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Abstract

Systemrevel designis oneapproad to tackle the compleity of designinga modernSystem-on-ChipOne
major aspectis the capability of developingthe systemmodelirr espectableof the later occurring hardware
softwae split, with the goal to developboth hardware and softwae seamlesslyat the sametime andto meige
thetraditionally sepaateddevelopmentows.

Hardware/softwae co-simulatioris neededor anefciently integrateddesign ow. Dependingonthedesign
phasethis co-simulationcanbe performedat differentlevelsof abstraction. Early in thedesignphasea a very
abstiact simulationat the unpartitionedspeci cationlevel yieldsfast functionalresults. On the otherend, the
cycleaccuiate simulationof RTL hardware andinstructionsetsimulatedsoftwae allows an accuiateinsightto
the nal systenperformance

Thisreportfocusesn the softwae perspectiveof a co-design/co-simulatioarvironment.In form of a case
study we addressthree major tasksnecessaryo build an integratedembeddedoftwae design ow: modeling
of a processorcore (including an instructionsetsimulator), porting of a RTOSto the selectedorocessorcore,
andtheembeddedoftwae generation thatincludesRTOStargeting of thegeneatedcode

In particular, we havemodeleda popular ARM core, the ARM7TDMI, at an abstiact level, as well as on
a cycle-accuate level using SWARM, an Instruction SetSimulator (ISS)for the ARM core. Furthermoe, we
haveportedMicroC/OS-1l,a Real-Tme Opeiating Systen{RTOS),to run ontop of the SWARMISS .Finally, we
implemented softwae geneation tool. It automaticallysynthesize€ code targetedto the selectedReal-Tme
Opeiating System{RTOS),fromthere ned designcaptuedin thea systemevel designlanguage.

We demonstateour embeddedoftwae developmentow by useof anautomotiveapplication. Anexampleof
anti-lock breaksusesa distributedarchitecture of sensos andactuatos connectedia a Contwoller AreaNetwork
(CAN).We undego all stepsof the design ow starting with the capturing of the speci cationmodel,downto
validation of the implementatiorwith an ISSbasedco-simulation. Our resultsshowthat the co-design/co-
simulationernvironmentis feasible All re ned models,including the ISSbasedcycle-accuate model,showa
functionalcorrectbehavior
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Abstract

Systenfeveldesignis oneappmoad to tacklethecom-

plexity of designinga modernSystem-on-ChipOne

major aspectis the capability of developingthe sys-
temmodelirr espectablef the later occurring hard-

ware softwae split, with the goal to develop both

hardware and softwae seamlesshat the sametime

andto mege thetraditionally sepaateddevelopment
OWS.

Hardware/softwae co-simulationis neededor an
efciently integrated design ow. Dependingon the
designphase this co-simulationcanbe performedat
different levels of abstraction. Early in the design
phase a a very abstiact simulationat the unparti-
tionedspeci cationlevelyieldsfastfunctionalresults.
On the other end, the cycle accuiate simulation of
RTL hardware andinstructionsetsimulatedsoftwae
allows an accumte insightto the nal systenperfor-
mance

This report focuseson the softwae perspectiveof
a co-design/co-simulatioarvironment.In form of a
casestudy we addressthreemajortasksnecessaryo
build an integrated embeddedoftwae design ow:
modelingof a processorcore (including an instruc-
tion setsimulator),porting of a RTOSto the selected
processorcore, and the embeddedoftwae genea-
tion that includesRTOS targeting of the geneated
code

In particular, we have modeleda popular ARM
core, the ARM7TDMI,at an abstiactlevel, aswell as

on a cycle-accuate level using SWARM, an Instruc-
tion SetSimulator(ISS)for the ARM core. Further
more, we haveportedMicroC/OS-I1l,a Real-TmeOp-
erating Systen(RTOS),to run on top of the SWARM
ISS.Finally, we implementech softwae geneation
tool. It automaticallysynthesize€ code targetedto
the selectedRTOS, from the re ned designcaptured
in thea systenievel designlanguage.

We demonstate our embeddedsoftwae develop-
ment ow by useof an automotiveapplication. An
exampleof anti-lock breaksusesa distributedarchi-
tecture of sensos andactuatoss connectediia a Con-
troller AreaNetwork(CAN).We undego all stepsof
thedesignow startingwith thecapturingofthespec-
i cation model,downto validation of the implemen-
tation with an ISSbasedco-simulation. Our results
showthat the co-design/co-simulatioervironments
feasible All re ned models,ncludingthe ISSbased
cycle-accuate model,showa functional correct be-
havior

1 Intr oduction

System-On-ChigSoC) designfacesa gap between
the productioncapabilitiesand time-to-marlet pres-
sures. The designspace,to be explored during the
SoCdesigngrows with theimprovementsn thepro-
duction capabilities,while at the sametime shorter
productlife cyclesforce an aggressie reductionof
thetime-to-marlet. Addressinghis gap hasbeenthe
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aim of recentresearctwork. System-lgel designis
oneapproachthataimsto reducethetime-to-marlet,
acceleratehe designprocessand increasethe pro-
ductivity. It allows for a seamlesgo-desigrof hard-
wareandsoftwarewithout specialattentionto the -
nal hardwaresoftwaresplit.

Throughoutthe systemlevel design o w, the soft-
wareconcerndave to betakeninto account.For val-
idation,hardwaresoftwareco-simulations neededat
differentlevelsof abstractionstartingfrom the speci-

cation level down to thelevel of cycle accuratesim-
ulationof asystemusingcycle accuratéhardwareand
anlinstructionSetSimulator(ISS).

1.1 Problem Statement

In orderto reducetime-to-marlet, designerautilize
systemlevel designthat reducesthe compleity by
moving to higher level of abstraction. The system
level designprocessstartswith a speci cationin an
SystenlLevel DesignLanguag€SLDL) andperforms
step-wisere nement using a systemsynthesistool.
Time and costof software developmentcanbe dra-
matically reducedwhenit is integratedinto the sys-
temlevel designo w.

Besidesan SLDL, which is able to captureboth
hardandsoftwarecomponentsthreemajor elements
areneededn orderto supportthe softwareaspeciof
thedesigno w:

2 Processomodelsthat capturethe processomat
differentlevels of abstraction.

2 RTOSsupportfor theprocessar

2 A softwaregeneratiortool thatsynthesizesiser
codetamgetedfor the selectedRTOS.

This documentreportson a casestudyfor eachof
theseelementsasoutlinedin Figurel,

1.2 RelatedWork

Systemlevel modelinghasbecomean importantis-

sue,asa meansto improve the SoC designprocess.
SLDLs for capturingsuchmodelshave beendevel-

oped (e.g. SystemC[27], SpecC[20Q]). Different
frameaworksfor systemevel designandsoftwaresyn-

thesishave beendeveloped.

Figurel: Softwaresynthesis.

Beninietal. [9] introduceMPARM, aplatformfor
multi-processoiSoCsdesign. It includesprocessor
models(ARM), SoC bus models(AMBA), memory
modelsandcodedevelopmentools(GNU toolchain).
It providesa multi-processocycle accuratearchitec-
tural simulator They integratea numberof instruc-
tion set simulatorsby encapsulatingeachISS in a
SystemCQwrapper The main purposeis systemlevel
analysis,including pro ling of systemperformance,
executiontracessignalwaveform,andpower estima-
tion.

Herraraetal. [28] describeanapproactior embed-
dedsoftwaregeneratiorirom SystemCTheproposed
methodologyis basedon the rede nition and over-
loadingof SystemCclasdlibrary elementsTheirgoal
is to usethe sameSystemCcodethatallows system-
level speci cationandveri cation, and SW/HW co-
simulationandembeddedoftwaregeneration How-
ever, they imposestrict requirementgor the speci -
cationin theinput SystemQmodel.

The POLIS [8] approachs basedon a nite state
machine-lile representation;alled Co-DesignFinite
StateMachine(CFSM). Eachelementn the network
of CFSMsrepresentsa componenbeingmodeledin
the system. The software synthesisprocessis per
formedin two steps,transformationof CFSM spec-
i cation into an S-Graph,and generationof C code
from the S-Graph. This work is mainly for reactve
real-timesystemsandis not designedor generalap-



plications.

[11] presentsa softwarere nement o w basedon
the SystemCSLDL. It too makes useof integrating
aninstructionsetsimulatorfor hardware/softvareco-
simulation.

SoC Designerwith MaxSim Technology[6], is a
commerciakool setfor fastmodeling,simulationand
deluggingfor complex System-on-Chipslesigns. It
providesagraphicaluserinterfacefor interactive sys-
tem design, modeling and simulation. It provides
cycle-accurateand cycle-approximatemodels with
supporfor SystemCVaSTSystemg36] offersasim-

ilar setof tools with a focuson embeddedystems.

Furthermore CoWare [13] presentswith the Virtual
Platform Designeran integratedsolutionfor the cus-
tom platformsoftwaredesign.

1.3 Outline

This documents organizedasfollows, Section2 de-
scribesmodeling of the processor(we selectedthe
ARM7TDMI [7]). This sectionwill describethe ab-
stractmodels,aswell asthe integration of a suiting
ISS(SWARM [14]). SecondSection3 reportsonthe
porting of an RTOS (UC/OS-11 [29]) toward the se-
lectedprocessorcore. Thirdly in Section4, we will
give anoverviev how the generatedsW codeis tar-
getedto the selectegrocessocore.

Combiningthesethreeelement&nablesanintegra-
tion of the softwaredevelopmentandsimulationinto
the systemlevel design. The advantageof this in-
tegrationare shavn with anexampleof carantilock
breaksin Section5.

2 Processor

The rst key pointfor supportinga softwaredevelop-
ment o w is to integratea processomodelinto the
systemo w. By capturingthefundamentatharacter
istics of the processoit makesthe sytemdesign o w
awareof a processonsa processinglementallows

to mapsoftwareto it andto estimateheperformance.

Thereforewe will rst describethe selectedproces-
sorandits modeleding.We captureprocessoat two
levels of abstraction.First asan abstractbehaioral
modelthatyieldsearlyexplorationresultsandsecond

asanintegrationof aninstructionSetSimulator(ISS)
for a cycle accuratexecutionof thetametbinaries.

We chosean ARM core as a modelingexample,
since ARM is the industry leading provider of 32-
bit embeddedrRISC microprocessowith 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
RISCmicroprocessoMe thereforeselectedhis core
asa basisfor the embeddedoftware synthesis.The
coreprovideshigh performancevith very low power
consumption. It is a RISC architecture,provides
highinstructionthroughputindreal-timeinterruptre-
sponse.The ARM7TDMI coreis 100%binary com-
patible with other ARM7 family coresandforward-
compatiblewith the ARM9, ARM9E and ARM10E
families. The processorcoreis supportedoy a wide
rangeof operatingsystems.

The ARM7TDMI hasaVonNeumanrarchitecture,
with a single 32-bit databus carrying both instruc-
tionsanddata.Only load, storeandswapinstructions
canaccesdatafrom memoryanddatacan be 8-bit
(bytes),16-bit (halfwords)and32-bit (words)[ 7].

2.1.1 Instruction Pipeline

As shavn in Figure|2, the ARM7TDMI containsa
three-staggipeline.

Fetch Instruction fetched from memory
Decoding of registers used in
Decode instruction
¢ Register(s) read from register bank
Execute Shift and ALU operation
Write register(s) back to register bank

Figure2: ARM7TDMI InstructionPipeline(Source
[7D).

The three-stageipeline allows concurrentopera-
tion of theprocessinggndmemaorysystem While one
instructionis executedjts successois beingdecoded



at the sametime andyet anotherinstructionis being
fetchedfrom thememory TheProgramCounter(PC)
refersto the instructionbeingfetchedratherthanthe
instructionbeing executed. Therefore,the value of
the PCis usuallyaheady two addresgocationswith
respecto theinstructionin the executionstage.

2.1.2 Architecture

The ARM7TDMI [2], an implementationof the
ARMVAT architecture,is a 32-bit RISC processor
with a uni ed 32-bit dataandaddressus. Figure|3
shaws the architectureof the ARM7TDMI processor
core.

For increasednemoryef ciency, it supportsboth
the ARM andthe Thumbinstructionsets. 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]
cover 65% of typical ARM code.

Each16-bit Thumbinstructionis internally trans-
latedto the correspondin@2-bit counterpartThumb
instructionsoperateon the sameregisterset,thesame
32-bit ALU and32-bit memoryaddressasthe 32-bit
ARM instructions. With that, the Thumbinstruction
setallows for very compactcode,while delivering at
the sametime the performancef the 32-bit architec-
ture.

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

To reactto external events,the ARM7TDMI has
two low active, level sensitve interrupts signals
(nIRQ andnFIQ). nIRQ triggersthe generalpurpose
interruptand nFIQ the FastInterrupt Requesi(FIQ)
with ahigherpriority thatthenIRQ. In additionto the
higherpriority, the FIQ is optimizedfor fasterexecu-
tion. It usesa reducednumberof registersthat are
exclusively available during interrupt execution. A
lower numberof registersminimizesthe overheacbf
contect switchingandreducegheinterruptoverhead.
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Figure3: ARM7TDMI processocore(source 7).

2.1.3 BusArchitecture

The ARM7 Thumb family processorcoresare de-
signedfor usewith AMBA on-chipbusarchitecture.
ARM de nedwith the AdvancedMicroprocessoBus
Architecture(AMBA) [3] awidely usedon-chipbus
systemstandardlt containsa groupof busseswhich
areusedhierarchicallyasshavn in Figure4. TheAd-
vancedHigh-performanc®&us(AHB) is asystenbus
designedfor connectinghigh-speedccomponentsn-
cludingARM processors.

Although the initial ARM7TDMI designdid not
include a direct connectionto the AdvancedHigh-
performancé3us(AHB), it canbeconnectedhrough
awrapper provided with the AMBA DesignKit [2],
tothe AMBA AHB.

The AHB is a multi-masterbus that operateson
a single clock edge. High performances achieed
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R
APB
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Interface
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mo o
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Figure4: AMBA busarchitecturgSourceg3]).

by a pipelinedoperationthatoverlapsarbitration,ad-

dressanddataphasesandby theusageof bursttrans-

fers. Split andretry transfersallow the slave to free

thebusif therequestediatais temporaryunavailable.

TheAHB alsoemplo/samultiplexedinterconnection
schemeo avoid tri-statedrivers.

2.2 Abstract ProcessoModeling

In orderto performsoftware synthesidn our design
and re nement ow, basedon the System-on-Chip
Environment (SCE) [1], the target processohasto
becapturedasa Processindelement(PE)[22]. A PE
is a systemcomponenthat processeslata(performs
computation)y executingapplicationspeci ¢ algo-
rithms. Exampledor a PEarecustomdesignechard-
wareor a programmableelement(e.g. a processor).
EachPEis capturedat multiple levels of abstraction.
Throughoutthe designprocessa modelwith anin-
creasingamountof detailwill beused.

A Behavioal Model of a PE is the mostabstract

model,which describe®nly thebasiccharacteristics.

It is usedfor the PE allocationandmappingof com-
putationbehaiors of the speci cation modelduring
architecturesxploration.

Laterin the design o w the OS Model is usedas
a templatefor insertingan RTOS modelfor abstract
scheduling.

TheBusFunctionalModelis apin-accuratenodel,
that adds communicationlayers describing com-
munication behaior of the component. For a
programmablePE, a cycle-accuratelnstruction Set
Modelis also usedfor clock cycle-accuratesimula-
tion of the PE.

Next sectionsdescribein more detail eachmodel
for theselectedrocessqrthe ARM7TDMI.

2.2.1 Behavioral Model

A PE behaioral model is usedfor PE allocation
during architecturexplorationandde nes the basic
characteristicef a PE.It enableghere nement o w
to mapuserbehaiorsto it andto analyzethe perfor
mancein variousaspects.

The ARM7TDMI behaioral modelcontainsthree
aspects.lt containsannotationdor generaldatabase
managemengttributesandweighttables.

Theannotationdor thedatabasenanagemerton-
tain the basicinformation neededfor managingthe
PEin the databaseFor exampleit includesa cateyo-
rization of the ARM7TDMI PE asa generalpurpose
corethatis a 32-bit RISC. It alsocontainsreferences
to the more detailedmodels(OS Model, Bus Func-
tional Model and Cycle AccurateModel). Further
moreit containghebus connectiity of theprocessor
andits addressange.

Figure 5 shavs the behaioral 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 the AHB bus.

PortA

ARM7TDMI AMBA AHB

AMBA AHB
master0 ; BUS

OXOFFFFFFF — OXFFFFFFFF |

Behavioral Model

Figure5: ARM7TDMI behaioral model.

Attribute annotationglescribethe basiccharacter
isticsof a PE.Theattributesinclude,clock frequeng,
MIPS (million instructionsper second),power con-
sumption,instructionwidth, datawidth, datamem-
ory and programmemory Theseattributes of the
ARM7TDMI have beende ned accordingo thedoc-
umentation]7, 2, 4]. Someof the attributesare de-
ned asrangesto adaptthe processoto the current
designneeds. As one example,the clock frequeny
canbe setbetweenl12.5 MHz and 75 MHz to meet
theapplicationdemands.

Themaininformationof anPEbehaioral modelis
capturedn form of weighttables. Theweighttables
areusedfor interpretatiorof the genericpro ling re-



sults. Thepro ler collectsgenericpro ling informa-
tion duringsimulationfor eachPE. It countsthe exe-
cutiontimesfor eachbasicblock anddetermineghe
amountof instructiongfor eachblock. Thegenericre-
sultsaretheninterpretedor a particularPE usingthe
PE'sweighttables.Thisinterpretatioryieldsthe rst
applicationandtargetspeci ¢ performancealata. The
interpretedpro ling resultsarethenusedfor compar
ative analysisof differentdesignalternatves.

The ARM7TDMI behaioral model containstwo
weighttables.Thecomputationweighttablecontains
numberof cyclesto executeeachpossibleoperation
per datatype. The secondweighttable containspa-
rameterdor calculatingthe codesize. Eachitem in
thelatterweighttableindicategshenumberof instruc-
tionsrequiredto performan operationwith a certain
datatype.

Usingthe weighttablesfor aninterpretatiorof the
pro ling resultsdramaticallysimpli es the process.
Despitethis simpli cation, the resultsare useful for
exploration. When comparingthe performancees-
timation of two alternatve designsthe relation be-
tweentheseresultsis of interestfor designdecision.
As long asthe estimationful lls the delity property
[19], which requiresthe relationbetweerthe estima-
tion resultsof thetwo designgo beidenticalto there-
lationin arealimplementationan absoluteaccurayg
is notrequired.For simplicity, we madethefollowing
assumption$or populatingtheweighttables.

1. ARM7TDMI hasathree-staggipelinein which
aninstructionis rst fetched,thendecodedand
nally executedWeassumedor theclock-g/cle
countthattheinstructionis in theexecutionstage
with fetchinganddecodingalreadyperformedn
thepreviouscycles.Hence fetchanddecodecy-
clesarenotincludedin thecycle count.

2. We assumeall operandgo be are available in
registers and furthermorethe absenceof data
hazardsHence,our cycle countmetric captures
the bestcaseresults.

3. Theweighttablesre ect thecycle countwithout
ary co-processot

1 For the ARM7TDMI, a Vector Floating Point (VFP) co-
processois neededor ahardwaresupportof oating pointoper
ations.

4. The numberof instructionsrequiredfor oat-
ing point operationhighly dependson the oat-
ing pointemulationlibrary or the hardwaresup-
port. To have someestimation,we assumech
four timeslongerexecutionfor oat datatypes
over aninteger datatype. Operationon double
datatypesareassumedo be eighttimeslonger
For example,we captureda oat additionto re-
guirefour instructionsin four cycles.

In summarywe assumeébestcaseconditionsin the
weighttables.

2.2.2 OSModel

If more than one behaior is mappedto a PE, the
mappedbehaiors have to be scheduled. A pro-
grammablePE allows only sequentiakxecutionat a
time. Oneschedulingapproachs 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 ThereforeanabstracRTOS modelas
describedn [23] is usedfor explorationof different
schedulingoolicies.

The ARM7TDMI OS model provides a template.
Later, there nementtools Il thistemplatebasedon
the selectedschedulingpoliciesand parametersThe
RTOSmodelis notacompleteRTOS, butimplements
the necessaryonceptsincluding task management,
real-timeschedulingtasksynchronizatiorandinter-
rupt handling. The PE's OS modelis insertedasan-
otherlayeraroundthe behaioral model.

2.2.3 BusFunctional Model

The Bus FunctionalModel is a pin-accuratanodel,
which containsinformation aboutthe PE's commu-
nicationinterfacesand describeghe communication
behaior. Additionally, it containsa templatefor
computatiorfunctionalitythatwill be lled by adding
communicatioayersontop of thebehaioral model.
The generalrequirementgor the PE Bus Functional
Model (BFM) canbefoundin [22].

The ARM7TDMI BFM consistsof a behaior hi-
erarcly asshavn in Figure6, The outershellis the



Figure 6: ARM7TDMI bus functional model

overview.

bus functional shell that de nes all pins of the pro-
cessorlt containsthreeparallelexecutingbehaiors:
the processorcore, a Programmabldnterrupt Con-
troller (PIC) andatimer. The processocoremodels
thebarecoreasdescribedn theARM documentation.
ThePICis aninterruptcontrollerthatmaps32 exter-
nal interruptsto the two coreinterruptlines (nIRQ,
nFIQ). The timer, disabledby default, can generate
periodicinterrupts. The BFM communicatego the
outsidevia the AMBA AHB and interruptscan be
triggeredby oneof the 32 externalinterruptlines.

Thebusimplementatiorof the AMBA AHB itself
is taken from the bus databaseThe layer basedm-
plementationis realizedin channelsas describedn
[35]. Eachlayeris implementedn a separatehan-
nel. In orderto communicatethe accordingchannel
is instantiatednsidethe behaior.

The processorcore containstwo behaiors that
areexecutingin parallel. The Hardware Abstraction
Layer(HAL) shellactsasatemplate.Throughouthe
synthesishetemplatewill be lled with theusercom-
putationbehaiors. The InterruptReques{(IRQ) be-
havior containsaninterrupthandlinglogic thatcom-
municateswith the PIC andtriggersexecutionof the
interrupthandlers.

Both behaiors the Hardware Abstraction Layer
(HAL) andthe IRQ communicateghroughthe 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 transactiorandis neededo maintainaccu-
rateprotocoltiming.

The IRQ behaior hastwo connectiongo the out-
side, it terminateghe nIRQ andnFIQ lines that sig-
nalaninterruptfrom thePIC andamediaaccessayer
link channeffor the dataconnectiorto the PIC. This
connectionis usedfor communicatingwith the PIC,
in orderto determingheactualsourceof aninterrupt
andto cleartheinterruptafterhandlingit.

The PIC behaior is connectedas a AHB slave
to the AHB bus, which is implementedthroughthe
AMBA AHB Slave Protocolchannel. For a Media
AccessControl (MAC) layer accesst usesthe slave
versionof the link layer Additionally a channelfor
the interrupt detectionis instantiatednside the PIC
that performsthe recognitionof aninterruptfrom an
externalsource. The Interrupt Control Logic beha-
ior listensto the interrupt detectionlogic, sortsthe
incominginterruptsby priority andsignalsanaggre-
gatedinterruptto thecore.

For the bus functional model, we captureda Pro-
grammablelnterrupt Controller (PIC) accordingto
NEC's System-on-Chigbite+ de nition in [25], with
afew simpli cations. The PIC provides32 maskable
interrupts,with a 2-level programmableriority. It is
build out of 4 basicblocks: low level interrupt de-
tection modules,the interrupt control logic, register
behaiors and the slave channelsfor the bus inter-
face.Theinterruptdetectmodulesareresponsibldor
recognizingthe interruptconditionon PE's interrupt
linesandto changethe interruptstatusregister (Intr.
Statu$ accordingto the detectedstate.

The controllogic behaior combinesthe interrupt
informationof all detectmodules,sortsthemby pri-
ority and signalsthe interrupt condition to the pro-
cessorcorethroughnlRQ andnFIQ if anon-maskd
interruptis active. It thenprovidesin Intr. Souce
thehighestpriority active interrupt,whichtheproces
sor evaluatego selecttheinterruptserviceroutineto
execute. The PIC alsocontainsa maskbehaior, so
thatthe coreasthe possibility to maskindividual in-
terruptsthroughthe Intr. Maskregister For a clean
startup all interruptsaredisabledoy default.

Additionally, we modeleda programmabldimer



unitalsofollowing NEC's System-on-Chifite+ def-
inition in [25]. Thetimer canbe programmedo gen-
erateperiodicinterrupts. It is usedin the later de-
scribedcycle accuratemodelfor the actualRTOS to
keeptrack of time. Thetimer's actiity (reset,count-
up, count-davn) is controlledby the Timer Control
Ragister (TMC) and the period through the Timer
Load Register (TML). Theseregistersare available
via the AHB interface. Thetimer is disabledby de-
fault. It will be enabledoy the RTOS runningin the
cycle accuratanodelasdescribedn Section3.2.4

2.3 Cycle-Accurate Instruction Set Simula-
tor

After the nal stageof the embeddedsoftware syn-
thesisthe generatedbinarieshave to betestedandthe
nal systemperformancehasto be evaluated. For
thatpurposean InstructionSetSimulator(ISS)is re-
quired,thatprovidesanaccuratanodelof a processor
(besidesexecutionontheactualtargetprocessorand
acceptghebinarycodeof thetargetprocessar

TheembeddedC codeis generatedn the software
synthesisaasthe nal stepof softwarere nement(see
Sectiond). The C codeis thencompiledandlinked
agpinstall requiredlibraries (e.g. RTOS library) to
yield the nal target binary. For the validation of
the nal tamgetbinary, co-simulationof hardandsoft-
ware canbe used,which requiresan ISS in the sys-
temlevel design o w. ThelSS model,aspartof the
databasehenreplacegpartsof thebusfunctionalpro-
cessomodel. A bus functional model of the target
designwith an integratedISS offers true hardware/-
software co-simulationcapabilitiesand yields cycle
accurateiming informationfor all aspectssoftware
execution,hardwareexecutior? andcommunication.

Next we will describeheselectionof anISSfrom
multiple candidatesand cover its integrationinto the
database.

2.3.1 Selectionof an ISS

An Instruction Set Simulator (ISS) is a simulation
modelthatmodelsthe micro architectureof a proces-
sorattheinstructionsetlevel. An ISSreproduceshe

2 Assumingthe customhardwarehasbeenre ned to RTL.

executionbehaior of the actual processotby read-
ing binaryinstructions decodingandexecutingthem
while incrementallymaintainingall relevantinternal
stateinformation of the processar It emulatesall
componentsaccessibleo the tamget assemblycode,
suchasregisters, programcounterandprocessosta-
tus ags. Additionally, it canprovide delug access
to internalstateinformationof the processothatare
usuallyhiddenin arealhardware(e.g. detailedstatus
of the pipeline). Using an ISS easesoftware devel-
opmentand dehugging by providing a deterministic
execution;especiallyusefulfor analyzingracecondi-
tions.

For integrationinto the systemlevel design o w,
we consideredseveral instruction set simulatorsfor
the ARM7 core:

1. SimpleScalaf10]
2. GDB ARMulator[15]
3. SWARM [14]

4. ARM ARMulator [5]

The selectionprocessof the ISS was guided by
the requirementof the developmentand simulation
ernvironment. Especiallythe integrationinto the co-
simulationervironmentposessomerestrictions. For
example,an|SSis typically implementedo run asa
standaloneprocess.However, for a co-simulationit
hasto run within the context of the co-simulationen-
gine. We have consideredhefollowing requirements
for thelSSselection:

1. Cycle-accuratesimulation of ARM7 micro-
architecture.

2. Cyclecallableinterface(API) for cycle-by-g/cle
simulation.

3. Accesdo thebusinterfaceof thelSS.

4. Ability to handleinterrupts and optionally to
provide aninterruptcontrollet

5. Availability of sourcecodefor thelSS.

6. Availability withoutlicensecost.



A key requirementor the ISSis a cycle callable
API, to call it cycle-by-g/cle while simulatingalong
with othercomponentsvithin thedesign.The ARM7
core will be connectedto different system-on-chip
componentshroughthe AMBA bus. Therefore the
ISShasto provide anaccesso thebusinterfaceto in-
tegratewith our AHB busmodel.For synchronization
with othercomponentsthe ISS hasto implementin-
terrupthandlingfrom differentsourcesFor aneasier
integrationandadaptatiorthe sourcecodeof theISS
shouldbeavailable.

Figure 7/ compareseachconsideredsimulatorac-
cordingto 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 SimpleScalarsimulator supports
the ARM7 instructionset, but modelsthe SA-1100
micro-architectureBoth StrongARMSA-1 coreand
ARMY7 corearebasedon ARMv4 ISA but have dif-
ferentmicro-architecturesWhile StrongARM SA-1
corehasa ve-stageipeline,the ARM7 implements
a three-stagepipeline. Therefore SimpleScalas
StrongARMmodelwould yield inaccuratdiming in-
formationfor the ARM7.

The GNU Project debugger (GDB) [15] contains
anARM emulatorcalledGDB ARMulator. TheGDB
ARMulator emulatesARMv4T and ARMV5ET, and
supportsboth Thumband DSP extension. However,
it lacks supportfor the interrupts. Furthermoret is
aninstruction-by-instructiorsimulatorthatonly sim-
ulatesthefunctionalityandnotthemicroarchitecture.
Thereforet doesnot offer accuratecycle countinfor-
mation.

SWARM (Software ARM) [14] is a C++ based
model of the ARM7 processos datapathat the bus
level. It supportsARMv4 InstructionSet Architec-
ture(ISA), andhastheacceptablémitation of requir
ing binariesgeneratedrom gcc(in the COFFformat).
Thesimulatordoesnot supportthe 16-bit Thumbex-
tension. SWARM implementsa cycle callableinter-
faceandprovidescycle accuratesimulation.Further
more,is supportanterrupthandling.

ARM itself offers an ISS, called ARMulator [5],
for its processorcoresasa part of its RealMew De-
veloperSuite. The ARMulator supportsmary ARM
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core processorfamilies, including ARM7, ARM9E
andARM10E. It providesacycle accuratesimulation
with supportfor interruptsandexceptions.However,
it requiresalicenseandis notfreely available.

Weighting the featuresof eachlSS candidatewe
selectedSWARM for our work. SWARM provides
a cycle accuratesimulationfor the ARM7 processor
core and modelsthe ARM processoicore datapath
atthebuslevel. It providesa cycle-by-g/cle callable
interfaceandsupportshandlinginterruptsandexcep-
tions(it evenincludesainterruptcontroller).Beinga
university researchproject, SWARM s freely avail-
able in sourcecode. Additionally, SWARM is the
only simulatorthat individually simulatesthe ARM
processocore,while the remainingthreesimulators
areapartof alargertool setandsupporti SAs of other
processocoresnot neededWe expectaneasierinte-
grationdueto thereduceccompleity.

2.3.2 SWARM (Software ARM)

SWARM [14] is a modularconstructedsimulatorfor
the ARM processos datapathat the bus level. It
hasbeenimplementedhsa hierarcly of C++ classes,
which allows selectve useof eitherthe simple core
only or of a corewith cache. SWARM modelsthe
internaldatapathbasedon the ARM7 core. External
elementssuchasthe interrupt controller are based
on de nitions of StrongARM.Sinceit modelsaccess
to externalelementsthe SWARM includesa busin-
terface,which canbe usedfor connectingadditional
components.

The instructionsfrom the binary streamare de-
codedinto control signalsthat contain information
for managinghe internaldatapatrandthe businter
face. SWARM supportsmost of the instructionsof
the ARMv4, including dataprocessingdatatransfer
load/storeand co-processoregister transfer How-
ever, it doesnot completelyimplementthe ARM in-
structionsetanddoesnot supportthe Thumbinstruc-
tion set. SWARM requiresa COFFbinaryimagepro-
ducedby gcc. It includesa timer, LCD and UART
controller which are modeledafter the speci cation
of theIntel SA-1110processof12]. It alsoincludes
rudimentarysupportfor a basicsystemco-processor
to aid extendingtheISA.

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

(IRQ andFIQ) to interruptthe core and basicinter
rupthandling.It alsoincludesan32-bitinterruptcon-
troller basedon the Intel SA-1110[12] for synchro-
nizationwith externalperipheraldevices.

SWARM attemptsto realistically simulate the
memoryhierarcly for a ARM machineandevenin-
cludesa cachemodel. However, the external mem-
ory businterfaceis not complete. It providesan ab-
stractuntimedbus interfacewith 32-bit addressand
datavalues.SWARM utilizes aninternalmemoryof
12 MB, startingat addreszero,wherethe COFFbi-
nary le isloadedinto duringinitializationandwhere
the executionstartsfrom.

Figure/8 depictsthe decisionsduring a write and
a read memory accessin SWARM. Accessingthe
memoryis divided into threelevels: the ARM core
interface,the ARM processointerfacethat contains
cacheandthemainmemory In caseof areadcache
miss, the ARM processohaltsthe core, fetchesthe
datafrom the main memoryinto the cacheandthen
releaseshecore.In caseof areadcachehit, thedata
is availablein the next cycle andthe coreexecutionis
not halted. Memory writes areimplementedaswrite
throughthatimmediatelyappeain theexternalmem-
ory.

SWARM hasbeenimplementedasa hierarcly of
C++classessoutlinedin theFigure9. SWARM, be-
ing a researchprojectat the University of Glasgav,
hasnot beencompletelyimplemented However, the
currentversionis sufcient to executebinariescom-
piled with gcc. Evenso,theimplementatiorcontains
somerestrictions.
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Ourwork includessomechange$o SWARM in or-
derbetterto matchthereal ARM core. We have per
formedthreemainalterations.

First, the interrupt lines nIRQ and nFIQ in the
SWARM corehave beenincorrectlymodeledasedge
sensitve. Thus,aninterruptwill notbedetectedf the
interruptis disabledduringthe actualinterruptevent.
Evenafterenablingtheinterrupt,the accordingnter
ruptserviceroutineis notexecuted.The ARM7TDMI
core,on the otherhand,is level sensitve to the two
interruptsignallines. Hence,enablingthe interrupts
afterthe occuranceof aninterrupt,with theinterrupt
line still beingactive, will triggerexecutionof thein-
terrupthandler We modi ed the SWARM coreto im-
plementevel sensitve interrupts.

Secondwe changedSWARM to avoid preemption
of annIRQ interrupt. An interrupttriggeredthrough
nFIQ hashigher priority thanan nIRQ triggeredin-
terrupt. Thus,annFIlQinterruptcanpreempannlRQ
interrupt.However, this preemptiorof annlRQ inter
ruptis nothandledcorrectlyin SWARM, whichloses
theorderof execution.As aworkaroundwe have dis-
abledthenFIQduringexecutionof annIRQinterrupt.
Although this doesnot yield timing accurateesults,
it allows correctexecution.As futurework we planto
investicate xing the FIQ interrupthandling.

Third, theinterruptcontrollerincludedin SWARM
is incomplete.For reason®f future optimizationwe
have decidedhotto usetheincludedPIC, but modeled
aPICasapartof thebusfunctionalmodelexternalto
SWARM anddisabledthe SWARM internalPIC.

2.3.3 Cycle-Accurate PE Model

A cycle-accuratanodel of a programmabldPE pro-
vides cycle accuratesimulationof the PE's instruc-
tion setandis calledthe instructionsetmodel. The
instructionsetmodelreplacespartsof the bus func-
tional model. Therefore,the interfaceof the cycle-
accuratemodel must exactly matchthe interface of
thecorrespondindgpus-functionamodel[22]. In other
words, the cycle-accuratenodelis a SpecCbeha-
ior with identicalexternalportsasthe bus-functional
model,it addsare ned cycle-accuratéiming.

In orderto reachthe cycle-accuratexecutionwe
integratethe SWARM ISS into the databaseof our
re nement ow. There nementtool ow usesthe
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SLDL SpecC[2(Q] for capturingthe designandthe
databaseslements. While SpecCis a supersebf C
language SWARM, on the other hand,is basedon
C++classesTo integrateSWARM, we rst createda
C wrapperaroundthe ISS (SWARM) thatprovidesa
C-level API, which canbe calledfrom SpecCheha-
ior.

The SWARM with its C wrapperis embeddednto
aSpecChehaior ARM7TDMLISS Thewrappingbe-
havior ARM7TDMLISScalls the ISS cycle by cycle
andinterfaceswith the remainingdesign(e.g. exter
nalslavesonthesamebus). It usegheC-APIltotrans-
late betweerSWARM eventsandexternalevents.As
suchit detectsa SWARM busacces®nthe SWARM
abstractbus interface and calls the channelof the
bus functional model to executethe requestedous
transfer On the other hand it monitors the inter
rupt inputs and triggers an SWARM internal inter
rupt, shouldaninterruptoccur The wrappingbeha-
ior ARM7TDMLISSadwancesthe time in the SpecC
simulationaccordingo theclockde nition of theuti-
lized ARM7 processocore.

Figure'10 shaws the instructionset model of the
ARM7TDMI. It looks very similar to the bus func-
tional modelandreuseshe sameprogrammablen-
terruptcontroller However, insteadof the previously
usedcore shell for abstractexecution, it instantiates
wrappingbehaior ARM7TDMLISSthatcontainsthe
SWARM. The ARM7TDMLISSconnectdo the AHB
via the AMBA AHB masterprotocol channel. Note
that dueto the incompletestateof the SWARM in-
ternalPIC andfor future optimization,we do not use
the SWARM internal PIC. We neitherusethe LCD,
UART controlleror theinternaltimer.

As shavn 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 the BFM, the AHB
wires are connectedo the inlined masterand slave
protocolchannelswhichin turn areusedby the me-
dia accesdayer channelsAMBA Master MacLink
andAMBA Slave MacLink).

Thetwo low active interruptwiresnIRQ andnFIQ
directly connectthe PIC to the ARM7TDMLISS The
PICsignalsanon-maskdinterruptfrom ary of the32
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Figure10: SWARM instructionsetmodel.

incominginterruptwiresto the ISS behaior through
the eitherthe nIRQ or the nFIQ line. The wrapping
behaior ARM7TDMLISSchecksbothlinesfor 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 serviceroutine within the
SWARM simulatedcode,whichin turnthencommu-
nicatesthroughthe AMBA AHB with the PIC to de-
terminetheinterruptsource.

Upon startup the wrapping behaior
ARM7TDMLISS initializes the SWARM, which
loads the binary le of the user programinto the
SWARM internal memory Execution starts then
at addresszero (SWARM internal memory). The
wrapper ARM7TDMLISS calls the SWARM cycle-
by-cycle in an endlesdoop. For eachiteration, the
ARM7TDMLISSbehaior checksexternalinterrupts,
drivesthe ISS's asynchronousnputs and drives the
externalbus interfaceif anaccordingl/O instruction
is executedwithin the SWARM ISS.

In anon-1/O processocycle, the ARM7TDMLISS
adwancesSpecCtime for one processoclock period
and advancesthe ISS by a single cycle. In caseof
externalbus reador write, the ARM7TDMLISSsim-
ulatesthe bus by calling the bus protocol channel
AMBA AHB Master Protocol importedfrom the bus
database Calling the protocolchanneladvancesthe
simulationtime dependingon the bus stateand the
selectedslave, the ARM7TDMLISSthenadvanceghe
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ISS internal cycle countaccordingly It updateshe
PEportsfor every externall/O operatioraccordingo
the processostateandbus state. The instructionset
modelis clock-gycle accurateandintegrateswith ex-
ternalcomponenti thedesignthroughthebusfunc-
tionalinterfaceandinterrupts.

3 Real-Time Operating System

During the re nement processthe designemay as-
sign multiple behaiors to one software processing
element(CPU). Due to the inherentsequentialex-
ecutionnatureof a processqrbehaiors have to be
scheduleckitherstaticallyor dynamically An RTOS
is neededo run on the target processofor dynamic
scheduling.

In the softwaresynthesistage C codeis generated
from the behaiors representinghe softwareapplica-
tion runningonthe PE. Thegenerated codeis cross
compiledto the target processos instructionsetus-
ingacrosscompiler The nal executablds generated
by linking it againstacustomizedRTOS.In theRTOS
tamgeting stage,an actualRTOS is selectedrom the
databasandis insertedn thecodefor providing nec-
essaryschedulingservices.

In orderto targetanRTOSto a particularprocessar
the RTOS needsto be rst adaptedfor the selected
tamgetprocessarThis chapterstartswith the selection
of anRTOSfor thetargetARM core. It thenfocuses
ontheintegrationof theselectedRTOS.

3.1 RTOS Selection

An RTOS is an operatingsystemthat hasbeende-
signedfor realtime applicationsThe RTOS, through
its schedulingalgorithms and deterministicnature,
guaranteeshatthe systemdeadlinescanbe met. Or
to be moreaccuratean RTOS providesservicegim-
ing deterministicsothatit doesnot hinderthesystem
from meetingthe deadlines.Deterministicexecution
timesarea strict requirementanadditionalgoalis to
minimumresponséme for interrupts.An RTOSpro-
videsthesystemwith thebasicservicef scheduling,
multitaskingandsynchronization.

Many RTOSsareavailable,rangingfrom costfree
to commercialones. Therefore we describerst our



selectionprocess.We have consideredhe following
RTOSsfor ourwork:

1. RTEMS[30]

2. TinyOS[31]

3. eCog[16]

4. pClOS-11[29]

Almost ary RTOS canbe adaptedor targetingon
the ARM core.Therefore pasednthetamgetproces-
sorwe have nostrictrequirementor theRTOS.How-
ever, while consideringthe concurreng and map-
ping performedn there nement o w, therewerefew
requirementghat we consideredvhile selectingthe
RTOS. The requirementghat we took in to account
arelistedbelow:

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

2. It should have some mechanismfor intertask
communicatiorandsynchronization.

3. Priority and rst-come- rst-serve schedulindhas
to besupported.

4. The sourcecodeshouldbe easyto adaptfor an
ARM core.

5. Thesizefor the RTOS shouldbesmall.

6. It shouldbe freely availablewith detaileddocu-
mentation.

The rst threerequirementsverethe mostimpor
tant,althoughvery basic,requirements$or the RTOS.
The remainingrequirementsvere consideredor an
easyadaptatiorto the ARM core.

Figure/11 shavs a comparisorof the four consid-
eredRTOSs.It containgheinformationbasedn our
metricsmentionedabove.

Notethateventhough,uC/OS-Ilis nolongerfreely
available, we consideredhis RTOS in an older ver
sionavailablewith sourcecodein thebook[29].

TinyOS [3]], is an event-driven architectureand
offers only a limited concurreng. It supportsonly
a single processthereforedoesnot include process

managemenflasksarescheduledvith asimpleFIFO
scheduleandcannotpreempithertasks.Only inter-
ruptscanpreempiatask.

ThethreeRTOSs- RTEMS, eCOSanduC/OS-II
aresuitablefor ourwork asthey supportednultitask-
ing andhave somemechanisnfior intertaskcommuni-
cation. EventhoughRTEMS offers morefeaturesas
comparedo the othertwo, we selecteduC/OS-II for
ourwork dueto thefollowing reasonsThe pC/OS-II
hasavery smallfootprint,yetatthesametimeit does
provide all necessaryeatureslts sourcecodeis well
organized,understandabland canbe adapteceasily
to the ARM core. In additionto thatwe hadprevious
experiencewith this RTOS.

3.2 MicroC/OS-II

HC/OS-11[29 is a multitaskingreal-timekernelthat
provides an execution ervironmentfor mary tasks,
whereeachtaskcanutilize systemresourceslt pro-
videstransferof executionfrom onetaskto the other
so that resourcesan be usedef ciently andtiming
deadlinesanbeachiared. uC/OS-Il provideslow la-
tenciesfor the kernel services. In orderto achieve
timeliness, priority schedulingis supported. Each
taskis assignea priority andis schedulediccording
to it. Furthermorepreemptionis supporteda higher
priority taskmay preemptexecutionof alower prior-
ity taskin orderto performatime-criticalfunction.

MC/OS-Ilis ROMable- it canexecuteas rmw are
from theROM of anembeddedystemsit is portable
sinceit hasbeenimplementednostlyin ANSI C and
containsonly a small amountof assemblycodefor
adaptatiorio aparticulamprocessocore.In fact,it has
beenportedto morethan40 differentprocessoarchi-
tecturesrangingfrom 8- to 64- bit microprocessors,
microcontrollersanddigital signalprocessor§29.

MC/OS-II provides a fully preemptive real-time
kerneland priority schedulingthat always executes
the highestpriority readytask. It supportanultitask-
ing, wherethe applicationsoftware cande ne up to
56 tasks(8 tasksare resened for pC/OS-II). Being
a real-timekernel,the executiontime of mostof the
HC/OS-Il functionsandserviceds deterministic. In
otherwords,thetimeit takesto executeafunctioncan
be estimatedwhich is necessaryo make ary real-
time guarantees.
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Figurell: RTOSsurwy (sourcelinhwanLee).

MC/OS-llis asmallreal-timekernelwith amemory
footprintof about20KB. It is agoodcandidatdor ap-
plicationspeci c RTOS con guration, sinceit canbe
scaleddown in footprint if the applicationdoesre-
quirefewer featureqdown to 2K bytesof codespace
accordingo [29)).

3.2.1 MicroC/OS-Il Structure

MC/OS-1l is small with about 5,500 lines of code,
mostly in ANSI C. The sourcecodeis well orga-
nized.Figure12shavsuC/OS-lIthe le structureand
includesthe hardware/softvare architectureas well.
Thekernelcodeis organizedinto threesggments:

Application Speci ¢ Code containgheuserspeci c
applicationsoftwareaswell somecoderelatedto
thepC/OS-II. Thisincludesnitializing andstart-
ing thekernelaswell asusingthekernelspeci ¢
API for taskmanagementsynchronizatiorand
communication.

ProcessotindependentCode is the main code of
the pC/OS-II kernel and is independenbf the
actual target processar It provides the ker
nel servicedor taskmanagementjme manage-
ment,semaphoreschedulingpolicy andmem-
ory management.

ProcessotSpeci ¢ Code contains an adaptation
layer: the port to the selectedtarget proces-
sor, which varies with processors. This code
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typically manipulatesdirectly individual pro-
cessorregisters,for examplein orderto switch
contexts.

Application Software

uC/OS-TT

(Processor-Independent Code)

puC/OS-II Conf.
(Application —Specific Code)

0s_core.c
os_flag.c

os_mbox.c

0s_mutex.c

0s_q.c

0s_sem.c
os_task.c
0s_time.c
ucos-ii.c
ucos-ii.h

os_cfg.h
includes.h

uC/OS-II Port
(Processor-Specific Code)
os_cpu.h
os_cpu_c.c
os_cpu_a.S

software

hardware
| CPU

Figurel2: MicroC/OS-Ilhardware/softvarearchitec-
ture (Sourcg29)).



3.2.2 Kerneland Kernel Sewices

The kernel, the heartof the operatingsystem,pro-
videsmultitaskingservicesothattheapplicationcan
be divided into smallermanageabld¢asksthat share
the sameprocessor Basedon the schedulingpolicy,
thekerneldecideswvhich taskto run andswitchesbe-
tweentasks(contet switch). It savesthecontet (i.e.
the CPU registers)of the currenttask onto the it's
stack,loadsthe contect of the new task and contin-
uesexecutingthe new task.

HUC/OS-Il kernelprovidesa numberof systemser
vices,for adetaileddescriptionincludingtheirimple-
mentationpleasereferto 12.

Task Management. uC/OS-1l supportsa multitask-
ing ervironmentwith up to 56 applicationspe-
cic tasks. In order to managethesetasks,
HC/OS-11 kernel provides servicesfor creation,
deletion,to changea task’s priority, to suspend
andresumeataskandto getmoreruntimeinfor-
mationaboutatask.

Time Management. By useof a systemtimer inter
rupt, applicationspeci ¢ betweerevery 10msto
100ms uC/OS-1l keepstrackof thereal-timeby
incrementinga 32-bit tick counter It allows the
userto setandquerythetime, aswell asto sus-
pendataskfor a userspeci ed time. Internally
HC/OS-Ilrunstheschedulefor eachtimertick.

Semaphoe Management. uC/OS-1l promotesinter
task communicationthroughshareddatastruc-
tures.It simpli es theexchangeof largeamounts
of data,but requiressynchronization Exclusive
accesgo the datais neededavoid corruptionof
data.pC/OS-Il containsa semaphorémplemen-
tation andprovidesan API for the essentiabp-
erations:creation,deletion,obtaining,querying
andreturningof asemaphore.

Mutual Exclusion Semaphoe Management. In
addition to genericsemaphoresC/OS-I1I pro-
videsa specializednutualexclusionsemaphore
(mutex). Thisis a binary semaphor¢hatallows
to gain exclusive accessto the resourcesand
provides additional features that reduce the
priority inversionproblem.
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Memory Management pC/OS-1l provides support
for dynamicmemoryallocation. It usesa x ed
block size allocationschemeto avoid fragmen-
tation, asavailablememoryis typically smallin
embeddedpplications An applicationcanallo-
cateanddeallocatehesememoryblocks.

The kernelalsomanagesnterrupts,it disableshe
interruptswhile enteringthe critical sectionsof the
code, e.g. the manipulationof kernelinternal data
structuresandre-enableshe interruptwhenleaving
the critical section. This preventsthat multiple tasks
enterthe critical sectionsimultaneouslyand corrupt
data. An interruptcansuspendr resumeexecution
of atask. In casethe resumedaskis the highestpri-
ority readytask, thenit will executeas soonasthe
interrupthandlerhas nished.

As mentionedor the Time Managementservices,
HC/OS-1I requiresa periodictimer interruptto keep
trackof time delaysandtimeouts.This periodicinter
ruptis referredto asthe clocktick. It shouldbe pro-
videdwith a frequeng of 10 to 100timesa second.
A higherfrequeng allows more ne grainedtiming
decisionshowever it resultsin a higheroverhead.

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

HUC/OS-II hasalreadybeenportedto large numberof

processorsSeveral portsareavailableat the uC/OS-
Il website [32]. We basedour processomladaptation
onanARM port[33] andadjustedt accordingo the

SWARM ISS. Figurel13 depictsthe RTOS asit runs
within t helSSin our co-simulationenvironment.

Figurel13: Setupfor uC/OS-I1.



The existing port for the ARM core mainly needs
adjustmentgor the gcc crosscompilerandthe work-
ing ervironment.As partof adaptatiorto the utilized
compiler we adjustedthe sizesof the datatypesand
the resulting stack layout. The correctionsfor the
working ervironmentinclude the addressmap, the
communicatiorwith the PIC andthetimer.

The uC/OS-I1l port containsthe processosspeci ¢
code of the operating system. The processor
independentode calls the speci ¢ codeas C func-
tions. The processospeci ¢ codeis implementedn
C and/orin assemblycodeto performregisteropera-
tions.

This sectiondiscussesomekey functionsof the
processospeci ¢ code. A moredetaileddescription
canbefoundin thepC/OS-11book[29].

To protect the kernel internal data structures,
MC/OS-II usesthe conceptof 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 the critical section
atomic. For this purpose the port de nes two func-
tions that mark the start OSENTERCRITICAL()
andthe end OSEXIT_CRITICAL() of a critical sec-
tion. These functions disable and re-enablethe
interrupts respectrely. They make use of two
assemblylevel functions OSCPU_SRSave() and
OS CPU_SRRestoe() that modify the CPSRregis-
ter OSCPU_SRSave()disablesall interruptsand
returnsthe list of the previously enabledinterrupts.
OS CPU_SRRestog() restoreghe previousinterrupt
stateby enablingall interruptsin thelist.

In orderto performatasklevel contet switch,the
port includesthe OSCtxSw()function. The sched-
uler performsa contect context switchto changethe
taskrunningon the CPU whenever a higher priority
taskbecomegeadyor, whenthe currenttasktransi-
tions to the waiting state. Figure 14 shavs the op-
erationsperformedduring context switch. For that
the OS saves the currentprogramcounteras a re-
turn addreson the currentstask stack. It storesthe
valuesof all registersonto the stackandupdateghe
stackpointerin the TCB of the currenttaskasrefer
encedby OSTCBCur Thenit loadsthe context of the
new task, the high readytaskwith the TCB pointer
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OSTCBHighRdyby performingthe samestepsn re-
verseorder It endswith areturninstructionthatreads
theprogramcounterof thenew taskfromits stackand
executionof the new taskresumes.

The OS port containsmore functions, e.g. OS-
StartHighRdy()for startingthe highestpriority task,
OSBskStkinit()to initialize the task stackandthere
fore theregistersat startup,andOSRskCeateHook()
thatis calledwhena taskis created. Pleaserefer to
ARM port documentatiorj33] for more detailedin-
formationon thefunctionsin the ARM port.

Next, we describeheintegrationto the simulation
ernvironment,namelytheinteractionwith thePIC and
thetimer.

3.2.4 Interrupt Handling and Timer Integration

The port providesinterruptshandling. In orderto re-
ducethe amountof codethatneedso be adaptedor
integrating uC/OS-Il to a particularsetup,the inter
rupt handlingis split into two portions. The initial
steppreparedor executingan interrupthandlerand
is independenof the PIC, while thesecondstepcom-
municatesvith the PIC andexecutegheuserinterrupt
handler

In the rst step,0S.CPU_IRQ_ISR()is calledwhen
an IRQ arrives. Its implementationis independent
of the addressmap and can be usedirrespectve of
whetheraninterruptcontrolleris presenor not.

OSCPUIIRQISR() implementedin assembly
only preparedor theactualinterrupthandling.It per
formsregisteroperationgo save thecurrentprocessor
state, switchesto the interrupt executionmode and
calls OSCPU_IRQ.SRHandler() for further pro-
cessing. After this function nished, it restoresthe
saved processorstate, returnsto the userexecution
modeandreturnsto the preemptecusercode. Note
that a different task may be switchedin asa result
of a schedulingdecisionduring the interrupt execu-
tion. Therefore theimplementatiorhasto be consis-
tentwith the context switchimplementation.

OSCPUIIRQ.SRHandler()is written in C is de-
pendenbnthe addressnapandthe PIC. We adapted
the OSCPU_IRQ.ISRHandler() accordingto the
PIC presentin the instructionset model. The PIC
multiplexes from mary external interruptsto a few
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Figurel4: Tasklevel contet switch (source 33)).

internalinterrupts. In orderto determinewhich ex-

ternal interrupt has causedexecution of the IRQ,

OS CPUIRQ.SRHandler()readsthe Interrupt Sta-
tusregisterof the PIC andcallsatheregisterednter-

rupt handlercontainingthe actualuserinterrupthan-
dler code. We de ned and implementeda generic
functionUserlrgRegister()for registeringauserfunc-
tion asaninterrupthandlerfor particularinterrupt.

In orderto keeptrack of time andfor scheduling
purposes uC/OS-II requiresa periodic timer inter-
rupt. This timer interruptis generateddy an exter
nal timer implementedn the bus functional model.
Thetimer wasimplemented)ik e the PIC, according
to NEC's System-on-Chifite+ speci cation[25].

Theregistersof thetimerareavailableviathe AHB
throughan AHB slave interface. The timer inter
ruptis connectedo aninterruptline of the PIC. Dur-
ing the software startup,the function OSTmeTick is
registeredasan interrupthandlerassociatedvith the
timer interrupt,thetimeris enabledandprogrammed
to generatea periodicinterruptevery 10ms. There-

fore, the OS schedulingandtime managemenfunc-
tionsareexecutedon a periodicbasis.

4 EmbeddedSoftware Generation

Figure15 shavs anoverview of thedesignow. The

systemlevel designprocessis composedf a grad-
ual re nement, startingwith the mostabstractspeci-
cation model. Thenthe designeraddsimplementa-
tion speci ¢ informationandexploresdifferentalter

natives. With eachre nementstepmoreimplemen-
tation detail getsaddedto the systemmodel. Onere-

nement stepis the ArchitectureRe nement,which

introducesprocessingelementsand mapsbehaiors

to them.Anotherre nementstepis theschedulinge-

nement, whichschedulegxecutiononeachprocess-
ing element.The nal re nementstep,with respecto

software,is thethe embeddedoftwaregeneration.
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Figurel5: Systemdesign o w [21].

4.1 SchedulingRe nement

The softwaresynthesiss dividedinto two re nement
steps. The rst stepis the SchedulingRe nement.
Here the designerspeci es the schedulingparame-
tersfor processingelementgo which multiple beha-
iors have beenmapped. Optionsare static and dy-
namicscheduling Within thedynamicschedulingei-
ther First ComeFirst Sene (FCFS)or priority based
schedulingareselectableln caseof priority schedul-
ing, the designerhasto de ne the priority of each
task.

As aresultof theschedulinge nement,behaiors
aremappedo a processingelementwith a notion of
tasks. For dynamicpriority basedschedulinga pri-
ority is de ned for eachtask. Tasksare scheduled

basedon an abstractRTOS that is implementedas
a separatehannelinstantiatedn the processingle-
ment(see[24,23]). Theoutputmodel,thescheduled
model,is still completelyimplementedn the SLDL.

4.2 Embedded Software Generation and
RTOS Targeting

Theseconde nementstepis theEmbeddedoftware
Synthesiswhich generatethetargetC codeandper
forms the RTOS tarmgeting. The software generation
approachs basedon the work outlinedin [38, 37].
Thesoftwaresynthesigool generatea setof software
tasksfrom a partitioneddesignspeci cation, the bus
functionalmodel,capturedn anSLDL, whichin turn
is theresultof the schedulinge nement. Thegener
atedsoftwaretasksimplementedn targetC codeare
thenscheduledy anrealtime kernel.

During the generationthe SLDL codeof a beha-
ior, which is mappedo a softwaretask,is corverted
to C code.All communicatiorprimitivesarereplaced
with plain C codeaswell. Taskandsynchronization
primitivesarereplacedwith callsto a genericRTOS
wrapper a thin RTOS abstractionayer The C syn-
thesistool also generatesnterrupt handlersin case
interruptsare usedfor synchronizatiorwith external
componentslt generatestart-upcodethatregisters
theseinterrupthandlerdo the operatingsystem.

Theoutputof theembeddedoftwaregeneratioris
twofold. For one,thegenerated codeis reintegrated
into theinput model(the busfunctionalmodel).Here
it replacegheoriginal SLDL behaiorsthathave been
mappedto software tasks. It integratesinto the re-
maining systemdesignwith an abstractRTOS that
hasbeenimplementedn top of the SLDL [38]. The
C Model canbe usedfor afastvalidationof thegen-
eratedC code.It co-simulatesvith theremainingsys-
temdesign,usuallycontainingcustomhardware. Al-
thoughthe functionalcorrectnesganbe validated,it
doesnotyield accuratdiming results.

Secondlya at C code,the EmbeddedSoftware,
is generatedor eachprogrammablerocessingele-
ment. This codeis designedor executionon thetar-
getprocessaorThere nementstepof CrossCompila-
tion andLinking usesatargetspeci ¢ crosscompiler
to compile the generatedC codeandlink it against



targetand RTOS speci c libraries. It producesa bi-
naryfor executionon thetamgetprocessar

We extendedthe re nement databaseo include
software components. For the integration of the
ARM7TDMI we populatedthe software database
with the RTOS puC/OS-Il, a pC/OS-11 wrapperthat
provides RTOS abstractionAPI, the RTOS porting
codethat containsthe processospeci ¢ codeof the
MC/OS-II, a softwareHAL thatimplementshe MAC
layer communicationroutines, which communicate
with the PIC andthetimer. Additionally we included
anlSSspeci c libc thatprovidesstandardutputrou-
tinesfor detuggingpurposes.

We devisedagenericle structurefor the software
databasé maximizereusebetweerSWcomponents.
As an example,we ensuredhat the communication
with the PIC,implementedn C, is independentrom
the selectedRTOS, the processoandthe crosscom-
piler. Thereforethe samePIC communicatiorcode
canbeusedon all processorshatareableto connect
to theparticularPIC,i.e. thatcanconnecto the AHB
in this case.

5 Experiments

In orderto shaw thefeasibility of thedesign o w, with
respecto the embeddedoftwaregenerationye im-
plementedareallife exampleandexecutedeachstep
of there nement o w.

5.1 Example Application

Our examplestemsrom theautomotve industry We
implementedan anti lock breaksystemasshavn in
Figure16. It containsa singleprocessqranARMv7,
thatrunsthe controlapplication.The processocom-
municateghroughan AdvancedMicroprocessoBus
Architecture(AMBA) AHB with a Controller Area
Network (CAN) controller The CAN controller a
transduceris accessiblérom the CPUthroughmem-
ory mappedl/O. Five devices are connectedbn the
simulatedCAN bus. One sensorthat measureghe
break paddleposition, a sensorfor eachwheel that
senseghe wheel's rotation and a actuatorfor each
wheelthatcontrolstheassertedreakpressure.
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Figure16: Anti-lock breakexamplearchitecture.

5.2 Re nement

We rst capturedthe speci cation model of the ex-

amplesystem.Then,we usedthe existing re nement
o w to performthere nementstepsuntil thegenera-
tion of thebusfunctionalmodel. Throughouthe pro-

cesswe usedre nementdecisionghatmatchthede-

siredtamgetarchitecturgFigure16).

The re nement tools usethe databasesntriesfor
the ARM7TDMI processofor synthesizinghe sys-
tem models. The ArchitectureModel makes use of
the abstracprocessomodel(seeSection2.2.1). The
SchedulingRe nementincludesthe OSmodelasde-
scribedin Section2.2.2 The busfunctionalcommu-
nicationmodelcontainghe BFM of the ARM7TDMI
(seeSection2.2.3 aswell asthe model of the bus
systemAHB [35].

We thenusedthe extendedsoftware synthesigool
sc2c(seeSection4) to generatehe C codetargeted
towardsthe RTOS. We crosscompiledthe generated
C codewith a gcc crosscompiler[26] thatproduces
binariesin the COFF format and linked againstthe
necessarglatabaseomponent§RTOS, RTOS wrap-
per, RTOSport,HAL andlibc). Theresultis abinary
in the COFF format that can be executedusing the
SWARM ISS.

We manuallyexchangedhe bus functionalmodel
of the ARM7TDMI in the systemsBFM with thein-
structionsetmodelasdescribedn Section2.3.3 Asa
resultwe achieredabus-functionabystemmodelthat
co-simulateardandsoftwareandprovidescycle ac-



curateexecutionof the software,communicatiorand
hardv\ar@

5.3 Results

We validatedcorrectfunctional executionof all cre-
atedmodels.All modelsexhibit correctfunctionality
An exampleof anemepgeng stopmaneuer with an
initial speedof 20 fers, (45mph,724M) is shawn in
Figurel?.

The left graph, Figure|17(a) shaws the correla-
tion betweerthe breakreques{Breakln) asit is read
from thebreakpaddleandtheadjustedreakpressure
Break Out assertedy the front left break actuator
TheoutputBreakOutis setdependingntherotation
speedof the wheels. The right graph,Figure 17(b)
shaws the speed=f both front wheels. It is notice-
ablethatthe left wheellocks, startingat normalized
break pressureof 50 units. Thereforethe anti lock
breakalgorithmreduceghe breakpressureuntil the
wheelrotatesfreely again. After which in increases
the breakpressureagain until the next locking of the
wheeloccurs. The cycle repeatauntil the car comes
to afull stop.

Next, we measuredheexecutiontime andthelines
of generatedodeasanindicatorof compleity. The
resultsaresummarizedn 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

Tablel: Model compleity in linesof codeandsim-
ulationtime.

Theresultsin Table1 shav thatup to the transac-
tion level modelthe executiontime is neggligible, sig-
ni cantly lessthana singlesecondf executiontime.

3AssumingRTL synthesiasbeenperformedaswell.

21

Startingwith the BFM, the executiontime dramati-
cally increasego over two hours. This dramaticin-

creases dueto the application. Each20msof sim-
ulatedtime, the statusof all sensorss queriedand
the outputis calculated. Thereforeonly a minimum
computationis performed. The simulationis mostly
busysimulatingtheidle bussystemsBoth,the AHB,

runningat 25 MHz, andthe 1 MHz CAN useexplicit

clocks. The CAN especiallycontributesto the slow-

down sinceeachof the six simulatedCAN nodesop-
eratenanown localclockandthe CAN standarde-
quiresoversamplinghebus’ for synchronizationvith

clock of thesendingCAN node.

The bus-functionalmodelwith the re-integratedC
codeexecutesasfastasthe bus-functionaimodeldue
to the low amountof computation. Finally the ISS
basedbus-functionalmodel is 66% slower than the
bus-functionaimodel. The SWARM ISS s executed
aswell with a simulatedfrequeng of 25 MHz and
thereforeaddsansigni cant overhead.

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

6 Conclusions

In this documentwve presentedn extensionof a sys-

tem level re nement o w to include hardware soft-

ware co-developmentand co-simulation. In form of

a casestudy basedon the widely used processor
ARM7TDMI, we describedthree major tasksnec-

essaryfor a software supportthroughoutthe design
oW.

First, we describedmodeling of the processorat
different levels of abstraction. Capturinga proces-
sor for the re nement o w allows to map behaiors
to programmabl@rocessing@lementgprocessors}p
co-simulatehe modelandto estimatghesystermper
formance. We describeddifferentlevels of abstrac-
tion, startingfrom anabstractweighttablebasedap-
proachrangingto a cycle accurateexecutionof the

4Eachbit onthebusis oversamplede.g. 12 times,[17])
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Figurel7: Anti-lock breaksimulation.

targetbinarieson an InstructionSetSimulator(ISS).
We successfullyintegratedSWARM, an ARM7 ISS,
into our re nementandco-simulationo w.

Second,we analyzedthe needsfor an Real-Time
OperatingSystem(RTOS). We describedour selec-
tion criteriafor the chosenRTOS uC/OS-Il andcov-
eredinsightaboutthe performedadaptatiorto the se-
lectedprocessar

Thirdly, we reportedon the embeddedsoftware
synthesisand describedan extensionthat now in-
cludesthe synthesiof target C code. For the effec-
tive useof the generatedarget code,we coveredthe
extensionof the re nement o w's databasedo con-
tain softwarecomponentssuchasthe RTOS andthe
Hardware AbstractionLayer (HAL) de ning the bus
driver.

Using an automotve examplesystemof anti-lock
breakswe have validatedthe extensionof there ne-
ment o w. We performedan step-by-stege nement
throughall stagef the designandutilized thethree
introducecelementstheprocessomodelsthe RTOS
andtheembeddedoftwaresynthesis.

The experimentalresultsshav the functional cor
rectnessof all models,including the cycle-accurate
simulationbasedon the SWARM ISS. With thatwe
have for the rst time reachedvith automaticre ne-
mentthe nal stageof embeddedoftware synthesis
andcycle-accurateo-simulation.
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However, our experimentalresultsalso shov that
the executionspeeddramaticallyreduceswith anin-
creasedletaillevel. Whereagheabstractmodelsexe-
cutein lessthanasecondthelSSbasedo-simulation
requireamorethanthreehours.Analyzingtheresults,
yieldedthatthe particularexampleis limited by sim-
ulating the bussedduring the idle time of the system
andthattheactualcomputatiorcontributesonly min-
imally.

In summary we have shavn the feasibility for a
hard/softvare co-designandfor an automaticre ne-
ment o w. We have demonstratetiardwaresoftware
co-simulationcapabilitiesa eachstageof the design.

In futurework, we will shawv thecycle accuratesx-
ecutiontiming. We will implementmore software
components. Furthermore we will investicate into
improving the simulationspeedof the co-simulation
ervironment.
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