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Abstract

Thefunctionalityof a typical embeddedystenis speci-
fied onceat designtime and cannotbe altered later during
the whole missionperiod. There are, however, a number
of importantapplicationdomainsthat askfor both flexibil-
ity andavailability. In sud a flexible embeddedystenthe
functionality can be modifiedwhile the applicationis run-
ning.

Thispaperpresentsa rapid prototypingervironmentor
flexible embeddedystem®n multi-DSParchitectuies. This
prototypingernvironmentautomaticallymapsandsdedules
an application onto a multi-DSP architectue and intro-
ducesa special, lightweight reconfiguation ervironment
ontothetarget platform. A running multi-DSPapplication
can,therefore, be modifiedby reconfiguringsoftwae tasks.
By using our prototypingervironmentthe modifiedappli-
cation can be tested,simulatedand emulatedprior to the
implementatioron thetarget.
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1 Intr oduction

Digital signalprocessindDSP)functionalityis increas-
ingly embeddednto more and more applications. Often
multi-DSParchitecturesreusedto keeppacewith theever
increasingperformanceequirementsThe functionality of
suchatypicalembeddedystemss specifiedonceatdesign
time and cannotbe 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 systemawith extraordinarylong missionperiodsand
embeddedystemshat mustnot be shutdown during up-
dateperiods.Exampledor suchembeddedystemsnclude
satelliterecevverswith updatefunctionality, high-level con-
trollersfor technicalprocesseandcommunicatiorsystems.
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In aflexible embeddedystem,a potentialmodification
of the functionality mustalreadybe taken into accountat
theinitial designandimplementation.Two aspectsarees-
peciallyrelevantin this contet.

Support for design and implementation Even with a
fixed functionality the developmentof an embeddedsys-
temis often supportedoy tools for designautomationand
prototyping[2]. Supportfor designandimplementatioris

almostmandatoryfor flexible embeddedystemsij.e., the
modified applicationmustbe thoroughlysimulated tested
andemulatecbeforeit is dovnloadedo thetargetsystem.

Mechanism for reconfiguration In order to modify a
runningapplicationonanembeddedystemaspeciadown-
loadmechanisnis necessaryThis reconfiguation erviron-
mentmay not interferewith the DSP code executionand
mustbe a lightweightand predictablecomponensincere-
source®n anembeddedystemarealwaysrare.

This paperfocuseson increasingthe flexibility of em-
beddedmulti-DSP systems.The key goalsof this research
are(i) to supportthe designandimplementatiorof flexible
embeddedystemdy a prototypingervironment,(ii) to in-
tegratea mechanisnfor the modificationof the functional-
ity onarunningapplicationand(iii) toimprovethetestabil-
ity of theembeddedystem.This work is basedon PEPSY
— a prototypingenvironmentfor multi-DSP systemg[6, 7].
Givenaspecificationj.e.,anapplicationmodel,ahardware
modelandmappingconstraintsPEPSY automaticallymaps
andscheduleshe DSPapplicationontothe multi-DSPsys-
temandsynthesizethe completecodefor eachprocessar

PeEPsY hasbeenextendedby a reconfiguratiormecha-
nism that allows to add, deleteor modify software tasks.
This reconfigurations completelyintegratedinto PEPSY,
thusall of PEPSY’s mainfeaturessuchasoptimization,per
formancepredictionandcodegenerationcanbeusedwhen
modifying the functionality Via the reconfiguratiorenvi-
ronment,the communicationbetweensoftware taskscan
now beinspectedAll of theseactionsareperformedwhile



the applicationis running on the target systemenabling
functionalaswell asperformancdestingat early stagesn
thedevelopmentprocess.

Therestof this paperis organizedasfollows. Section2
presentghe designflow for flexible embeddedystemaus-
ing PEPSY. Section3 describeghereconfiguratiormecha-
nismimplementedon the target systemandthe host. Sec-
tion 4 presentsxperimentalresults. Section5 discusses
relatedandfuturework.

2 Automated Designof Multi-DSP Systems

Figure 1 depictsthe overall designflow for the auto-
mated designand implementationof multi-DSP applica-
tions. This designflow is integratedinto the prototyping
ervironmentPeEPSY [8]. During theinitial design,PEpPSY
automateghe parallelizationof data-flav orientedappli-
cationsonto heterogeneoumulti-processorsystems,i.e.,
it computesan optimized multi-processoimplementation
givena specificationyesourceconstraintsandan objective
function.

The specificationof the designproblemis basedon two
models. The applicationmodel describeghe overall ap-
plication by an extendeddata-flav graphG 4 [1], i.e., the
nodesof this graphrepresenfunctional)tasksof theappli-
cationandthearcsrepresentlatadependencielsetweerthe
tasks. The hardware model describeshe multi-processor
systemonto which the applicationis mapped. Each pro-
cessingelements representetly a nodeof this graphGy .
Physical point-to-point connectionsare describedby the
arcs. Restrictionson the mappingof tasksonto processing
elementsnaybe specifiedoy mappingconstraintsn.

The optimizer computesan optimized multi-processor
implementatiory, i.e., it approximategnoptimalmapping
andschedulingfor all tasksgiven the specificationsubject
to an objective function andresourceconstraints.The im-
plementatiorfurther includescodefor the reconfiguration
ervironment. The mappingand schedulinggeneratedy
the optimizerconsistof a tasklist for eachprocessarThis
tasklist includesthe applicationtasksaswell asthe sender
and recever tasksintroducedfor interprocessorcommu-
nication. For eachtask, startand endtimes are predicted
by the optimizerusingacommunicatiormodelfor buffered
datatransfer[6]. This communicationmodelis the basis
of PEPSY’s performancerediction. Additional parameters
suchasthetask’s memoryrequiremenanddeadlineaswell
asthe processos memorycapacitymay be specifiedand
usedto expressmore complex designgoalsthanthe stan-
dardmulti-processoschedulingoroblem(8].

The final stepin this prototypingervironmentis auto-
matic codegeneratiorand synthesis.The goal of this step
is to generatehe multi-processoapplication,.e., to genef
ate,compile,link anddownloadthe completecode.
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Figure 1. Design flow of our PEPSY prototyping
environment.

3 Reconfiguring EmbeddedApplications

In orderto extent PEPSY to the reconfiguratiorof flex-
ible embeddedsystems,two modificationsare necessary
First, areconfiguation ervironmentmustbe introducedon
thetargetsystem.Secondadedicatednterfacemustbein-
tegratedon the hostsystem.This hosttool controlsthedata
transferbetweenhost and target and communicateswith
PeEPsY (Figure2).

3.1 Reconfiguration Environment

The reconfigurationervironmentis a software compo-
nenton thetametplatformandprovidesthe basicfunction-
alities (i) to readcommunicatiordatafrom the target sys-
temto delugtheapplicationii) to loaddataontothetarget
hardware,and(iii) to load codeto modify arunningappli-
cationonthetargetsystematthetasklevel. Thesemodifica-



tions mustbe performedwithout ary interferencewith the
DSPcodeexecutionin orderto guaranteg¢heavailability of
the prototypehardwvare.

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

1. The environments functionality must be an easy-to-
addandlightweightcomponent.

2. Theervironmentmustbescalablej.e.,thefunctional-
ity mustbeindependentf the numberof DSPsonthe
targetsystem.

3. The ervironments executiontime mustbe small and
must be includedinto PEPsY’s performancepredic-
tion.

4. Thedatatransferbetweerhostandtamget systemdur-
ing reconfiguratiormustbe securedn orderto detect
transmissiorfaults.

5. Stanationanddeadlocksituationsduringreconfigura-
tion mustbe avoided.

Theserequirementsre fulfilled by introducinga ded-
icatedkernel task on eachprocessofat the initial design.
This kerneltaskimplementghe functionality of therecon-
figurationervironmentandis executedat the beginning of
eachloop cycle prior to ary applicationtasks. During its
executionthe kernelperformsthe necessargpperationsand
terminatesstrictly aftera predeterminedime. To guarantee
a small lightweight kernel, only the necessaryunctional-
ity for communicatioranddataup- anddownloadis imple-
mentedandonly a smallportion of datacanbe transferred
betweenhostand DSPwithin a singleloop iteration. The
memorymanagemendf all DSPsis handledby the host.

The kerneltaskhasbeenimplementedn TexasInstru-
mentsTMS320C40DSPs. It hasbeenentirely written in
assembleto provide a small footprint and fast execution.
Thetransmissiorprotocolimplementedorovidesthe func-
tionality to (i) requesthestatusof thekerneltask,(ii) to ini-
tialize thedownloadof code,(iii) to downloadadatapaclet
to memory (iv) to startatask,and(v) to sendmemorycon-
tentsto the host.

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

Communicationbetweenthe kernel tasksand the host
is realizedin a master/slae structure. All (reconfigura-
tion) communicationis initiated by the host, and the cor
respondingdatais sentto the kerneltask mappedon the
DSPdirectly connectedo the host. Datafor kerneltasks
on all other DSPsis routedthrougha tree-structuredet-
work. DSPkerneltasksreceve command®r transmitthem
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Figure 2. Integration of the reconfiguration
environment and the host tool into PEPSY.

to the next DSPin thetreestructure.The advantageof this
structureis that stanation or deadlocksituationscausedy
blockingcommunicationganbe avoided. If the hostiniti-
atesa datauploadfrom a DSR it first sendsthe command
to the dedicatedDSP and waits until the datauploadhas
completed. No other communicationis initiated between
therequestandcompletionof the upload.

The transmitteddatais partitionedinto paclets of size
not larger thanthe size of the communicationbuffers (16
wordsfor the TMS320C40).By transferringonly a single
pacletwithin asinglekerneltask,communicatiorcant get
blocked. The transferof a single paclet is securedby a
CRC.In caseof atransmissiorfailure, a retransmissiofis
initiated at the next kerneltaskscall. The treestructureis
alsoscalable.Additional DSPscanbe simply addedto the
leafsof thetree.

3.2 HostTool

Thehosttool is ableto displayandto useall featuresof
the kerneltaskin orderto extendthe systemto the desired
level of functionality This tool candirectly communicate
with the kernelof anindividual DSP; commandsarethen
executedby the kernel. Afterwardsa returnpaclet is sent
backto thehost.

The hosttool introducesan accesdayer betweenbasic



protocolcommandsandPepSY (seeFigure?). It allowsto
directly downloaddataandcodeof tasksstoredin thecom-
monobjectfile format(COFF).Therequiredmemoryman-
agemenbf the DSPsis handledseparatelyat the host. Be-
fore downloadinga task,the memorymanageidetermines
freelocationsfor codeanddatasections A linkercommand
file is automaticallygenerate@ndthe sectionsarelinkedto
thesememoryareas.

For the purposeof obsenation anddehugging,the tool
loadscommunicatiordatafrom thetargethardware. To ad-
dresscommunicatiordatatheuserhasto specifyacommu-
nicationbuffer. First, the buffer's addresss obtainedfrom
the memorymanager Subsequent|ythe hostsendsa com-
mandto the DSP containingthe buffer addresgo uploada
portionof datastartingatthebuffer addressThe maximum
sizeof buffer datato beinspecteds 16, which corresponds
to the paclet sizefor the datatransfer Finally, the datacan
bevisualizedonline or storedfor lateranalysis.

In the caseof reconfigurationa taskis transferredo a
DSPandthe executive’s loop is altered. At the beginning,
the userdefinesthe position of the newly-insertedtaskin
the scheduleof the applicationandthe accessedommuni-
cationbuffers. PEPSY’s performanceredictionthendeter
minesthe communicatiorand computationdelaysfor this
alteredapplication. The memorymanagedeterminedree
memory spacefor the task’s code and data memory de-
mands. Task informationis retrieved from a task library
file. A speciallygeneratedinker commandfile addresses
the free memoryspaceon the DSR Afterwards, the code
generationoolsproduceafile in thecommonobjectfile for-
mat (COFF),which canbe directly loadedonto the DSPs
memoryby the hosttool. Subsequent|yan alteredexecu-
tive loop is generatedndloadedontothe DSPaddressing
thenewly-insertedtaskin thefavoredscheduleFinally, the
kerneltask switchesfrom the old to the alteredexecutve
loop.

We have measuredhe maximumkernelexecutiontime
asabout5 ps duringa datatransfer Thetransferof asingle
wordto arny DSPrequiresat most0.25 us.

4 Experimental Results

We demonstratéhemodificationof thefunctionalityof a
flexible embeddedystemusingPEPSY. A streamindfilter
exampleon a multi-DSParchitecturesenesasexample.

The target systemfor this experimentconsistsof four
TMS320C40DSPsfrom Texas Instruments.As showvn in
Figure 3 eachprocessowf this multi-DSP systemis con-
nectedo eachother Communicatiorto the hostis handled
via DSP#1. This DSPis furtherconnectedo a dataacqui-
sition boardwith a digital/analogcornverter (DAC) andan
analog/digitalcorverter (ADC). The samplingrate of this
dataacquisitionboardcanbe setup to 100kHz. Thecycle
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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 40 ns.

Figure4 depictsthe taskgraphof thefilter example. At
eachiterationthroughthis grapha sampledatawordis read
from thedataacquisitionboardby the ADC task.In theini-
tial designthis word is transmittedto a parallelfilter bank
consistingof four FIR filters. The individual filter outputs
aresummarizedn taskADD4; the overallresultis thende-
liveredto the dataacquisitionboardby the DAC task. The
maximumexecutiontime for a singleiterationis given by
125 ;s determinedy the samplingrateof the communica-
tion systemof 8 kHz.

The hardware model Gy which is derived from Fig-
ure 3 andthe applicationmodel G 4 which is derived from
Figure 4 arethe startingpoint for the optimizationstepin
PEPSY.

Theresultof the optimizationstepis shovn in Figure5.
In this gantt diagramthe (static) task scheduleis shavn



Figure 6. Modified task graph for redesign.

for eachDSP, Notethat PEPSY automaticallyinsertsall re-

quired communicationtasksdenotedby R and S, respec-
tively. The kerneltaskK is introducedat the beginning of

eachscheduleThekerneltasksarepartof thereconfigura-
tion ervironment. PEPSY’s performanceestimationresults
in anoverall executiontime of 82.2 us. Thus,thereal-time
constrainbntheoverallexecutiontimefor asingleiteration
(125 pus)is notviolated.

PePsY finally synthesizeshe completecodefor the ex-
ecutive function aswell ascompiles,links anddownloads
theapplicationontothetargetsystem.Themeasuredverall
executiontime is 85 uswhich s very closeto theestimated
time.

Figure6 depictsamaodificationof thefunctionalityin the
embeddednulti-DSPapplication.A new filter taskFIR5is
addedo thefilter bankwhichreplacedilter taskFIR4. The
numberof executioncyclesfor taskFIR5is 380.

The schedulederived by PEPSY’s performancepredic-
tion is depictedin Figure 7. The delaysaresimilar to the
onesfrom theinitial design.PEPsY’s predictionof theover
all executiontimeis 82,2 us. SinceFIR5 terminatesefore
thecommunicatiorwith DSP#4 is startedthereplacement
of FIR4with FIR5 doesnotresultin anincreasef theover
all executiontime. PEPSY automaticallygenerateshe ex-
ecutive functionandsynthesizeshe executve andthetask
FIR5. The memorymapfor this tasksis managedy the
memorymanager

The task reconfigurationis controlled by the hosttool
andconsistof thefollowing steps*

1. The codeanddatafor task FIR5 is loadedinto a free
memoryareaof DSP#1.

2. Themodifiedcodeof the executive functionis loaded
ontoDSP#1.

INotethatin this examplereconfiguratioris only requiredon DSP#1.

3. The kernel task of the reconfigurationervironment
startsthe alteredexecutve function.

The overall executiontime for the modifiedfilter appli-
cation on the multi-DSP systemhasbeenmeasurecs 85
uswhichis thesamesmalldeviation from the estimatioras
in theinitial example.

5 Discussion

In this paperwe have presenteaur improved prototyp-
ing systemfor the designand implementationof flexible
embeddedsystemson multi-DSP architectures. The pri-
mary goal of this researchs to test, to predictthe perfor
manceand to emulatea modified multi-DSP application
prior to the implementatioron the target. The prototyping
ervironmentPEPSY is now able(i) to obsere communica-
tion databetweertasks,(ii) to modify communicatiordata
betweertasksand(iii) to reconfigurg¢askswhile theoverall
applicationis runningatthetargetplatform.

Therearerelatedprototypingsystemdor digital signal
processingpplicationknown in theliterature. Thesepro-
totyping systemslack, however, in the ability to support
functionalmodifications. Madisetti[5] presentedhe state
of the art and identified future challengesin prototyping
large DSPsystemsn themid nineties.Fresseetal. [3] have
developeda prototypingervironmentfor a multi-DSP sys-
temtargetedfor imageprocessingpplications.Their ervi-
ronmentrequiresafunctionaldescriptiongivenby dataflov
graphandgenerates parallelimplementatiornonto a het-
erogeneoutargetplatform. The GRAPE-I1 [4] ervironment
usessynchronousindcyclo-staticdataflow graphsasappli-
cationmodels.Grape-limapsandschedulesheapplication
tasksontoa heterogeneousmgetsystemcomprisedf dig-
ital signalprocessoranddedicatechardware(FPGA).

Someoperatingsystemsn the areaof DSPalsosupport
somemechanismdor testingthe overall application,e.g.,
Virtuoso[9]. A problemwith operatingsystemsis often
thatthey offer only very limited accesgo a running multi-
DSPapplicationandintroducea (large) memoryandperfor
manceoverheadnto theapplication.Ontheotherhand the
overheadintroducedby PEPSY’s reprogrammingernviron-
mentis very smallcomparedo operatingsystem(kernels).

Futurework of this researchs focusedon (i) improving
the reprogrammingernvironment, (i) porting the extended
PepPsy framawork to differenttarget platforms,(iii) apply-
ing our improved prototypingframevork on variousappli-
cationsand(iv) extendthe designandreprogrammingpro-
cesf PEPSY to heterogeneousystemavith DSPsandFP-
GAs.
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Figure 5. Gantt diagram of the optimiz ed implementation of the initial design including the estimated

computation and comm unication times.
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Figure 7. Gantt diagram depicting

the schedule and predicted execution time of the redesign.

Changes from the initial schedule are colored dark gray.
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