstructedsimulatorfor
the ARM processor's datapathat the bus level. It
hasbeenimplementedasa hierarchy of C++ classes,
which allows selective useof either the simplecore
only or of a core with cache. SWARM modelsthe
internaldatapathbasedon theARM7 core. External
elements,suchas the interrupt controller, arebased
on de�nitions of StrongARM.Sinceit modelsaccess
to externalelements,theSWARM includesa bus in-
terface,which canbe usedfor connectingadditional
components.

The instructionsfrom the binary streamare de-
codedinto control signalsthat contain information
for managingthe internaldatapathandthebus inter-
face. SWARM supportsmost of the instructionsof
theARMv4, includingdataprocessing,datatransfer,
load/storeand co-processorregister transfer. How-
ever, it doesnot completelyimplementtheARM in-
structionsetanddoesnot supporttheThumbinstruc-
tion set.SWARM requiresaCOFFbinaryimagepro-
ducedby gcc. It includesa timer, LCD andUART
controller, which aremodeledafter the speci�cation
of the Intel SA-1110processor[12]. It alsoincludes
rudimentarysupportfor a basicsystemco-processor
to aidextendingtheISA.

SWARM implementstwo interrupt signal lines
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Figure7: Instruction-setsimulatorsfor ARM core.

(IRQ andFIQ) to interrupt the coreandbasicinter-
rupthandling.It alsoincludesan32-bit interruptcon-
troller basedon the Intel SA-1110[12] for synchro-
nizationwith externalperipheraldevices.

SWARM attempts to realistically simulate the
memoryhierarchy for a ARM machineandeven in-
cludesa cachemodel. However, the externalmem-
ory bus interfaceis not complete.It providesan ab-
stractuntimedbus interfacewith 32-bit addressand
datavalues.SWARM utilizesan internalmemoryof
12 MB, startingat addresszero,wheretheCOFFbi-
nary�le is loadedinto duringinitializationandwhere
theexecutionstartsfrom.

Figure 8 depictsthe decisionsduring a write and
a read memory accessin SWARM. Accessingthe
memoryis divided into threelevels: the ARM core
interface,the ARM processorinterfacethat contains
cache,andthemainmemory. In caseof a readcache
miss, the ARM processorhalts the core, fetchesthe
datafrom the main memoryinto the cacheandthen
releasesthecore.In caseof a readcachehit, thedata
is availablein thenext cycleandthecoreexecutionis
not halted.Memorywritesareimplementedaswrite
throughthatimmediatelyappearin theexternalmem-
ory.

SWARM hasbeenimplementedasa hierarchy of
C++classesasoutlinedin theFigure9. SWARM, be-
ing a researchprojectat the University of Glasgow,
hasnot beencompletelyimplemented.However, the
currentversionis suf�cient to executebinariescom-
piled with gcc. Evenso,theimplementationcontains
somerestrictions.

(a)Read (b) Write

Figure8: SWARM memoryaccesses(Source[14]).
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Figure9: SWARM implementation(source[14]).
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Ourwork includessomechangesto SWARM in or-
derbetterto matchtherealARM core.We have per-
formedthreemainalterations.

First, the interrupt lines nIRQ and nFIQ in the
SWARM corehavebeenincorrectlymodeledasedge
sensitive. Thus,aninterruptwill notbedetectedif the
interruptis disabledduringtheactualinterruptevent.
Evenafterenablingtheinterrupt,theaccordinginter-
ruptserviceroutineis notexecuted.TheARM7TDMI
core,on the otherhand,is level sensitive to the two
interruptsignallines. Hence,enablingthe interrupts
after theoccuranceof an interrupt,with the interrupt
line still beingactive,will triggerexecutionof thein-
terrupthandler. Wemodi�ed theSWARM coreto im-
plementlevel sensitive interrupts.

Second,wechangedSWARM to avoid preemption
of annIRQ interrupt. An interrupttriggeredthrough
nFIQ hashigherpriority thanan nIRQ triggeredin-
terrupt.Thus,annFIQinterruptcanpreemptannIRQ
interrupt.However, thispreemptionof annIRQinter-
rupt is nothandledcorrectlyin SWARM, which loses
theorderof execution.As aworkaroundwehavedis-
abledthenFIQduringexecutionof annIRQinterrupt.
Although this doesnot yield timing accurateresults,
it allowscorrectexecution.As futurework weplanto
investigate�xing theFIQ interrupthandling.

Third, theinterruptcontrollerincludedin SWARM
is incomplete.For reasonsof futureoptimizationwe
havedecidednotto usetheincludedPIC,but modeled
aPICasapartof thebusfunctionalmodelexternalto
SWARM anddisabledtheSWARM internalPIC.

2.3.3 Cycle-AccuratePE Model

A cycle-accuratemodelof a programmablePE pro-
vides cycle accuratesimulationof the PE's instruc-
tion setandis calledthe instructionsetmodel. The
instructionsetmodel replacespartsof the bus func-
tional model. Therefore,the interfaceof the cycle-
accuratemodel must exactly matchthe interfaceof
thecorrespondingbus-functionalmodel[22]. In other
words, the cycle-accuratemodel is a SpecCbehav-
ior with identicalexternalportsasthebus-functional
model,it addsa re�ned cycle-accuratetiming.

In order to reachthe cycle-accurateexecutionwe
integratethe SWARM ISS into the databaseof our
re�nement �o w. The re�nement tool �o w usesthe

SLDL SpecC[20] for capturingthe designand the
databaseelements.While SpecCis a supersetof C
language,SWARM, on the other hand, is basedon
C++ classes.To integrateSWARM, we �rst createda
C wrapperaroundtheISS(SWARM) thatprovidesa
C-level API, which canbecalledfrom SpecCbehav-
ior.

TheSWARM with its C wrapperis embeddedinto
aSpecCbehavior ARM7TDMI ISS. Thewrappingbe-
havior ARM7TDMI ISScalls the ISS cycle by cycle
andinterfaceswith the remainingdesign(e.g. exter-
nalslavesonthesamebus).It usestheC-API to trans-
latebetweenSWARM eventsandexternalevents.As
suchit detectsa SWARM busaccesson theSWARM
abstractbus interface and calls the channelof the
bus functional model to execute the requestedbus
transfer. On the other hand it monitors the inter-
rupt inputs and triggers an SWARM internal inter-
rupt, shouldaninterruptoccur. Thewrappingbehav-
ior ARM7TDMI ISSadvancesthe time in the SpecC
simulationaccordingto theclockde�nition of theuti-
lizedARM7 processorcore.

Figure 10 shows the instructionset model of the
ARM7TDMI. It looks very similar to the bus func-
tional modelandreusesthe sameprogrammablein-
terruptcontroller. However, insteadof thepreviously
usedcoreshell for abstractexecution,it instantiates
wrappingbehavior ARM7TDMI ISSthatcontainsthe
SWARM. TheARM7TDMI ISSconnectsto theAHB
via the AMBA AHB masterprotocolchannel.Note
that due to the incompletestateof the SWARM in-
ternalPIC andfor futureoptimization,we do not use
the SWARM internalPIC. We neitherusethe LCD,
UART controlleror theinternaltimer.

As shown in Figure 10, the instruction set
model has the identical pin level interface as the
ARM7TDMI bus functional model including wires
for the AMBA AHB masterand slave interface as
well astheinterruptwires. As in theBFM, theAHB
wires are connectedto the inlined masterand slave
protocolchannels,which in turn areusedby theme-
dia accesslayer channels(AMBA MasterMacLink
andAMBA SlaveMacLink).

Thetwo low active interruptwiresnIRQ andnFIQ
directly connectthePIC to theARM7TDMI ISS. The
PICsignalsanon-maskedinterruptfrom any of the32
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Figure10: SWARM instructionsetmodel.

incominginterruptwiresto theISSbehavior through
the eitherthe nIRQ or the nFIQ line. The wrapping
behavior ARM7TDMI ISSchecksboth lines for each
cycle of the ISS. It forwardsthe interrupt signal to
the SWARM ISS by calling the C-level API for set-
ting andclearingthe IRQ/FIQ request.This triggers
executionof the interrupt serviceroutinewithin the
SWARM simulatedcode,which in turn thencommu-
nicatesthroughtheAMBA AHB with thePIC to de-
terminetheinterruptsource.

Upon startup the wrapping behavior
ARM7TDMI ISS initializes the SWARM, which
loads the binary �le of the user program into the
SWARM internal memory. Execution starts then
at addresszero (SWARM internal memory). The
wrapperARM7TDMI ISS calls the SWARM cycle-
by-cycle in an endlessloop. For eachiteration, the
ARM7TDMI ISSbehavior checksexternalinterrupts,
drives the ISS's asynchronousinputs and drives the
externalbus interfaceif an accordingI/O instruction
is executedwithin theSWARM ISS.

In a non-I/Oprocessorcycle, theARM7TDMI ISS
advancesSpecCtime for oneprocessorclock period
and advancesthe ISS by a single cycle. In caseof
externalbus reador write, the ARM7TDMI ISSsim-
ulates the bus by calling the bus protocol channel
AMBA AHB MasterProtocol importedfrom the bus
database.Calling the protocolchanneladvancesthe
simulationtime dependingon the bus stateand the
selectedslave,theARM7TDMI ISSthenadvancesthe

ISS internalcycle countaccordingly. It updatesthe
PEportsfor everyexternalI/O operationaccordingto
theprocessorstateandbusstate.The instructionset
modelis clock-cycle accurateandintegrateswith ex-
ternalcomponentsin thedesignthroughthebusfunc-
tional interfaceandinterrupts.

3 Real-Time Operating System

During the re�nement processthe designermay as-
sign multiple behaviors to one software processing
element(CPU). Due to the inherentsequentialex-
ecutionnatureof a processor, behaviors have to be
scheduledeitherstaticallyor dynamically. An RTOS
is neededto run on the target processorfor dynamic
scheduling.

In thesoftwaresynthesisstage,C codeis generated
from thebehaviors representingthesoftwareapplica-
tion runningonthePE.ThegeneratedC codeis cross
compiledto the target processor's instructionsetus-
ing acrosscompiler. The�nal executableis generated
by linking it againstacustomizedRTOS.In theRTOS
targetingstage,an actualRTOS is selectedfrom the
databaseandis insertedin thecodefor providing nec-
essaryschedulingservices.

In orderto targetanRTOSto aparticularprocessor,
the RTOS needsto be �rst adaptedfor the selected
targetprocessor. Thischapterstartswith theselection
of anRTOSfor thetargetARM core. It thenfocuses
on theintegrationof theselectedRTOS.

3.1 RTOSSelection

An RTOS is an operatingsystemthat hasbeende-
signedfor realtimeapplications.TheRTOS,through
its schedulingalgorithmsand deterministicnature,
guaranteesthat the systemdeadlinescanbe met. Or
to bemoreaccurate,anRTOSprovidesservicestim-
ing deterministicsothatit doesnothinderthesystem
from meetingthedeadlines.Deterministicexecution
timesarea strict requirement,anadditionalgoalis to
minimumresponsetimefor interrupts.An RTOSpro-
videsthesystemwith thebasicservicesof scheduling,
multitaskingandsynchronization.

Many RTOSsareavailable,rangingfrom costfree
to commercialones.Therefore,we describe�rst our
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selectionprocess.We have consideredthe following
RTOSsfor ourwork:

1. RTEMS[30]

2. TinyOS[31]

3. eCos[16]

4. µC/OS-II [29]

Almost any RTOScanbeadaptedfor targetingon
theARM core.Therefore,basedon thetargetproces-
sorwehavenostrictrequirementfor theRTOS.How-
ever, while consideringthe concurrency and map-
pingperformedin there�nement�o w, therewerefew
requirementsthat we consideredwhile selectingthe
RTOS. The requirementsthat we took in to account
arelistedbelow:

1. The RTOS shouldbe ableto supportmultitask-
ing or concurrency.

2. It should have some mechanismfor intertask
communicationandsynchronization.

3. Priority and�rst-come-�rst-serveschedulinghas
to besupported.

4. The sourcecodeshouldbe easyto adaptfor an
ARM core.

5. Thesizefor theRTOSshouldbesmall.

6. It shouldbefreely availablewith detaileddocu-
mentation.

The �rst threerequirementswerethe mostimpor-
tant,althoughverybasic,requirementsfor theRTOS.
The remainingrequirementswereconsideredfor an
easyadaptationto theARM core.

Figure11 shows a comparisonof the four consid-
eredRTOSs.It containstheinformationbasedonour
metricsmentionedabove.

Notethateventhough,µC/OS-II is nolongerfreely
available,we consideredthis RTOS in an older ver-
sionavailablewith sourcecodein thebook[29].

TinyOS [31], is an event-driven architectureand
offers only a limited concurrency. It supportsonly
a single process,thereforedoesnot includeprocess

management.Tasksarescheduledwith asimpleFIFO
schedulerandcannotpreemptothertasks.Only inter-
ruptscanpreempta task.

ThethreeRTOSs- RTEMS, eCOSandµC/OS-II
aresuitablefor ourwork asthey supportedmultitask-
ing andhavesomemechanismfor intertaskcommuni-
cation. EventhoughRTEMS offersmorefeaturesas
comparedto theothertwo, we selectedµC/OS-II for
our work dueto thefollowing reasons.TheµC/OS-II
hasaverysmallfootprint,yetat thesametimeit does
provide all necessaryfeatures.Its sourcecodeis well
organized,understandableandcanbe adaptedeasily
to theARM core.In additionto thatwe hadprevious
experiencewith thisRTOS.

3.2 Micr oC/OS-II

µC/OS-II [29] is a multitaskingreal-timekernelthat
provides an executionenvironment for many tasks,
whereeachtaskcanutilize systemresources.It pro-
videstransferof executionfrom onetaskto theother,
so that resourcescan be usedef�ciently and timing
deadlinescanbeachieved.µC/OS-IIprovideslow la-
tenciesfor the kernel services. In order to achieve
timeliness,priority schedulingis supported. Each
taskis assigneda priority andis scheduledaccording
to it. Furthermore,preemptionis supported,a higher
priority taskmaypreemptexecutionof a lower prior-
ity taskin orderto performa time-criticalfunction.

µC/OS-II is ROMable- it canexecuteas�rmw are
from theROM of anembeddedsystems.It is portable
sinceit hasbeenimplementedmostlyin ANSI C and
containsonly a small amountof assemblycodefor
adaptationtoaparticularprocessorcore.In fact,it has
beenportedto morethan40differentprocessorarchi-
tecturesrangingfrom 8- to 64- bit microprocessors,
microcontrollersanddigital signalprocessors[29].

µC/OS-II provides a fully preemptive real-time
kernelandpriority schedulingthat alwaysexecutes
thehighestpriority readytask. It supportsmultitask-
ing, wherethe applicationsoftwarecande�ne up to
56 tasks(8 tasksare reserved for µC/OS-II). Being
a real-timekernel,the executiontime of mostof the
µC/OS-II functionsandservicesis deterministic. In
otherwords,thetimeit takesto executeafunctioncan
be estimated,which is necessaryto make any real-
timeguarantees.
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Figure11: RTOSsurvey (sourceJinhwanLee).

µC/OS-II is asmallreal-timekernelwith amemory
footprintof about20KB. It is agoodcandidatefor ap-
plicationspeci�c RTOScon�guration,sinceit canbe
scaleddown in footprint if the applicationdoesre-
quirefewer features(down to 2K bytesof codespace
accordingto [29]).

3.2.1 Micr oC/OS-II Structur e

µC/OS-II is small with about 5,500 lines of code,
mostly in ANSI C. The sourcecode is well orga-
nized.Figure12showsµC/OS-IIthe�le structureand
includesthe hardware/software architectureas well.
Thekernelcodeis organizedinto threesegments:

Application Speci�c Code containstheuserspeci�c
applicationsoftwareaswell somecoderelatedto
theµC/OS-II.Thisincludesinitializing andstart-
ing thekernelaswell asusingthekernelspeci�c
API for taskmanagement,synchronizationand
communication.

Processor-IndependentCode is the main code of
the µC/OS-II kernel and is independentof the
actual target processor. It provides the ker-
nel servicesfor taskmanagement,time manage-
ment,semaphores,schedulingpolicy andmem-
ory management.

Processor-Speci�c Code contains an adaptation
layer: the port to the selectedtarget proces-
sor, which varies with processors. This code

typically manipulatesdirectly individual pro-
cessorregisters,for examplein order to switch
contexts.

Figure12: MicroC/OS-IIhardware/softwarearchitec-
ture(Source[29]).
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3.2.2 Kernel and Kernel Services

The kernel, the heartof the operatingsystem,pro-
videsmultitaskingservicessothattheapplicationcan
be divided into smallermanageabletasksthat share
the sameprocessor. Basedon the schedulingpolicy,
thekerneldecideswhich taskto run andswitchesbe-
tweentasks(context switch). It savesthecontext (i.e.
the CPU registers)of the current task onto the it' s
stack,loadsthe context of the new taskandcontin-
uesexecutingthenew task.

µC/OS-II kernelprovidesa numberof systemser-
vices,for adetaileddescriptionincludingtheir imple-
mentationpleasereferto 12.

TaskManagement. µC/OS-II supportsa multitask-
ing environmentwith up to 56 applicationspe-
ci�c tasks. In order to managethese tasks,
µC/OS-II kernel provides servicesfor creation,
deletion,to changea task's priority, to suspend
andresumeataskandto getmoreruntimeinfor-
mationabouta task.

Time Management. By useof a systemtimer inter-
rupt,applicationspeci�c betweenevery 10msto
100ms,µC/OS-II keepstrackof thereal-timeby
incrementinga 32-bit tick counter. It allows the
userto setandquerythetime, aswell asto sus-
penda taskfor a userspeci�ed time. Internally
µC/OS-II runstheschedulerfor eachtimer tick.

SemaphoreManagement. µC/OS-II promotesinter
task communicationthroughshareddatastruc-
tures.It simpli�es theexchangeof largeamounts
of data,but requiressynchronization.Exclusive
accessto thedatais neededavoid corruptionof
data.µC/OS-II containsasemaphoreimplemen-
tationandprovidesan API for the essentialop-
erations:creation,deletion,obtaining,querying
andreturningof asemaphore.

Mutual ExclusionSemaphoreManagement. In
addition to genericsemaphoresµC/OS-II pro-
videsa specializedmutualexclusionsemaphore
(mutex). This is a binarysemaphorethatallows
to gain exclusive accessto the resourcesand
provides additional features that reduce the
priority inversionproblem.

Memory Management µC/OS-II provides support
for dynamicmemoryallocation. It usesa �x ed
block sizeallocationschemeto avoid fragmen-
tation,asavailablememoryis typically small in
embeddedapplications.An applicationcanallo-
cateanddeallocatethesememoryblocks.

Thekernelalsomanagesinterrupts,it disablesthe
interruptswhile enteringthe critical sectionsof the
code,e.g. the manipulationof kernel internal data
structures,andre-enablesthe interruptwhenleaving
thecritical section.This preventsthatmultiple tasks
enterthe critical sectionsimultaneouslyandcorrupt
data. An interruptcansuspendor resumeexecution
of a task. In casetheresumedtaskis thehighestpri-
ority readytask, then it will executeas soonas the
interrupthandlerhas�nished.

As mentionedfor theTime Managementservices,
µC/OS-II requiresa periodic timer interrupt to keep
trackof timedelaysandtimeouts.Thisperiodicinter-
rupt is referredto astheclock tick. It shouldbepro-
vided with a frequency of 10 to 100 timesa second.
A higherfrequency allows more�ne grainedtiming
decisions,however it resultsin ahigheroverhead.

3.2.3 Adapting Micr oC/OS-II for an ARM core

µC/OS-II hasalreadybeenportedto largenumberof
processors.Severalportsareavailableat theµC/OS-
II web site [32]. We basedour processoradaptation
on anARM port [33] andadjustedit accordingto the
SWARM ISS.Figure13 depictstheRTOSasit runs
within t heISSin ourco-simulationenvironment.
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Figure13: Setupfor µC/OS-II.
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The existing port for the ARM coremainly needs
adjustmentsfor thegcccrosscompilerandthework-
ing environment.As partof adaptationto theutilized
compiler, we adjustedthesizesof thedatatypesand
the resulting stack layout. The correctionsfor the
working environment include the addressmap, the
communicationwith thePICandthetimer.

The µC/OS-II port containsthe processor-speci�c
code of the operating system. The processor-
independentcodecalls the speci�c codeas C func-
tions. Theprocessor-speci�c codeis implementedin
C and/orin assemblycodeto performregisteropera-
tions.

This sectiondiscussessomekey functionsof the
processor-speci�c code.A moredetaileddescription
canbefoundin theµC/OS-II book[29].

To protect the kernel internal data structures,
µC/OS-II usestheconceptof a critical section.Dur-
ing executionof a critical sectionthe interruptshave
to be disabled. This avoids preemptionby an inter-
rupt serviceroutine, thus avoids unwantedschedul-
ing eventsandmakesexecutionof thecritical section
atomic. For this purpose,the port de�nes two func-
tions that mark the start OSENTERCRITICAL())
and the endOSEXIT CRITICAL()of a critical sec-
tion. These functions disable and re-enablethe
interrupts respectively. They make use of two
assembly level functions OSCPU SRSave() and
OSCPU SRRestore() that modify the CPSRregis-
ter. OSCPU SRSave()disablesall interruptsand
returnsthe list of the previously enabledinterrupts.
OSCPU SRRestore() restoresthepreviousinterrupt
stateby enablingall interruptsin thelist.

In orderto performa tasklevel context switch,the
port includesthe OSCtxSw()function. The sched-
uler performsa context context switch to changethe
taskrunningon the CPU whenever a higherpriority
taskbecomesreadyor, whenthe currenttasktransi-
tions to the waiting state. Figure 14 shows the op-
erationsperformedduring context switch. For that
the OS saves the current programcounteras a re-
turn addresson the currentstaskstack. It storesthe
valuesof all registersonto the stackandupdatesthe
stackpointerin theTCB of thecurrenttaskasrefer-
encedby OSTCBCur. Thenit loadsthecontext of the
new task, the high readytaskwith the TCB pointer

OSTCBHighRdy, by performingthesamestepsin re-
verseorder. It endswith areturninstructionthatreads
theprogramcounterof thenew taskfrom its stackand
executionof thenew taskresumes.

The OS port containsmore functions, e.g. OS-
StartHighRdy()for startingthe highestpriority task,
OSTaskStkInit()to initialize the taskstackandthere
fore theregistersatstartup,andOSTaskCreateHook()
that is calledwhena taskis created.Pleaserefer to
ARM port documentation[33] for moredetailedin-
formationon thefunctionsin theARM port.

Next, we describetheintegrationto thesimulation
environment,namelytheinteractionwith thePICand
thetimer.

3.2.4 Interrupt Handling and Timer Integration

Theport providesinterruptshandling.In orderto re-
ducetheamountof codethatneedsto beadaptedfor
integratingµC/OS-II to a particularsetup,the inter-
rupt handlingis split into two portions. The initial
steppreparesfor executingan interrupthandlerand
is independentof thePIC,while thesecondstepcom-
municateswith thePICandexecutestheuserinterrupt
handler.

In the�rst step,OSCPU IRQ ISR()is calledwhen
an IRQ arrives. Its implementationis independent
of the addressmap and can be usedirrespective of
whetheraninterruptcontrolleris presentor not.

OSCPU IRQ ISR(), implemented in assembly,
only preparesfor theactualinterrupthandling.It per-
formsregisteroperationsto savethecurrentprocessor
state,switchesto the interrupt executionmodeand
calls OSCPU IRQ ISRHandler() for further pro-
cessing. After this function �nished, it restoresthe
saved processorstate,returnsto the userexecution
modeandreturnsto the preemptedusercode. Note
that a different task may be switchedin as a result
of a schedulingdecisionduring the interruptexecu-
tion. Therefore,theimplementationhasto beconsis-
tentwith thecontext switchimplementation.

OSCPU IRQ ISRHandler() is written in C is de-
pendenton theaddressmapandthePIC.We adapted
the OSCPU IRQ ISRHandler() according to the
PIC presentin the instructionset model. The PIC
multiplexes from many external interruptsto a few
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Figure14: Tasklevel context switch(source[33]).

internal interrupts. In order to determinewhich ex-
ternal interrupt has causedexecution of the IRQ,
OSCPU IRQ ISRHandler()readstheInterruptSta-
tusregisterof thePIC andcallsa theregisteredinter-
rupt handlercontainingtheactualuserinterrupthan-
dler code. We de�ned and implementeda generic
functionUserIrqRegister()for registeringauserfunc-
tion asaninterrupthandlerfor particularinterrupt.

In order to keeptrack of time and for scheduling
purposes,µC/OS-II requiresa periodic timer inter-
rupt. This timer interrupt is generatedby an exter-
nal timer implementedin the bus functional model.
The timer wasimplemented,like the PIC, according
to NEC'sSystem-on-ChipLite+ speci�cation[25].

Theregistersof thetimerareavailablevia theAHB
through an AHB slave interface. The timer inter-
rupt is connectedto aninterruptline of thePIC.Dur-
ing the softwarestartup,the function OSTimeTick is
registeredasan interrupthandlerassociatedwith the
timer interrupt,thetimer is enabledandprogrammed
to generatea periodic interruptevery 10ms. There-

fore, the OS schedulingandtime managementfunc-
tionsareexecutedonaperiodicbasis.

4 EmbeddedSoftwareGeneration

Figure15 shows anoverview of thedesign�o w. The
systemlevel designprocessis composedof a grad-
ual re�nement,startingwith themostabstractspeci-
�cation model. Thenthe designeraddsimplementa-
tion speci�c informationandexploresdifferentalter-
natives. With eachre�nementstepmoreimplemen-
tationdetailgetsaddedto thesystemmodel.Onere-
�nement stepis the ArchitectureRe�nement,which
introducesprocessingelementsand mapsbehaviors
to them.Anotherre�nementstepis theschedulingre-
�nement,whichschedulesexecutiononeachprocess-
ing element.The�nal re�nementstep,with respectto
software,is thetheembeddedsoftwaregeneration.
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Figure15: Systemdesign�o w [21].

4.1 SchedulingRe�nement

Thesoftwaresynthesisis dividedinto two re�nement
steps. The �rst step is the SchedulingRe�nement.
Here the designerspeci�es the schedulingparame-
tersfor processingelementsto whichmultiplebehav-
iors have beenmapped. Optionsare static and dy-
namicscheduling.Within thedynamicschedulingei-
therFirst ComeFirst Serve (FCFS)or priority based
schedulingareselectable.In caseof priority schedul-
ing, the designerhas to de�ne the priority of each
task.

As a resultof theschedulingre�nement,behaviors
aremappedto a processingelementwith a notionof
tasks. For dynamicpriority basedschedulinga pri-
ority is de�ned for eachtask. Tasksare scheduled

basedon an abstractRTOS that is implementedas
a separatechannelinstantiatedin theprocessingele-
ment(see[24, 23]). Theoutputmodel,thescheduled
model,is still completelyimplementedin theSLDL.

4.2 Embedded Software Generation and
RTOSTargeting

Thesecondre�nementstepis theEmbeddedSoftware
Synthesis,whichgeneratesthetargetC codeandper-
forms the RTOS targeting. The softwaregeneration
approachis basedon the work outlined in [38, 37].
Thesoftwaresynthesistoolgeneratesasetof software
tasksfrom a partitioneddesignspeci�cation,thebus
functionalmodel,capturedin anSLDL, whichin turn
is theresultof theschedulingre�nement.Thegener-
atedsoftwaretasksimplementedin targetC codeare
thenscheduledby anrealtimekernel.

During thegeneration,theSLDL codeof a behav-
ior, which is mappedto a softwaretask,is converted
to C code.All communicationprimitivesarereplaced
with plain C codeaswell. Taskandsynchronization
primitivesarereplacedwith calls to a genericRTOS
wrapper, a thin RTOS abstractionlayer. The C syn-
thesistool also generatesinterrupt handlersin case
interruptsareusedfor synchronizationwith external
components.It generatesstart-upcodethat registers
theseinterrupthandlersto theoperatingsystem.

Theoutputof theembeddedsoftwaregenerationis
twofold. For one,thegeneratedC codeis reintegrated
into theinputmodel(thebusfunctionalmodel).Here
it replacestheoriginalSLDL behaviorsthathavebeen
mappedto software tasks. It integratesinto the re-
maining systemdesignwith an abstractRTOS that
hasbeenimplementedon top of theSLDL [38]. The
C Model canbeusedfor a fastvalidationof thegen-
eratedC code.It co-simulateswith theremainingsys-
temdesign,usuallycontainingcustomhardware.Al-
thoughthefunctionalcorrectnesscanbevalidated,it
doesnotyield accuratetiming results.

Secondly, a �at C code,the EmbeddedSoftware,
is generatedfor eachprogrammableprocessingele-
ment.This codeis designedfor executionon thetar-
getprocessor. There�nementstepof CrossCompila-
tion andLinking usesa targetspeci�c crosscompiler
to compile the generatedC codeand link it against

19



target andRTOS speci�c libraries. It producesa bi-
naryfor executionon thetargetprocessor.

We extendedthe re�nement databaseto include
software components. For the integration of the
ARM7TDMI we populatedthe software database
with the RTOS µC/OS-II, a µC/OS-II wrapperthat
provides RTOS abstractionAPI, the RTOS porting
codethat containsthe processor-speci�c codeof the
µC/OS-II,a softwareHAL thatimplementstheMAC
layer communicationroutines,which communicate
with thePIC andthetimer. Additionally we included
anISSspeci�c libc thatprovidesstandardoutputrou-
tinesfor debuggingpurposes.

We deviseda generic�le structurefor thesoftware
databasetomaximizereusebetweenSWcomponents.
As an example,we ensuredthat the communication
with thePIC, implementedin C, is independentfrom
theselectedRTOS,theprocessorandthecrosscom-
piler. Therefore,the samePIC communicationcode
canbeusedon all processorsthatareableto connect
to theparticularPIC,i.e. thatcanconnectto theAHB
in thiscase.

5 Experiments

In ordertoshow thefeasibilityof thedesign�o w, with
respectto theembeddedsoftwaregeneration,we im-
plementeda real life exampleandexecutedeachstep
of there�nement�o w.

5.1 ExampleApplication

Ourexamplestemsfrom theautomotive industry. We
implementedan anti lock breaksystemasshown in
Figure16. It containsa singleprocessor, anARMv7,
thatrunsthecontrolapplication.Theprocessorcom-
municatesthroughanAdvancedMicroprocessorBus
Architecture(AMBA) AHB with a Controller Area
Network (CAN) controller. The CAN controller, a
transducer, is accessiblefrom theCPUthroughmem-
ory mappedI/O. Five devices are connectedon the
simulatedCAN bus. One sensorthat measuresthe
breakpaddleposition, a sensorfor eachwheel that
sensesthe wheel's rotation and a actuatorfor each
wheelthatcontrolstheassertedbreakpressure.

����������	�

���

������� ����������� �"!����#�%$&�

����'(��)+* , - )�. . /+-

021 � 1+343

5��%67���8�

9 - /4:4;�<�/+*2=�)4- > /�? ,4@BA2/4/�.

	C)2, :�, D )+*

<�/+*2=�)4-

>�/�? ,2@EA /4/�.

9 - /4:4;�FC:�. ��/

	�D G+A�,2@(A2/4/�.

	C)2, :2, D )+*

<�/+*2=�)4-

	�D G+A�,4@(A2/4/+.

9 - /2:+;�F�:�. ��/

HJI%K4L L M N O P Q N RTS

U�I

K4V W Q X P O Q N RYS

Z [ \

] \�^+H

_2X N ` a X W

Figure16: Anti-lock breakexamplearchitecture.

5.2 Re�nement

We �rst capturedthe speci�cation model of the ex-
amplesystem.Then,we usedtheexisting re�nement
�o w to performthere�nementstepsuntil thegenera-
tion of thebusfunctionalmodel.Throughoutthepro-
cess,weusedre�nementdecisionsthatmatchthede-
siredtargetarchitecture(Figure16).

The re�nement tools usethe databaseentriesfor
the ARM7TDMI processorfor synthesizingthe sys-
tem models. The ArchitectureModel makesuseof
theabstractprocessormodel(seeSection2.2.1). The
SchedulingRe�nementincludestheOSmodelasde-
scribedin Section2.2.2. Thebusfunctionalcommu-
nicationmodelcontainstheBFM of theARM7TDMI
(seeSection2.2.3) as well as the model of the bus
systemAHB [35].

We thenusedtheextendedsoftwaresynthesistool
sc2c(seeSection4) to generatethe C codetargeted
towardstheRTOS.We crosscompiledthegenerated
C codewith a gcc crosscompiler[26] that produces
binariesin the COFF format and linked against the
necessarydatabasecomponents(RTOS,RTOSwrap-
per, RTOSport,HAL andlibc). Theresultis abinary
in the COFF format that can be executedusing the
SWARM ISS.

We manuallyexchangedthe bus functionalmodel
of theARM7TDMI in thesystemsBFM with the in-
structionsetmodelasdescribedin Section2.3.3. As a
resultweachievedabus-functionalsystemmodelthat
co-simulateshardandsoftwareandprovidescycleac-
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curateexecutionof thesoftware,communicationand
hardware3.

5.3 Results

We validatedcorrectfunctionalexecutionof all cre-
atedmodels.All modelsexhibit correctfunctionality.
An exampleof anemergency stopmaneuver with an
initial speedof 20 meters

second (45mph,72km
h ) is shown in

Figure17.
The left graph, Figure 17(a), shows the correla-

tion betweenthebreakrequest(BreakIn) asit is read
from thebreakpaddleandtheadjustedbreakpressure
Break Out assertedby the front left breakactuator.
TheoutputBreakOut is setdependingontherotation
speedsof thewheels.The right graph,Figure17(b),
shows the speedsof both front wheels. It is notice-
ablethat the left wheel locks, startingat normalized
breakpressureof 50 units. Thereforethe anti lock
breakalgorithmreducesthe breakpressureuntil the
wheelrotatesfreely again. After which in increases
thebreakpressureagain until thenext locking of the
wheeloccurs. The cycle repeatsuntil the car comes
to a full stop.

Next, wemeasuredtheexecutiontimeandthelines
of generatedcodeasanindicatorof complexity. The
resultsaresummarizedin Table1.

Model Lines Simulation
of Code Time

Spec 238 0.018sec
Ar chitecture 10670 0.009sec

Schedule 11760 0.020sec
Network 14474 0.014sec

TLM 22035 0.153sec
BFM 22048 125min

BFM + C 23330 123min
BFM(ISS) + C 22390+ 1416 208min

Table1: Model complexity in linesof codeandsim-
ulationtime.

Theresultsin Table1 show thatup to the transac-
tion level modeltheexecutiontime is negligible, sig-
ni�cantly lessthanasinglesecondof executiontime.

3AssumingRTL synthesishasbeenperformedaswell.

Startingwith the BFM, the executiontime dramati-
cally increasesto over two hours. This dramaticin-
creaseis dueto the application. Each20msof sim-
ulatedtime, the statusof all sensorsis queriedand
the output is calculated.Thereforeonly a minimum
computationis performed.The simulationis mostly
busysimulatingtheidle bussystems.Both,theAHB,
runningat 25 MHz, andthe1 MHz CAN useexplicit
clocks. TheCAN especiallycontributesto theslow-
down sinceeachof thesix simulatedCAN nodesop-
eratesonanown localclockandtheCAN standardre-
quiresoversamplingthebus4 for synchronizationwith
clockof thesendingCAN node.

Thebus-functionalmodelwith there-integratedC
codeexecutesasfastasthebus-functionalmodeldue
to the low amountof computation. Finally the ISS
basedbus-functionalmodel is 66% slower than the
bus-functionalmodel. TheSWARM ISS is executed
as well with a simulatedfrequency of 25 MHz and
thereforeaddsansigni�cant overhead.

In summary, all modelsare functionally correct.
The executiontime analysisshows, that the simula-
tion effort dramaticallyincreaseswith an increased
accuracy. Althoughit hasto benotedthattheparticu-
lar examplewaslimited by simulatingexplicit clocks
duringtheidle timesof thesystem.

6 Conclusions

In this documentwe presentedanextensionof a sys-
tem level re�nement �o w to include hardware soft-
wareco-developmentandco-simulation. In form of
a casestudy, basedon the widely used processor
ARM7TDMI, we describedthree major tasksnec-
essaryfor a software supportthroughoutthe design
�o w.

First, we describedmodelingof the processorat
different levels of abstraction. Capturinga proces-
sor for the re�nement �o w allows to mapbehaviors
toprogrammableprocessingelements(processors),to
co-simulatethemodelandto estimatethesystemper-
formance. We describeddifferent levels of abstrac-
tion, startingfrom anabstract,weighttablebasedap-
proachrangingto a cycle accurateexecutionof the

4Eachbit on thebusis oversampled(e.g.12 times,[17])
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Figure17: Anti-lock breaksimulation.

targetbinarieson an InstructionSetSimulator(ISS).
We successfullyintegratedSWARM, anARM7 ISS,
into our re�nementandco-simulation�o w.

Second,we analyzedthe needsfor an Real-Time
OperatingSystem(RTOS). We describedour selec-
tion criteria for thechosenRTOSµC/OS-II andcov-
eredinsightabouttheperformedadaptationto these-
lectedprocessor.

Thirdly, we reportedon the embeddedsoftware
synthesisand describedan extension that now in-
cludesthe synthesisof target C code. For the effec-
tive useof thegeneratedtargetcode,we coveredthe
extensionof the re�nement �o w's databaseto con-
tain softwarecomponents,suchastheRTOSandthe
HardwareAbstractionLayer (HAL) de�ning thebus
driver.

Using an automotive examplesystemof anti-lock
breaks,we have validatedtheextensionof there�ne-
ment�o w. We performedanstep-by-stepre�nement
throughall stagesof thedesignandutilized thethree
introducedelements:theprocessormodels,theRTOS
andtheembeddedsoftwaresynthesis.

The experimentalresultsshow the functionalcor-
rectnessof all models,including the cycle-accurate
simulationbasedon the SWARM ISS.With that we
have for the �rst time reachedwith automaticre�ne-
mentthe �nal stageof embeddedsoftwaresynthesis
andcycle-accurateco-simulation.

However, our experimentalresultsalsoshow that
theexecutionspeeddramaticallyreduceswith an in-
creaseddetaillevel. Whereastheabstractmodelsexe-
cutein lessthanasecond,theISSbasedco-simulation
requiresmorethanthreehours.Analyzingtheresults,
yieldedthat theparticularexampleis limited by sim-
ulating the bussesduring the idle time of the system
andthattheactualcomputationcontributesonly min-
imally.

In summary, we have shown the feasibility for a
hard/softwareco-designandfor an automaticre�ne-
ment�o w. We have demonstratedhardwaresoftware
co-simulationcapabilitiesaeachstageof thedesign.

In futurework, wewill show thecycleaccurateex-
ecution timing. We will implementmore software
components.Furthermore,we will investigate into
improving the simulationspeedof the co-simulation
environment.
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andDanielD. Gajski. SystemDesign:A Practi-
cal Guidewith SpecC. Kluwer AcademicPub-
lishers,2001.

23

www.arm.com/products/solutions/ AMBA_Spec.html
www.coware.com
ecos.sourceware.org
www.can.bosch.com/


[22] AndreasGerstlauer, GunarSchirner, Dongwan
Shin,Junyu Peng,RainerDömer, andDanielD.
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