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Abstract

Thefunctionalityof a typical embeddedsystemis speci-
fiedonceat designtimeandcannotbealteredlater during
the whole missionperiod. There are, however, a number
of importantapplicationdomainsthat askfor bothflexibil-
ity andavailability. In such a flexible embeddedsystemthe
functionalitycan be modifiedwhile the applicationis run-
ning.

Thispaperpresentsa rapid prototypingenvironmentfor
flexibleembeddedsystemsonmulti-DSParchitectures.This
prototypingenvironmentautomaticallymapsandschedules
an application onto a multi-DSP architecture and intro-
ducesa special, lightweight reconfiguration environment
onto thetarget platform. A runningmulti-DSPapplication
can,therefore, bemodifiedby reconfiguringsoftware tasks.
By usingour prototypingenvironmentthe modifiedappli-
cation can be tested,simulatedand emulatedprior to the
implementationon thetarget.

keywords: embeddedsystem; multi-DSP architectures;
taskreconfiguration;testability;rapidprototyping

1 Intr oduction

Digital signalprocessing(DSP)functionality is increas-
ingly embeddedinto more and more applications. Often
multi-DSParchitecturesareusedto keeppacewith theever
increasingperformancerequirements.Thefunctionalityof
suchatypicalembeddedsystemsis specifiedonceatdesign
time andcannotbe alteredlater during the whole mission
period. Thereare,however, a numberof importantappli-
cation domainsthat ask for both flexibility and availabil-
ity, i.e., systemsoperatingin remoteand hostile environ-
ments,systemswith extraordinarylongmissionperiodsand
embeddedsystemsthat mustnot be shutdown during up-
dateperiods.Examplesfor suchembeddedsystemsinclude
satellitereceiverswith updatefunctionality, high-level con-
trollersfor technicalprocessesandcommunicationsystems.

In a flexible embeddedsystem,a potentialmodification
of the functionality mustalreadybe taken into accountat
the initial designandimplementation.Two aspectsarees-
peciallyrelevantin this context.

Support for design and implementation Even with a
fixed functionality the developmentof an embeddedsys-
tem is often supportedby tools for designautomationand
prototyping[2]. Supportfor designandimplementationis
almostmandatoryfor flexible embeddedsystems,i.e., the
modifiedapplicationmustbe thoroughlysimulated,tested
andemulatedbeforeit is downloadedto thetargetsystem.

Mechanism for reconfiguration In order to modify a
runningapplicationonanembeddedsystemaspecialdown-
loadmechanismis necessary. This reconfigurationenviron-
mentmay not interferewith the DSP codeexecutionand
mustbea lightweightandpredictablecomponentsincere-
sourcesonanembeddedsystemarealwaysrare.

This paperfocuseson increasingthe flexibility of em-
beddedmulti-DSPsystems.Thekey goalsof this research
are(i) to supportthedesignandimplementationof flexible
embeddedsystemsby aprototypingenvironment,(ii) to in-
tegratea mechanismfor themodificationof thefunctional-
ity onarunningapplication,and(iii) to improvethetestabil-
ity of theembeddedsystem.This work is basedon PEPSY

– a prototypingenvironmentfor multi-DSP systems[6, 7].
Givenaspecification,i.e.,anapplicationmodel,ahardware
modelandmappingconstraints,PEPSY automaticallymaps
andschedulestheDSPapplicationontothemulti-DSPsys-
temandsynthesizesthecompletecodefor eachprocessor.

PEPSY hasbeenextendedby a reconfigurationmecha-
nism that allows to add, deleteor modify software tasks.
This reconfigurationis completelyintegratedinto PEPSY,
thusall of PEPSY ’smainfeaturessuchasoptimization,per-
formancepredictionandcodegeneration,canbeusedwhen
modifying the functionality. Via the reconfigurationenvi-
ronment,the communicationbetweensoftware taskscan
now beinspected.All of theseactionsareperformedwhile
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the application is running on the target systemenabling
functionalaswell asperformancetestingat earlystagesin
thedevelopmentprocess.

Therestof this paperis organizedasfollows. Section2
presentsthedesignflow for flexible embeddedsystemsus-
ing PEPSY. Section3 describesthereconfigurationmecha-
nism implementedon the target systemandthehost. Sec-
tion 4 presentsexperimentalresults. Section5 discusses
relatedandfuturework.

2 AutomatedDesignof Multi-DSP Systems

Figure 1 depictsthe overall designflow for the auto-
mateddesignand implementationof multi-DSP applica-
tions. This designflow is integratedinto the prototyping
environmentPEPSY [8]. During the initial design,PEPSY

automatesthe parallelizationof data-flow orientedappli-
cationsonto heterogeneousmulti-processorsystems,i.e.,
it computesan optimizedmulti-processorimplementation
givena specification,resourceconstraintsandanobjective
function.

Thespecificationof thedesignproblemis basedon two
models. The applicationmodel describesthe overall ap-
plication by an extendeddata-flow graph

���
[1], i.e., the

nodesof thisgraphrepresent(functional)tasksof theappli-
cationandthearcsrepresentdatadependenciesbetweenthe
tasks. The hardware model describesthe multi-processor
systemonto which the applicationis mapped. Eachpro-
cessingelementis representedby a nodeof this graph

���
.

Physical point-to-point connectionsare describedby the
arcs.Restrictionson themappingof tasksontoprocessing
elementsmaybespecifiedby mappingconstraints� .

The optimizer computesan optimizedmulti-processor
implementation� , i.e., it approximatesanoptimalmapping
andschedulingfor all tasksgiven the specificationsubject
to an objective function andresourceconstraints.The im-
plementationfurther includescodefor the reconfiguration
environment. The mappingand schedulinggeneratedby
theoptimizerconsistof a tasklist for eachprocessor. This
tasklist includestheapplicationtasksaswell asthesender
and receiver tasksintroducedfor inter-processorcommu-
nication. For eachtask,startandend timesarepredicted
by theoptimizerusingacommunicationmodelfor buffered
datatransfer[6]. This communicationmodel is the basis
of PEPSY ’s performanceprediction.Additional parameters
suchasthetask’smemoryrequirementanddeadlineaswell
as the processor’s memorycapacitymay be specifiedand
usedto expressmorecomplex designgoalsthanthe stan-
dardmulti-processorschedulingproblem[8].

The final stepin this prototypingenvironmentis auto-
maticcodegenerationandsynthesis.Thegoalof this step
is to generatethemulti-processorapplication,i.e., to gener-
ate,compile,link anddownloadthecompletecode.
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Figure 1. Design flo w of our PEPSY prototyping
envir onment.

3 ReconfiguringEmbeddedApplications

In orderto extent PEPSY to the reconfigurationof flex-
ible embeddedsystems,two modificationsare necessary.
First, a reconfiguration environmentmustbeintroducedon
thetargetsystem.Second,adedicatedinterfacemustbein-
tegratedon thehostsystem.Thishosttool controlsthedata
transferbetweenhost and target and communicateswith
PEPSY (Figure2).

3.1 ReconfigurationEnvir onment

The reconfigurationenvironmentis a software compo-
nenton thetargetplatformandprovidesthebasicfunction-
alities (i) to readcommunicationdatafrom the target sys-
temto debugtheapplication,(ii) to loaddataontothetarget
hardware,and(iii) to loadcodeto modify a runningappli-
cationonthetargetsystematthetasklevel. Thesemodifica-
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tions mustbeperformedwithout any interferencewith the
DSPcodeexecutionin orderto guaranteetheavailability of
theprototypehardware.

In the context of PEPSY ’s designflow, the reconfigura-
tion environmenthasto fulfill furtherstrongrequirements:

1. The environment’s functionality must be an easy-to-
addandlightweightcomponent.

2. Theenvironmentmustbescalable,i.e., thefunctional-
ity mustbeindependentof thenumberof DSPson the
targetsystem.

3. The environment’s executiontime mustbe small and
must be included into PEPSY ’s performancepredic-
tion.

4. Thedatatransferbetweenhostandtargetsystemdur-
ing reconfigurationmustbesecuredin orderto detect
transmissionfaults.

5. Starvationanddeadlocksituationsduringreconfigura-
tion mustbeavoided.

Theserequirementsare fulfilled by introducinga ded-
icatedkernel task on eachprocessorat the initial design.
This kerneltaskimplementsthefunctionalityof therecon-
figurationenvironmentandis executedat thebeginningof
eachloop cycle prior to any applicationtasks. During its
executionthekernelperformsthenecessaryoperationsand
terminatesstrictly afterapredeterminedtime. To guarantee
a small lightweight kernel, only the necessaryfunctional-
ity for communicationanddataup-anddownloadis imple-
mentedandonly a smallportionof datacanbetransferred
betweenhostandDSPwithin a singleloop iteration. The
memorymanagementof all DSPsis handledby thehost.

Thekerneltaskhasbeenimplementedon TexasInstru-
mentsTMS320C40DSPs. It hasbeenentirely written in
assemblerto provide a small footprint and fastexecution.
The transmissionprotocolimplementedprovidesthe func-
tionality to (i) requestthestatusof thekerneltask,(ii) to ini-
tializethedownloadof code,(iii) to downloadadatapacket
to memory, (iv) to starta task,and(v) to sendmemorycon-
tentsto thehost.

A memoryprotectionmechanismhasbeenimplemented
to protectthe kernelcodeandthe auxiliary memoryloca-
tions from beingoverwrittenby the processof datadown-
loadontothetargetsystem.

Communicationbetweenthe kernel tasksand the host
is realizedin a master/slave structure. All (reconfigura-
tion) communicationis initiated by the host, and the cor-
respondingdatais sent to the kernel task mappedon the
DSPdirectly connectedto the host. Data for kernel tasks
on all other DSPsis routedthrougha tree-structurednet-
work. DSPkerneltasksreceivecommandsor transmitthem
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Figure 2. Integration of the reconfiguration
envir onment and the host tool into PEPSY.

to thenext DSPin thetreestructure.Theadvantageof this
structureis thatstarvationor deadlocksituationscausedby
blockingcommunicationscanbeavoided. If thehostiniti-
atesa datauploadfrom a DSP, it first sendsthe command
to the dedicatedDSP and waits until the datauploadhas
completed. No other communicationis initiated between
therequestandcompletionof theupload.

The transmitteddatais partitionedinto packetsof size
not larger than the sizeof the communicationbuffers (16
wordsfor the TMS320C40).By transferringonly a single
packetwithin asinglekerneltask,communicationcan’t get
blocked. The transferof a single packet is securedby a
CRC.In caseof a transmissionfailure,a retransmissionis
initiated at the next kerneltaskscall. The treestructureis
alsoscalable.Additional DSPscanbesimply addedto the
leafsof thetree.

3.2 Host Tool

Thehosttool is ableto displayandto useall featuresof
thekerneltaskin orderto extendthesystemto thedesired
level of functionality. This tool candirectly communicate
with the kernelof an individual DSP;commandsarethen
executedby the kernel. Afterwardsa returnpacket is sent
backto thehost.

The host tool introducesan accesslayer betweenbasic
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protocolcommandsandPEPSY (seeFigure2). It allows to
directlydownloaddataandcodeof tasksstoredin thecom-
monobjectfile format(COFF).Therequiredmemoryman-
agementof theDSPsis handledseparatelyat thehost.Be-
fore downloadinga task,the memorymanagerdetermines
freelocationsfor codeanddatasections.A linkercommand
file is automaticallygeneratedandthesectionsarelinkedto
thesememoryareas.

For the purposeof observation anddebugging,the tool
loadscommunicationdatafrom thetargethardware.To ad-
dresscommunicationdata,theuserhasto specifyacommu-
nicationbuffer. First, thebuffer’s addressis obtainedfrom
thememorymanager. Subsequently, thehostsendsa com-
mandto theDSPcontainingthebuffer addressto uploada
portionof datastartingat thebuffer address.Themaximum
sizeof buffer datato beinspectedis 16,which corresponds
to thepacket sizefor thedatatransfer. Finally, thedatacan
bevisualizedonlineor storedfor lateranalysis.

In the caseof reconfiguration,a taskis transferredto a
DSPandtheexecutive’s loop is altered.At thebeginning,
the userdefinesthe positionof the newly-insertedtask in
thescheduleof theapplicationandtheaccessedcommuni-
cationbuffers. PEPSY ’s performancepredictionthendeter-
minesthe communicationandcomputationdelaysfor this
alteredapplication.The memorymanagerdeterminesfree
memory spacefor the task’s code and data memory de-
mands. Task information is retrieved from a task library
file. A speciallygeneratedlinker commandfile addresses
the free memoryspaceon the DSP. Afterwards,the code
generationtoolsproduceafile in thecommonobjectfile for-
mat (COFF),which canbe directly loadedonto the DSP’s
memoryby the hosttool. Subsequently, an alteredexecu-
tive loop is generatedandloadedonto theDSPaddressing
thenewly-insertedtaskin thefavoredschedule.Finally, the
kernel taskswitchesfrom the old to the alteredexecutive
loop.

We have measuredthemaximumkernelexecutiontime
asabout5 ¼ sduringadatatransfer. Thetransferof asingle
word to any DSPrequiresatmost0.25 ¼ s.

4 Experimental Results

Wedemonstratethemodificationof thefunctionalityof a
flexible embeddedsystemusingPEPSY. A streamingfilter
exampleonamulti-DSParchitectureservesasexample.

The target systemfor this experimentconsistsof four
TMS320C40DSPsfrom TexasInstruments.As shown in
Figure3 eachprocessorof this multi-DSPsystemis con-
nectedto eachother. Communicationto thehostis handled
via DSP#1. This DSPis furtherconnectedto a dataacqui-
sition boardwith a digital/analogconverter (DAC) andan
analog/digitalconverter (ADC). The samplingrateof this
dataacquisitionboardcanbesetup to 100kHz. Thecycle

½ ¾ ¿À
Á Â

Ã ÄÅ Æ
Ç È

É ÊË Ì
Í Î

Ï ÐÑ
Ò Ó Ô

Õ1Ö
×vØ1Ù

ÚÜÛÞÝàßáãâÜä

åçæ�è

é$ê
ëíì1î

ïñð
òíó1ô

õàö
÷íøñù

Figure 3. The multi-DSP system consisting of
4 TMS320C40 processor s used as target plat-
form for the experimental evaluation.
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Figure 4. Task graph of the application exam-
ple .

periodof eachDSPis 40ns.
Figure4 depictsthetaskgraphof thefilter example.At

eachiterationthroughthisgraphasampledataword is read
from thedataacquisitionboardby theADC task.In theini-
tial designthis word is transmittedto a parallelfilter bank
consistingof four FIR filters. The individual filter outputs
aresummarizedin taskADD4; theoverall resultis thende-
liveredto thedataacquisitionboardby theDAC task. The
maximumexecutiontime for a singleiterationis given by
125 ¼ s determinedby thesamplingrateof thecommunica-
tion systemof 8 kHz.

The hardware model
�v�

which is derived from Fig-
ure3 andtheapplicationmodel

���
which is derived from

Figure4 arethe startingpoint for the optimizationstepin
PEPSY.

Theresultof theoptimizationstepis shown in Figure5.
In this gantt diagramthe (static) task scheduleis shown
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Figure 6. Modified task graph for redesign.

for eachDSP. NotethatPEPSY automaticallyinsertsall re-
quired communicationtasksdenotedby R and S, respec-
tively. ThekerneltaskK is introducedat thebeginningof
eachschedule.Thekerneltasksarepartof thereconfigura-
tion environment. PEPSY ’s performanceestimationresults
in anoverall executiontime of 82.2 ¼ s. Thus,thereal-time
constraintontheoverallexecutiontimefor asingleiteration
(125 ¼ s) is not violated.

PEPSY finally synthesizesthecompletecodefor theex-
ecutive function aswell ascompiles,links anddownloads
theapplicationontothetargetsystem.Themeasuredoverall
executiontime is 85 ¼ swhich is verycloseto theestimated
time.

Figure6 depictsamodificationof thefunctionalityin the
embeddedmulti-DSPapplication.A new filter taskFIR5 is
addedto thefilter bankwhichreplacesfilter taskFIR4. The
numberof executioncyclesfor taskFIR5 is 380.

The schedulederived by PEPSY ’s performancepredic-
tion is depictedin Figure7. The delaysaresimilar to the
onesfrom theinitial design.PEPSY ’spredictionof theover-
all executiontime is 82,2 ¼ s. SinceFIR5 terminatesbefore
thecommunicationwith DSP#4 is started,thereplacement
of FIR4with FIR5doesnotresultin anincreaseof theover-
all executiontime. PEPSY automaticallygeneratesthe ex-
ecutive functionandsynthesizestheexecutive andthetask
FIR5. The memorymapfor this tasksis managedby the
memorymanager.

The task reconfigurationis controlledby the host tool
andconsistsof thefollowing steps:1

1. The codeanddatafor taskFIR5 is loadedinto a free
memoryareaof DSP#1.

2. Themodifiedcodeof theexecutive function is loaded
ontoDSP#1.

1Notethatin thisexamplereconfigurationis only requiredonDSP#1.

3. The kernel task of the reconfigurationenvironment
startsthealteredexecutive function.

Theoverall executiontime for themodifiedfilter appli-
cationon the multi-DSPsystemhasbeenmeasuredas85
¼ swhich is thesamesmalldeviation from theestimationas
in theinitial example.

5 Discussion

In this paperwe have presentedour improvedprototyp-
ing systemfor the designand implementationof flexible
embeddedsystemson multi-DSP architectures.The pri-
mary goal of this researchis to test, to predict the perfor-
manceand to emulatea modified multi-DSP application
prior to the implementationon the target. Theprototyping
environmentPEPSY is now able(i) to observe communica-
tion databetweentasks,(ii) to modify communicationdata
betweentasksand(iii) to reconfiguretaskswhile theoverall
applicationis runningat thetargetplatform.

Therearerelatedprototypingsystemsfor digital signal
processingapplicationsknown in theliterature.Thesepro-
totyping systemslack, however, in the ability to support
functionalmodifications.Madisetti [5] presentedthe state
of the art and identified future challengesin prototyping
largeDSPsystemsin themid nineties.Fresseetal. [3] have
developeda prototypingenvironmentfor a multi-DSPsys-
temtargetedfor imageprocessingapplications.Their envi-
ronmentrequiresafunctionaldescriptiongivenby dataflow
graphandgeneratesa parallel implementationonto a het-
erogeneoustargetplatform.TheGRAPE-I I [4] environment
usessynchronousandcyclo-staticdataflow graphsasappli-
cationmodels.Grape-IImapsandschedulestheapplication
tasksontoa heterogeneoustargetsystemcomprisedof dig-
ital signalprocessorsanddedicatedhardware(FPGA).

Someoperatingsystemsin theareaof DSPalsosupport
somemechanismsfor testingthe overall application,e.g.,
Virtuoso [9]. A problemwith operatingsystemsis often
that they offer only very limited accessto a runningmulti-
DSPapplicationandintroducea(large)memoryandperfor-
manceoverheadinto theapplication.Ontheotherhand,the
overheadintroducedby PEPSY ’s reprogrammingenviron-
mentis verysmallcomparedto operatingsystem(kernels).

Futurework of this researchis focusedon (i) improving
the reprogrammingenvironment,(ii) porting the extended
PEPSY framework to differenttargetplatforms,(iii) apply-
ing our improvedprototypingframework on variousappli-
cationsand(iv) extendthedesignandreprogrammingpro-
cessof PEPSY to heterogeneoussystemswith DSPsandFP-
GAs.
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