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Abstract— The design of a reliable multicast protocol using a method-
ology basedon performance analysistechniquesand geneticalgorithms is
presented.The main objective of this work is to find a faster implementa-
tion with lower costsfr om the HW/SW Codesigntechnique. The process
requires a choice betweenthe tasks to be implemented in hardware and
thoseto be implemented in software, i.e., the selectionof the bestHW/SW
partition. This methodologyusesa geneticalgorithm to optimize an error
function definedby the required performanceand the implementation cost
of the protocol. The protocol performanceis analyzedby a modelling envi-
ronment called Tangram-II. The area of the hardware correspondingto a
given implementation is calculatedby the Synopsystool. The methodology
is intended as a tool to help protocol designersto selectthe best perfor-
mance/costcompromise.

I . INTRODUCTION�
ELIABLE multicastover theInternetis adifficult problem
to dealwith dueto thelimited capacityof bothsenderand

the network for respondingto reportsof datalosses.Simulta-
neousretransmissionrequestsfrom large numbersof receivers
can lead to senderand network overload,causingthe NACK
implosionproblem.Additionally, receiversin a multicastgroup
mayexperiencewidely differentpacket lossratesdependingon
their locationsin themulticasttree. Having thesenderretrans-
mit to theentiregroupwhenonly asmallsubsetof thereceivers
experiencelosseswastesnetwork bandwithanddegradesover-
all performance.In orderto scalelossrecovery to largemulti-
castgroups,softwareoptimizationof efficient mechanismsare
neededto control NACK implosions,to distribute the load for
retransmissions,andto limit thedeliveryscopeof retransmitted
packets[1].

Another important factor to improve performanceof high
computationalcostsprotocols,suchas reliable multicastpro-
tocols,is the integrationbetweensoftware(SW) andhardware
(HW) during their implementation.In general,no timing con-
straintstaskscan be implementedin SW while thosethat re-
quirehigherperformancemustbe implementedin HW. Due to
the increasingdemandfor high throughputprotocols,solutions
usingHW arebeingmorefrequentlyinvestigated.For example,
full ASIC-basedforwardingenginesdelivermorethan10-times
higher throughputthan routersthat rely entirely on micropro-
cessors[2].

The basicprinciple of Codesignis the developmentof a co-
operative designbasedon two specificproject environments,
HW andSW, whereverification,testandsimulationcanbeper-
formedat any designlevel. During thespecificationrefinement
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it is useful andnecessaryto apply techniquesthat aid the de-
signerto decidebetweenthetasksto beimplementedin SWand
thoseto be implementedin HW, i. e., the selectionof the best
HW/SW partition. Oneshouldnotethat becauseof the higher
HW implementationcosts,upondecidingfor a givenpartition,
a compromisebetweenthedesiredperformanceandthecostof
the implementationmustbetakeninto account.This partition-
ing processhasa direct impacton theperformanceof thecom-
municationsystemwheretheprotocolis inserted.

Generally, protocoldesignersarenot concernedwith perfor-
manceissuesduring thedesignprocessandrelieson their own
experienceandinformal techniquesto definea HW/SW parti-
tion, which considerablylimits theextentof thesolutionsspace
search.In this caseit is usefulto provide thedesignerwith per-
formanceevaluationtools, in orderto derive quantitative mea-
suresof the effectivenessof a given partition. In spite of the
existing efforts to automatethis process,yet thereare few re-
sourcesto aid the specificationrefinement,developmentand
partitioningof a protocol[3][4].

Several projectscurrently in progressaretrying to integrate
bothHW andSW into thesamedesignprocess:COSMOS[5],
SpecSyn[6], Ptolemy[7], LYCOS[8], Chinook[9] ePISH[10].
Fischer[4] proposesanintegratedHW/SW designto meethigh
performancein distributed systems,such as multimedia sys-
tems.It presentesanenvironmentfor developmentandsupport
of thedesignandimplementationstages.Hidalgo[11] proposes
a methodologyfor HW/SW partitioningbasedon geneticalgo-
rithms(GAs) [12]. ThechoicebetweenHW andSWfunctional
blocksarebasedonthevalueof anobjectivefunctionusingtab-
ulatedperformancevaluesfor HW andSW. The performance
parametersarenot calculatedduring thesearchof thebestpar-
tition, unlike it is donein this work.

This work implementstheActive ReliableMulticast (ARM)
protocol [1] using HW/SW Codesignmethodologybasedon
performancerequirements. The design relies on the use of
Tangram-II[13][14], a performanceanalysistool, on the Syn-
opsys[15] synthesistool and on a geneticalgorithm (GA) as
optimizationmethod.Theprotocolbehavior is representedby a
statediagram,whereeachstatetransitionis a setof clausesand
expressionsto beevaluated,in orderto selectthebestHW/SW
partitionin termsof aperformance/costcompromise.

SectionII briefly describesthe ARM protocol. SectionIII
presentsa detaileddescriptionof the main designtechniques
usedin the methodologywhich is describedin sectionIV. In
sectionV theresultsobtainedarepresented.Final remarksare
drawn on SectionVI.
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I I . THE ARM PROTOCOL

ARM is a lossrecoveryschemefor large-scalereliablemulti-
cast.Intermediateroutersareusedto protectthesenderandnet-
work from unnecessaryfeedbackandrepairtraffic. This leads
to a significantdropin bandwidthconsumption.Active routers
employ threeerror recovery strategies: duplicateNACKs sup-
pression,router-basedlocal recovery schemeandpartial mul-
ticasting. SupressingduplicateNACKs reducesthe numberof
NACKs travelling backto thesourceandthetraffic crossingthe
bottlenecklinks. Local recovery reducesthe end-to-endwide-
arealatency and distributesthe load of retransmissions.Ac-
tive routersplacedat strategic locationsperform “best-effort”
cachingof datafor possiblefutureretransmission.Usually, ac-
tive routersareplacedjust beforelossylinks. This schemeal-
lows receiving end-hoststo quickly recover from packet losses.
Partial multicastingreducesthe network bandwidthconsump-
tion limiting thescopeof retransmitteddata[1].

It is assumedthat the network provides IP-multicaststyle
multicastrouting,in which a treerootedat thesenderis formed
to deliver multicastpackets. ARM is receiver-reliable,i.e., the
receiversareresponsiblefor detectingandrequestinglost pack-
etswhich arenumbered.Receiversdetectlossesby sequence
gapsin thedatapackets.Oneshouldconsidera scenariowhere
thereis onesenderandmultiplereceiversin themulticastgroup.

In ARM, areceiversendsaNACK towardsthesenderassoon
asit detectsaloss.Multiple NACKsfrom differentreceiversare
cachedand “fused” at active routersalong the multicast tree.
Thesenderrespondsto thefirst NACK by multicastinga repair
to thegroup.SubsequentNACKsareignoredfor thispacket for
a fixedamountof time. Whena routerreceivesa NACK, indi-
catingthatareceiverhasdetectedapacketloss,it retransmitsthe
requestedpacket if thatpacket is in its cache;otherwise,it con-
sidersforwardingtheNACK towardsthesender. Active routers
control implosionby droppingduplicateNACKs andforward-
ing only oneNACK upstreamtowardsthesourcepermulticast
subtree.Moreover, activeroutersperformpartialmulticastingof
retransmittedpacketssothatthey aredeliveredonly to receivers
thatpreviously requestedthem.

This paperis interestedin investigatingthe behavior of the
active routerprocessingtime asa functionof thenumberof re-
ceivers per group for eachpartition HW/SW determinatedby
thegeneticalgorithm.Figure1 presentsthespecificationof the
ARM protocolgivenby a Petrinet.

I I I . DESIGN TECHNIQUES

The implementedmethodologyinvolves the use of many
techniquesin a uniqueprocess. The processbegins with the
adoptionof a cooperative design,HW/SW Codesign,basedon
two specific environments. The modelling and performance
analysisof the protocol are done using the Tangram-II tool,
whichis ageneralpurposemodellingtool to specifyandanalyse
the computerand communicationsystemsperformance. The
main featuresof this tool are: graphicalinterfacebasedon the
objectorientedparadigmandasetof solutionmethodsto obtain
themeasuresrelatedto themodel.

The partitioning determineswhich functionswill be imple-
mentedin HW and which oneswill be implementedin SW.
Clustering,iterative-improvementandGAs aresomeexamples

of algorithmsusedin thepartitioningprocess.
GAs areusedasoptimizationtool to minimize an objective

functionof theperformanceparameters.GAs havebeenwidely
useddueto thesimplificationthat it introducesin the formula-
tion andsolutionof optimizationproblems.This featureis par-
ticularly useful in complex optimizationproblems,involving a
largenumberof variablesand,consequently, solutionspacesof
high dimensions.Moreover, in many caseswhereotherstrate-
giesfail in findinga solution,geneticalgorithmsconverge.

The processof solutionadoptedin the GAs consistsin gen-
erating,throughspecificrules, a large numberof individuals,
calledpopulation, in orderto cover thesolutionspaceasmuch
as possible. After the initialization, eachiteration of the GA
correspondsto theapplicationof a setof four basicoperations:
fitnesscalculation,selection,cross-over andmutation. At the
endof theseoperations,anew populationis generated,which is
expectedto representa betterapproximationto the solutionof
theoptimizationproblem.

The HW synthesisis performedusing the VHDL language
[16]. The behavioral descriptionof the protocol in VHDL is
usedas input to the Synopsystool, that give asoutputa logic
circuit from which thedelayandareameasurementscanbeob-
tained.

IV. HW/SW PARTITIONING OF THE ARM PROTOCOL

Figure2 illustratesthedesignmethodology. Initially, thepro-
tocol is describedby astatemachine,whereeachstatetransition
representsa taskor asetof tasksto beperformed.In thisphase,
thestatediagramis analyzedin orderto verify any live-locksor
dead-locks.At this stage,thedesignprocessfollows two paral-
lel branches.In thefirst one,thespecificationis detailedandthe
model is built usingthe Tangram-IIenvironment. The param-
etersof the model which meet the performancerequirements
arefoundby theuseof Tangram-IItool anda geneticalgorithm
(GA). GA is usedasan optimizationtool to minimize an ob-
jective function of the performanceparameters.In the second
branchthe delayandareameasuresareobtainedby Synopsys
tool. Suchtool gives,asoutput,a logic circuit from which the
delayandareameasurementscanbeobtained.

A. PerformanceOptimization

Theprotocolspecifiedby a statemachineis usedto build up
themodelin thesyntaxof theTangram-II.This is a parametric
model,wheretheparametersaretheexponentialratesof events
that describethe behavior of the protocol. The problemis to
find the statetransitionrateswhich meetthe performancere-
quirements.Theserateshelpthedesignerto establishapartition
criterion.

Thenumericalvaluesneededto solve theTangram-IImodel
are given by the GA through a random number generator.
Tangram-IIusesthesenumericalvaluesto calculatethe steady
stateprobabilitiesof theMarkov chainassociatedto themodel.
Theseprobabilitiesare usedto estimatethe protocol perfor-
mancethroughthe valueof anobjective functionevaluatedfor
eachsetof parametersof the model, i.e., eachindividual gen-
eratedby theGA. Thevalueof theobjective functionbeingthe
fitnessof anindividual.

At thisstage,GA beginstheoptimizationprocess,generating
a new population to be evaluatedby Tangram-IIuntil a solu-
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Fig. 1. TheARM protocolspecificationgivenby aPetriNet.
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tion is found. The ratesfound at a solutionareusedto obtain
a HW/SW partitionthatwill beevaluatedby thedelayandarea
measuressuppliedby Synopsystool. If the delayandareaof
theHW partitionsmeetthedesignspecification,thesolutionis
found,otherwiseanotherpopulationis generated.

B. HW Implementation

TheVHDL behavioral descriptionsspecifiedfrom theproto-
col statemachineareinputsto Synopsystool. Eachstatetran-
sition thatperformsa setof operationsis associatedto a VHDL
entity. For eachtransitiona logic circuit is synthesizedby the
Synopsystool. Thisimplementationisobtainedusingastandard
cell library for a integrationspecifictechnology. Thecellsallo-
cationandrouting processandthe optimizationsteparemade
automatically.

At theendof synthesisprocess,delayandareameasuresfor

eachtransitionareobtained.Thesemeasuresareusedto eval-
uateif the areaanddelayofthe chosenpartition arewithin the
boundscalculatedby theGA.

C. ObjectiveFunction

In orderto formulatetheoptimizationproblem,themultiple
parametersmust be combinedinto a single cost or objective
function, whosevaluedefinesthe quality of a partition. Once
oneparametergenerallycompeteswith another, it is useful to
associatea weightingfactorto eachparameterin the objective
function. Theseweightingfactorsareusedto equalizepossible
differencesbetweenthe parameterssensitivities. Thus,the ob-
jective function allows to comparetwo partitionsandto select
thosethatsatisfytheconstraints.Theusedperformanceparam-
etersdependon the QoSrequirements.The objective function
usedin this work hasthefollowing generalstructure:

�����	��

������
�������� ����	���	��� ��� � ���"!$#%���"&'� (1)

where:���"!
- desiredvaluesfor theperformanceparameters;� �"&
- calculatedvaluesfor theperformanceparameters;

� � - weightsatributedto eachparameter.

D. ThePartition Criterion

In order to assistthe designerin the partitioningprocess,a
criterionmustbeestablishedto correlatethestatetransitionrates
calculatedby the GA with a specifiedHW/SW partition. The
valueof therateis proportionalto thenumberof timesthataset
of protocoltasksis performed.But even if aneventhasa high
rate,theprobabilityof thesystembeingon a statein which this
eventis enabledmaybelow.

Regardingthe above consideration,a partition criterion has
beenestablishedasproduct ( � �*) � , where:( � - rateof theevent + determinedby theGA;) �

- sumof thesteadystateprobabilitiesfor which theevent+ is enabled.
Thepresentedpartitioncriterionis usedasaninitial guessof

the bestHW/SW partition. This partition is analyzedthrough
thedelayandarearesultsobtainedfrom Synopsys.
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E. Theimplementedalgorithm

The implementedoptimizationalgorithmis a hybrid genetic
algorithmsincediscretegradientinformation is usedto deter-
mineboundsto thevaluesof theparametersalongthealgorithm
iterations. The parametersare initially constrainedto vary in
smallintervalsand,afterafew stepsof thealgorithm,thebounds
of theparametervaluesareadjustedregardingthesensitivity of
theobjetive functionto eachparameter.

In the GA, the chromosomeis codedas a real vector con-
tainingthestatetransitionratesof theprotocolmodelto bede-
termined.The dimensionof the chromosomevectoris a func-
tion of the numberof transitions.The chromosomeis usedby
TANGRAM-II to calculatethe steadystateprobabilitiesof the
Markov chainassotiatedto the protocolmodel,which enables
thecalculationof eachindividual fitnessin theGA. Theobjec-
tive functionor raw fitnessis givenby equation1. At theendof
theGA thebestindividual is usedto definea HW/SW partition
which is evaluatedfor areaanddelayby thehardwaresynthesis
tool.

V. RESULTS

In this section,the obtainedresultswith the designof the
ARM protocolusingHW/SW Codesignmethodologybasedon
performanceoptimizationwith GA arepresented.The perfor-
manceevaluation,choiceof the partition, partition evaluation
processesanda final performanceanalysisof the partition are
discussed.

A. PerformanceEvaluation

This sectionanalysesthe performaceof a chosenHW/SW
partition that implementsthe active reliable multicast (ARM)
protocol,specifiedby figure 1. The performanceanalisyswill
be focusedon thepacket processingtime at anactive routeras
a function of the numberof receiversper multicastgroup. To
find arelationbetweenthesetwo measures,oneshouldconsider
the numberof dataand repair packetsprocessedby time unit
at an active routerplus the NACK packetsprocessedwhenthe
router has the packet in cache. In all thesecases,the router
will senda packet to thereceiver. If thesumof thesteadystate
probabilitiesin which thesecasesaretrue (

)��
) is multiplied by

therateof thetransition,.- ( (�- ), it canbeobtainedavaluecalled
the “throughput” for the transition , - for the mentionedcases.
This valuemustbe equalto the “throughput” of the transition,0/ , i.e.:

)���� (�- �1)32*�546� (�/ (2)

where:) �
- sumof thesteadystateprobabilitiesfor transition , - , for

thementionedcases;) 2
- sumof the steadystateprobabilitiesin which , / is en-

abled;4
- numberof receiverspermulticastgroup.

Given equation2, we canfind a relationbetweenthe process-
ing time ( 7�8:9 &<; ) at therouterandthenumberof receivers. The
packetprocessingtimeattherouter, 7�8:9 &<; , is equalto =?>@(�- . The
usedrateby Tangram-IIis equalto

4A� ( / , i. e., the increase
in receiversnumberis simulatedmultiplying ( / by thedesired

receiversnumber. The samecriterion is usedin the receivers
rates, (�B , (�C , (�D and ( �.E . Then,the packet processingtime is
givenby:

7�8:9 &<;F�1)�� > ��)32F�546� (�/ � (3)

In a multicast protocol, when the numberof receivers in-
creasesthe processingtime increasesand the throughputde-
creases[17][18]. Equation3 shows that to keepa maximum
specifiedprocessingtime constant,the packet processingtime
per receiver must decreasewhen the numberof receivers in-
creases.This meansthatthenumberof tasksselectedto beim-
plementedin HW mustincreaseswhenthenumberof receivers
increases,until thelimit in which theholeprotocolmustbeim-
plementedin HW.

Equation3 will beusedby theobjectivefunctionof theGA in
orderto fit thespecificationestablishedby thedesigner. To be-
gin theoptimizationprocess,six valuesfor thedesiredprocess-
ing timearecalculated.It wasconsideredthatamulticastgroup
contains300 receivers. This numbergivesa maximumvalue
for theprocessingtime equalto 0.0001second.Evenwhenthe
numberof receiversincreasesthis valuemuststayconstant.

B. Choiceof thePartition

The populationsize has1000 individuals and the criterion
usedto stopthe GA wasa numberof generationsequalto 10.
The objective function wascalculatedbasedon the difference
betweentheobtainedandthedesiredprocessingtime for differ-
entreceiversnumber. Theresultsarepresentedin tableI.

TABLE I

RATES FOR THE PROTOCOL EVENTS FOUND BY GA.

Event Rate (1/s)
, � ( ( � ) 42.9,.G ( (�G ) 2070.0, - ( ( - ) 9904.7,0/ ( (�/ ) 3075.6,.H ( (�H ) 2430.4,.I ( (�I ) 7464.5, B ( ( B ) 5144.3,.C ( (�C ) 9427.5, D ( ( D ) 8117.0, �0E ( ( �.E ) 2438.5

Using the ratesof table I and the steadystateprobabilities
calculatedby Tangram-II,onecanapply the partition criterion
of sectionIV-D andcalculatetheproduct ( ���J)�� for eachevent
of theprotocol.Theresultscanbeseenin tableII.

Tasksof the protocol relatedto the transitions, � , , - and , /
mustbe implementedin HW becausethesetransitionshave a
higher ( �K�L)�� product,while thoserelatedto the otherevents,
with a lower product,mustbe implementedin SW. This is the
first partitionto beevaluatedby Synopsys.If theHW areameets
thespecificationandtheratesfoundby GA canbeimplemented
by the synthetizedcircuits, the solutionis found. Otherwise,a
new populationis generatedto continuethe optimizationpro-
cess.Oneshouldnotethat,accordingto the results,the transi-



InternationalTelecommunicationsSymposium– ITS2002,Natal,Brazil

TABLE II

VALUES FOR PARTITION CRITERION ESTABLISHED.

Event Value
( � �*) � 41.50(�G �*) G 1.55( - �*) - 271.33(�/ �*) / 14.12(�H �*) H 0.50( I �*) I 1.55(�B �*) B 0.41(�C �*) C 1.54( D �*) D 0.80( �.E �*) �0E 0.24

tionsto beimplementedin HW aretheoneswhichspeedup the
processingof thepacketat therouter.

C. Partition Evaluation

TheVHDL behavioral descriptionsof eachstatetransitionof
theprotocolarethe inputsto theSynopsystool. Thesynthesis
wasperformedusingastandardcell libraryES2with technology
0.7M m. TableIII showsthedelayandareameasuresobtainedfor
eachprotocoltransition.

TABLE III

DELAY AND AREA MEASURES.

SYNOPSYS SYNOPSYS
Transition Ar ea(mm G ) Delay

1 0.202 44 ns
2 0.202 44 ns
3 1.668 330ns
4 0.331 21 ns
5 0.331 21 ns
6 0.202 44 ns
7 0.202 44 ns
8 0.015 5 ns
9 0.015 5 ns
10 0.015 5 ns

Concerningthe resultspresentedin table III, the proposed
partitionin sectionV-B wasevaluated.Onemight consider, for
example,aspecifiedareacostof 4 mmG for HW, it canbenoted
thatall thetransitionsindicatedby thepartitioningprocessmay
be implementedin HW becausetheareameasuresarebelow 4
mmG andtheassociateddelaymeasuressatisfytheratescalcu-
latedby GA.

D. PerformanceAnalysisof theChosenPartition

Oncethechosenpartitionwasevaluated,Tangram-IIusesas
input the calculatedmeasuresgiven by Synopsysin order to
obtain the final performanceof the protocol implementation.
Figure3 comparestheARM protocolperformanceentirely im-
plementedin SW with the performanceof the protocol imple-
mentedby the chosenHW/SW partition. This comparisonis

doneusing the processingtimesat an active routerversusthe
numberof receivers,in bothcases.
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Onecannotethatprocessingtimesof the implementedpro-
tocol using the chosenpartition is almost10 times lower than
processingtimesof theSWimplementation.For example,when
thenumberof receiversis equalto 100theprocessingtimeusing
thechosenpartitionis 3.296ns,while usingSWimplementation
this time is 32.963ns.

Figure 4 comparesthe ARM protocol performanceentirely
implementedin HW with the performancethe protocol imple-
mentedby thechosenHW/SWpartition.Onecannotethatpro-
cessingtimes are almostequal. This fact is alreadyexpected
oncethe“throughputs”(

) � � ( � ) of thetransitionsimplemented
in HW arevery higherthanthe“throughputs”of theothertran-
sitions.
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Anothercasewasanalyzed:transition3 implementedin SW
and transitions1 and 4 implementedin HW. It was observed
that processingtimes arealmostequalto SW implementation
processingtimes.This factis dueto thehigher“throughput”of
thetransition3 comparedwith transitions1 and4. A refinement
processcould be performedanda new HW/SW partition gen-
eratedwith only transition3 implementedin HW, reducingthe
HW costs.
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VI . FINAL REMARKS

Reliablemulticastover the Internetis a difficult problemto
deal with due to the limited capacityof both senderand the
network for respondingto reportsof data losses. In order to
scalelossrecoveryto largemulticastgroups,softwareoptimiza-
tion of efficient mechanismsareneededto control NACK im-
plosions,to distribute the loadfor retransmissions,andto limit
thedelivery scopeof retransmittedpackets.ARM protocoluti-
lizesintermediateroutersto reducebothNACKsandrepairtraf-
fic. Routersalsohelp to distribute the retransmissionload by
cachingmulticastdata.

Another important issue to improve performanceof high
speedprotocolsis the integrationbetweenSW andHW during
their implementation. Due to the increasingdemandfor pro-
tocolswith high throughput,solutionsusinghardwarearebeing
morefrequentlyinvestigated.Protocolsthathavehighcomputa-
tional costswith their performancedirectly relatedto thespeed
of the processingat the nodesof a network are the bestcan-
didatesto have the proposedmethodologyapplied. This is the
caseof theARM protocollike wehaveseen.

Thedesignof ARM protocolusinga methodologybasedon
performanceanalysistechniquesandgeneticalgorithmsis pre-
sentedwith theobjectiveof findingafasterimplementationwith
a low cost.Thedescribedmethodologyintegratesmany power-
ful techniquesandsimplifies the problemformulation. In this
context, the integrationof GA with Tangram-IIwasfundamen-
tal. AlthoughtheGA hasahighcomputationalcost,it is simple
to beimplementedandavoidscomplex error functionslike, for
example,theexponentialfunctionusedin SimulatedAnnealing
[19]. The designeris supplyedwith measurementsandobjec-
tive criteria in order to assisthim in taking designdecisions.
Thereis no otherHW/SW Codesignenvironmentin literature
thatusesperformanceoptimizationandgeneticalgorithmsdur-
ing thedesigncycleof communicationprotocols.

The partitioning processhasa direct impact on the perfor-
manceof the communicationsystemwherethe protocol is in-
serted.Theobtainedresultsshow thatchosenHW/SWpartition
increases10 times the protocol performancecomparedto the
SW implementationandthe costof this HW/SW implementa-
tion is lower thana HW implementation.Significantbenefits
can be obtainedperforminga refinementon the chosenparti-
tion, reducingtheHW costs.
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