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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 costsfrom the HW/SW Codesigntechnique. The process
requires a choice betweenthe tasks to be implemented in hardware and
thoseto be implementedin software, i.e., the selectionof the bestHW/SW
partition. This methodologyusesa geneticalgorithm to optimize an error
function definedby the required performance and the implementation cost
of the protocol. The protocol performance is analyzedby a modelling ervi-
ronment called Tangram-1l. The area of the hardware correspondingto a
given implementation is calculated by the Synopsystool. The methodology
is intended as a tool to help protocol designersto selectthe best perfor-
mance/costtompromise.

|. INTRODUCTION

ELIABLE multicastovertheInternetis adifficult problem

to dealwith dueto thelimited capacityof both senderand
the network for respondingo reportsof datalosses. Simulta-
neousretransmissiomequestfrom large numbersof recevers
canleadto senderand network overload, causingthe NACK
implosionproblem.Additionally, receversin a multicastgroup
may experiencewidely differentpacletlossratesdependingn
their locationsin the multicasttree. Having the senderetrans-
mit to theentiregroupwhenonly a smallsubsebf therecevers
experiencdossesvastesnetwork bandwithanddegradesover-
all performance.n orderto scalelossrecovery to large multi-
castgroups,software optimizationof efficient mechanismsre
neededo control NACK implosions,to distribute the load for
retransmissiongndto limit the delivery scopeof retransmitted
paclets[1].

Another important factor to improve performanceof high
computationalcostsprotocols, such as reliable multicast pro-
tocols, is the integrationbetweensoftware (SW) and hardware
(HW) during their implementation.ln general no timing con-
straintstaskscan be implementedin SW while thosethat re-
quire higherperformancenustbe implementedn HW. Dueto
theincreasingdemandor high throughputprotocols,solutions
usingHW arebeingmorefrequentlyinvestigated For example,
full ASIC-basedorwardingenginesdeliver morethan10-times
higherthroughputthan routersthat rely entirely on micropro-
cessorg2].

The basicprinciple of Codesignis the developmentof a co-
operatve designbasedon two specific project ervironments,
HW andSW, whereverification,testandsimulationcanbe per
formedat ary designlevel. During the specificatiorrefinement

Grupo de Teleinformatica e Automa@o, UniversidadeFederaldo Rio de
Janeiro,COPPE/EE Programade EngenharigElétrica, Caixa Postal68504-
CEP21945-970- Rio de Janeiro- RJ, Brasil, Phone:+55 21 22605010, Fax:
+552122906626.E-mails: {marcio,belem,algsio} @gta.ufrj.br

it is usefuland necessaryo apply techniqueghat aid the de-
signerto decidebetweerthetasksto beimplementedn SWand
thoseto beimplementedn HW, i. e., the selectionof the best
HW/SW partition. One shouldnotethat becausef the higher
HW implementatiorcosts,upondecidingfor a given partition,
acompromisebetweerthe desiredperformancendthe costof
theimplementatiormustbe takeninto account.This partition-
ing processhasadirectimpacton the performancef the com-
municationsystemwherethe protocolis inserted.

Generally protocoldesignersare not concernedvith perfor
manceissuesduring the designprocessandrelieson their own
experienceand informal techniquego definea HW/SW parti-
tion, which considerablyimits the extentof the solutionsspace
search.n this caseit is usefulto provide the designemith per
formanceevaluationtools, in orderto derive quantitatve mea-
suresof the effectivenessof a given partition. In spite of the
existing efforts to automatethis processyet thereare few re-
sourcesto aid the specificationrefinement,developmentand
partitioningof a protocol[3][4].

Several projectscurrentlyin progressaretrying to integrate
bothHW andSW into the samedesignprocessCOSMOS[5],
SpecSyii6], Ptolemy[7], LYCOSI8], Chinook[9] e PISH[10].
Fischer4] proposesanintegratedHW/SW designto meethigh
performancein distributed systems,such as multimedia sys-
tems. It presentesin environmentfor developmentandsupport
of thedesignandimplementatiorstagesHidalgo[11] proposes
a methodologyfor HW/SW partitioningbasedon geneticalgo-
rithms (GAs) [12]. ThechoicebetweerHW andSW functional
blocksarebasednthevalueof anobjective functionusingtab-
ulatedperformancevaluesfor HW and SW. The performance
parametersarenot calculatedduring the searchof the bestpar
tition, unlike it is donein thiswork.

This work implementshe Active ReliableMulticast (ARM)
protocol [1] using HW/SW Codesignmethodologybasedon
performancerequirements. The designrelies on the use of
Tangram-I1[13][14], a performanceanalysistool, on the Syn-
opsys[15] synthesistool and on a geneticalgorithm (GA) as
optimizationmethod.The protocolbehaior is representety a
statediagram,whereeachstatetransitionis a setof clausesand
expressiongo be evaluated,n orderto selectthe bestHW/SW
partitionin termsof a performance/costompromise.

Sectionll briefly describeghe ARM protocol. Sectionlll
presentsa detaileddescriptionof the main designtechniques
usedin the methodologywhich is describedn sectionlV. In
sectionV theresultsobtainedare presentedFinal remarksare
drawn on SectionVI.
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Il. THE ARM PROTOCOL

ARM is alossrecovery schemdor large-scaleeliablemulti-
cast.Intermediateoutersareusedto protectthesenderlndnet-
work from unnecessarfeedbackandrepairtraffic. This leads
to a significantdropin bandwidthconsumption Active routers
employ threeerror recovery stratgyies: duplicateNACKs sup-
pression routerbasedocal recorery schemeand partial mul-
ticasting. SupressingluplicateNACKSs reduceghe numberof
NACKSstravelling backto the sourceandthetraffic crossingthe
bottlenecklinks. Local recovery reduceghe end-to-endwide-
arealateng and distributesthe load of retransmissions.Ac-
tive routersplacedat stratgic locationsperform “best-efort”
cachingof datafor possiblefuture retransmissionUsually;, ac-
tive routersare placedjust beforelossylinks. This schemeal-
lows receviing end-hostgo quickly recover from pacletlosses.
Partial multicastingreducesthe network bandwidthconsump-
tion limiting the scopeof retransmittediata[1].

It is assumedhat the network provides IP-multicaststyle
multicastrouting,in which atreerootedat the sendeiis formed
to deliver multicastpaclkets. ARM is recever-reliable,i.e., the
receversareresponsibldor detectingandrequestindost pack-
etswhich are numbered. Recevers detectlossesby sequence
gapsin thedatapaclets. Oneshouldconsidera scenariovhere
thereis onesendeandmultiple receiversin themulticastgroup.

In ARM, areceversendsaNACK towardsthesendeassoon
asit detectsaloss.Multiple NACKsfrom differentreceversare
cachedand “fused” at active routersalong the multicasttree.
The senderrespondgo the first NACK by multicastinga repair
to thegroup. SubsequeMIACKs areignoredfor this pacletfor
afixedamountof time. Whena routerrecevesa NACK, indi-
catingthatareceverhasdetectedpacletloss,it retransmitshe
requestegbacletif thatpaclketis in its cache otherwise jt con-
sidersforwardingthe NACK towardsthe sender Active routers
controlimplosionby droppingduplicateNACKs and forward-
ing only oneNACK upstreanmtowardsthe sourceper multicast
subtree Moreover, active routersperformpartialmulticastingof
retransmittegpacketssothatthey aredeliveredonly to receivers
thatpreviously requestedhem.

This paperis interestedn investigatingthe behaior of the
active routerprocessindime asa function of the numberof re-
ceivers per group for eachpartition HW/SW determinatedy
the geneticalgorithm. Figure 1 presentshe specificatiorof the
ARM protocolgivenby a Petrinet.

I1l. DESIGN TECHNIQUES

The implementedmethodologyinvolves the use of mary
techniquesn a unigue process. The processbegins with the
adoptionof a cooperatie design,HW/SW Codesignpasedon
two specific ervironments. The modelling and performance
analysisof the protocol are done using the Tangram-Iitool,
whichis agenerapurposemodellingtool to specifyandanalyse
the computerand communicationsystemsperformance. The
main featuresof this tool are: graphicalinterfacebasedon the
objectorientedparadigmanda setof solutionmethoddo obtain
themeasureselatedto themodel.

The partitioning determineswhich functionswill be imple-
mentedin HW and which oneswill be implementedin SW.
Clustering,iterative-improvementand GAs are someexamples

of algorithmsusedin the partitioningprocess.

GAs are usedasoptimizationtool to minimize an objectve
functionof the performancearametersGAs have beenwidely
useddueto the simplificationthatit introducesn the formula-
tion andsolutionof optimizationproblems.This featureis par
ticularly usefulin complex optimizationproblems,involving a
large numberof variablesand,consequentlysolutionspace®f
high dimensions.Moreover, in mary casesvhereother strate-
giesfail in finding a solution,geneticalgorithmscorverge.

The processof solutionadoptedn the GAs consistsin gen-
erating, through specificrules, a large numberof individuals,
calledpopulation in orderto cover the solutionspaceasmuch
aspossible. After the initialization, eachiteration of the GA
correspondso the applicationof a setof four basicoperations:
fitnesscalculation,selection,cross-@er and mutation. At the
endof theseoperationsa new populationis generatedwhichis
expectedto represent betterapproximationto the solution of
theoptimizationproblem.

The HW synthesiss performedusingthe VHDL language
[16]. The behaioral descriptionof the protocolin VHDL is
usedasinput to the Synopsysool, that give as outputa logic
circuit from which the delayandareameasurementsanbe ob-
tained.

V. HW/SW PARTITIONING OF THE ARM PROTOCOL

Figure2 illustratesthe designmethodology |nitially, the pro-
tocolis describedy astatemachinewhereeachstatetransition
representataskor a setof tasksto be performed In this phase,
the statediagramis analyzedn orderto verify ary live-locksor
dead-locks At this stage the designprocesgollows two paral-
lel branchesin thefirst one,thespecificatioris detailedandthe
modelis built usingthe Tangram-llervironment. The param-
etersof the modelwhich meetthe performancerequirements
arefoundby theuseof Tangram-lltool anda geneticalgorithm
(GA). GA is usedas an optimizationtool to minimize an ob-
jective function of the performanceparameters.in the second
branchthe delay and areameasuresre obtainedby Synopsys
tool. Suchtool gives,asoutput,alogic circuit from which the
delayandareameasurementsanbeobtained.

A. PerformanceOptimization

The protocolspecifiedby a statemachineis usedto build up
the modelin the syntaxof the Tangram-II.This is a parametric
model,wherethe parameterarethe exponentialratesof events
that describethe behaior of the protocol. The problemis to
find the statetransitionrateswhich meetthe performancere-
guirementsTheserateshelpthedesigneto establishapartition
criterion.

The numericalvaluesneededo solve the Tangram-limodel
are given by the GA through a random number generatar
Tangram-llusesthesenumericalvaluesto calculatethe steady
stateprobabilitiesof the Markov chainassociatedo the model.
Theseprobabilitiesare usedto estimatethe protocol perfor
mancethroughthe valueof an objective function evaluatedfor
eachsetof parameter®f the model,i.e., eachindividual gen-
eratedby the GA. Thevalueof the objective functionbeingthe
fithessof anindividual.

At this stage GA beginstheoptimizationprocessgenerating
a new populationto be evaluatedby Tangram-Iluntil a solu-
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Fig. 1. The ARM protocolspecificatiorgiven by a PetriNet.
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tion is found. The ratesfound at a solutionare usedto obtain
a HW/SW partitionthatwill be evaluatedby the delayandarea
measuresuppliedby Synopsygool. If the delay andareaof

the HW partitionsmeetthe designspecificationthe solutionis

found, otherwiseanothempopulationis generated.

B. HW Implementation

The VHDL behavioral descriptionsspecifiedfrom the proto-
col statemachineareinputsto Synopsydool. Eachstatetran-
sition that performsa setof operationgs associatedo a VHDL
entity. For eachtransitiona logic circuit is synthesizedy the
Synopsydool. Thisimplementatiorns obtainedusingastandard
cell library for aintegrationspecifictechnology The cellsallo-
cationandrouting processandthe optimizationstepare made
automatically

At the endof synthesigprocessdelayandareameasures$or

eachtransitionare obtained. Thesemeasuresre usedto eval-
uateif the areaanddelay ofthe chosenpartition arewithin the
boundscalculatedyy the GA.

C. ObjectiveFunction

In orderto formulatethe optimizationproblem,the multiple
parametersmust be combinedinto a single cost or objective
function whosevalue definesthe quality of a partition. Once
one parametegenerallycompeteswith anothey it is usefulto
associatex weightingfactorto eachparametein the objective
function. Theseweightingfactorsare usedto equalizepossible
differencedetweenthe parametersensitvities. Thus,the ob-
jective function allows to comparetwo partitionsandto select
thosethatsatisfythe constraints The usedperformancearam-
etersdependon the QoSrequirements.The objective function
usedin this work hasthefollowing generaktructure:

Z W; * |Tig — Tio|

1<i<n

F(mla'"awn) = (1)

where:

x;q - desiredvaluesfor the performancearameters;
x;, - calculatedvaluesfor the performanceparameters;
w; - weightsatributedto eachparameter

D. ThePartition Criterion

In orderto assistthe designerin the partitioning processa
criterionmustbeestablishedo correlatehestatetransitionrates
calculatedby the GA with a specifiedHW/SW partition. The
valueof therateis proportionalto the numberof timesthata set
of protocoltasksis performed.But evenif aneventhasa high
rate,the probability of the systembeingon a statein which this
eventis enabledmaybelow.

Regardingthe above considerationa partition criterion has
beenestablisheésproduct); x m;, where:

A; - rateof theeventi determinedy the GA;

m; - sumof the steadystateprobabilitiesfor which the event
i isenabled.

The presentegbartitioncriterionis usedasaninitial guesof
the bestHW/SW patrtition. This partition is analyzedthrough
thedelayandarearesultsobtainedfrom Synopsys.
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E. Theimplementedlgorithm

Theimplementedptimizationalgorithmis a hybrid genetic
algorithm sincediscretegradientinformationis usedto deter
mineboundso thevaluesof the parameteralongthealgorithm
iterations. The parameterare initially constrainedo vary in
smallintervalsand,afterafew stepsof thealgorithm,thebounds
of the parameteraluesareadjustedegardingthe sensitvity of
theobjetive functionto eachparameter

In the GA, the chromosomeds codedas a real vector con-
taining the statetransitionratesof the protocolmodelto be de-
termined. The dimensionof the chromosomerectoris a func-
tion of the numberof transitions. The chromosomes usedby
TANGRAM-II to calculatethe steadystateprobabilitiesof the
Markov chainassotiatedo the protocolmodel, which enables
the calculationof eachindividual fitnessin the GA. The objec-
tive functionor raw fitnessis givenby equationl. At theendof
the GA thebestindividual is usedto definea HW/SW patrtition
whichis evaluatedfor areaanddelayby the hardwaresynthesis
tool.

V. RESULTS

In this section, the obtainedresultswith the designof the
ARM protocolusingHW/SW Codesignrmethodologybasedn
performanceoptimizationwith GA are presented.The perfor
manceevaluation,choice of the partition, partition evaluation
processesnd a final performanceanalysisof the partition are
discussed.

A. PerformanceEvaluation

This sectionanalyseghe performaceof a chosenHW/SW
partition that implementsthe active reliable multicast (ARM)
protocol, specifiedby figure 1. The performanceanalisyswill
be focusedon the paclet processingime at an active routeras
a function of the numberof receversper multicastgroup. To
find arelationbetweerthesetwo measurespneshouldconsider
the numberof dataand repair paclets processedy time unit
at an active router plus the NACK pacletsprocessedvhenthe
router hasthe paclet in cache. In all thesecasesthe router
will senda pacletto therecever. If the sumof the steadystate
probabilitiesin which thesecasesaretrue (r;) is multiplied by
therateof thetransitionts ()\3), it canbeobtainedavaluecalled
the “throughput” for the transitionts for the mentionedcases.
This value mustbe equalto the “throughput” of the transition
t4, i.e.:

mix A3 =5 % K % X\

2

where:

m; - sumof the steadystateprobabilitiesfor transitionts, for
thementionedcases;

w; - sumof the steadystateprobabilitiesin which ¢4 is en-
abled;

K - numberof receverspermulticastgroup.

Given equation2, we canfind a relation betweenthe process-
ing time (T},,.) attherouterandthe numberof recevers. The
pacletprocessingime attherouter, T),,., is equalto 1/As. The
usedrate by Tangram-llis equalto K * A4, i. €.,theincrease
in receversnumberis simulatedmultiplying A4 by the desired

receversnumber The samecriterion is usedin the recevers
rates,\7, Asg, A9 and\ig. Then,the paclet processingime is
givenby:

Tproc = mif (7 * K % A\4) 3)

In a multicast protocol, when the numberof recevers in-
creaseghe processingtime increasesand the throughputde-
creased17][18]. Equation3 shows thatto keepa maximum
specifiedprocessingime constantthe paclet processingime
per recever must decreasevhen the numberof receversin-
creasesThis meanghatthe numberof tasksselectedo beim-
plementedn HW mustincreasesvhenthe numberof recevers
increasesyntil thelimit in which the hole protocolmustbeim-
plementedn HW.

Equation3 will beusedby theobjectivefunctionof theGA in
orderto fit the specificationestablishedy the designer To be-
gin the optimizationprocesssix valuesfor the desiredprocess-
ing time arecalculated It wasconsideredhata multicastgroup
contains300 recevers. This numbergivesa maximumvalue
for the processindime equalto 0.0001second.Evenwhenthe
numberof receversincreaseshis valuemuststayconstant.

B. Choiceof the Partition

The populationsize has 1000 individuals and the criterion
usedto stopthe GA wasa numberof generationgqualto 10.
The objectie function was calculatedbasedon the difference
betweerthe obtainedandthedesiredprocessindgime for differ-
entreceversnumber Theresultsarepresentedn tablel.

TABLE |
RATES FOR THE PROTOCOL EVENTS FOUND BY GA.

[ Event | Rate(1/s) ]

1 Ov) 42.9
> Ow) | 2070.0
3 Os) | 9904.7
taOu) | 3075.6
ts (\s) | 24304
6 ) | 74645
t7 ) | 5144.3
s Os) | 94275
o ) | 8117.0
t10 (\o) | 24385

Using the ratesof table | and the steadystateprobabilities
calculatedby Tangram-ll,one canapply the partition criterion
of sectionlV-D andcalculatethe product); x «; for eachevent
of theprotocol. Theresultscanbeseenin tablell.

Tasksof the protocolrelatedto the transitionsty, t3 andty
mustbe implementedn HW becausedhesetransitionshave a
higher \; x 7; product,while thoserelatedto the otherevents,
with a lower product,mustbe implementedn SW. This is the
first partitionto beevaluatedy Synopsyslf theHW areameets
thespecificatiorandtheratesfoundby GA canbeimplemented
by the synthetizectircuits, the solutionis found. Otherwise,a
new populationis generatedo continuethe optimizationpro-
cess.Oneshouldnotethat, accordingto the results,the transi-
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TABLE Il
VALUES FOR PARTITION CRITERION ESTABLISHED.

| Event | Value ]
AL x Ty 41.50
Ao * Ty 1.55
A3 xmg | 271.33
Ay *x Ty 14.12
)\5 * Ty 0.50
)‘6 * TTg 1.55
)\7 * 7 0.41
)\g * g 1.54
Ag * Trg 0.80
)\10 * 10 0.24

tionsto beimplementedn HW aretheoneswhich speedup the
processin@f thepacletattherouter

C. Partition Evaluation

The VHDL behaioral description®f eachstatetransitionof
the protocolarethe inputsto the Synopsydool. The synthesis
wasperformedusingastandardell library ES2with technology
0.7um. Tablelll shavsthedelayandareameasuresbtainedor
eachprotocoltransition.

TABLE 11l
DELAY AND AREA MEASURES.

SYNOPSYS | SYNOPSYS
Transition | Area(mm?) Delay
1 0.202 44ns
2 0.202 44ns
3 1.668 330ns
4 0.331 21ns
5 0.331 21ns
6 0.202 44ns
7 0.202 44ns
8 0.015 5ns
9 0.015 5ns
10 0.015 5ns

Concerningthe resultspresentedn table lll, the proposed
partitionin sectionV-B wasevaluated.Onemight considey for
example,a specifiedareacostof 4 mn? for HW, it canbenoted
thatall thetransitionsindicatedby the partitioningprocessmay
beimplementedn HW becausehe areameasuresrebelow 4
mm? andthe associatedielaymeasuresatisfythe ratescalcu-
latedby GA.

D. PerformanceAnalysisof the ChoserPartition

Oncethe choserpartition wasevaluated, Tangram-llusesas
input the calculatedmeasuregyiven by Synopsysin order to
obtain the final performanceof the protocol implementation.
Figure3 compareghe ARM protocolperformanceentirelyim-
plementedn SW with the performanceof the protocolimple-
mentedby the chosenHW/SW partition. This comparisonis

doneusingthe processingimes at an active router versusthe
numberof recevers,in bothcases.
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Fig. 3. Softwareimplementatiorversuschoserpartition.

Onecannotethat processingimesof the implementedoro-
tocol using the chosenpartition is almost10 times lower than
processingimesof the SWimplementationFor example when
thenumberof receversis equalto 100theprocessingime using
thechosemartitionis 3.296ns,while usingSWimplementation
thistimeis 32.963ns.

Figure 4 compareghe ARM protocol performanceentirely
implementedn HW with the performancehe protocolimple-
mentedby thechoserHW/SW partition. Onecannotethatpro-
cessingtimes are almostequal. This factis alreadyexpected
oncethe “throughputs”(r; * \;) of thetransitionamplemented
in HW arevery higherthanthe “throughputs”of the othertran-
sitions.
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Fig. 4. Hardwareimplementatiorversuschoserpartition.

Anothercasewasanalyzed:transition3 implementedn SW
and transitions1 and 4 implementedin HW. It was obsenred
that processingimes are almostequalto SW implementation
processindimes. This factis dueto the higher“throughput” of
thetransition3 comparedvith transitionsl and4. A refinement
processcould be performedanda new HW/SW partition gen-
eratedwith only transition3 implementedn HW, reducingthe
HW costs.
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VI. FINAL REMARKS

Reliablemulticastover the Internetis a difficult problemto
deal with dueto the limited capacityof both senderand the
network for respondingto reportsof datalosses. In orderto
scalelossrecoveryto largemulticastgroups softwareoptimiza-
tion of efficient mechanismsre neededo control NACK im-
plosions,to distribute the load for retransmissionsndto limit
the delivery scopeof retransmittecgpackets. ARM protocoluti-
lizesintermediateoutersto reducebothNACKs andrepairtraf-
fic. Routersalsohelp to distribute the retransmissiorioad by
cachingmulticastdata.

Another important issue to improve performanceof high
speedprotocolsis the integrationbetweenSW andHW during
their implementation. Due to the increasingdemandfor pro-
tocolswith highthroughputsolutionsusinghardwarearebeing
morefrequentlyinvestigatedProtocolghathave highcomputa-
tional costswith their performancalirectly relatedto the speed
of the processingat the nodesof a network are the bestcan-
didatesto have the proposedmnethodologyapplied. This is the
caseof the ARM protocollike we have seen.

The designof ARM protocolusinga methodologybasedon
performanceanalysistechniquesandgeneticalgorithmsis pre-
sentedvith theobjective of finding afasteiimplementatiorwith
alow cost. Thedescribednethodologyintegratesmary power-
ful techniguesand simplifiesthe problemformulation. In this
context, the integrationof GA with Tangram-llwasfundamen-
tal. Althoughthe GA hasa high computationatost,it is simple
to beimplementecandavoids comple errorfunctionslik e, for
example,the exponentialfunctionusedin SimulatedAnnealing
[19]. The designeris supplyedwith measurementand objec-
tive criteriain orderto assisthim in taking designdecisions.
Thereis no other HW/SW Codesignervironmentin literature
thatusesperformanceptimizationandgeneticalgorithmsdur-
ing the designcycle of communicatiorprotocols.

The partitioning processhasa direct impact on the perfor
manceof the communicatiorsystemwherethe protocolis in-
serted.Theobtainedresultsshav thatchoserHW/SW partition
increaseslO times the protocol performancecomparecto the
SW implementatiorandthe costof this HW/SW implementa-
tion is lower thana HW implementation. Significantbenefits
can be obtainedperforminga refinementon the chosenparti-
tion, reducingthe HW costs.
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