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Intr oduction

Routingof packetsin networksrequiresthatapathbeselectedeitherdynamicallywhile thepackets
arebeingforwarded,or statically(in advance)asin sourceroutingfrom a sourcenodeto a destina-
tion. Typically, routesareselectedsothatsomecriterionof performancecanbesatis�ed,in addition
to the mostelementaryneedof conveying datafrom a speci�ed sourceto a speci�ed destination.
Recently, theUniversityof CentralFloridahasdevelopedaQualityof Service(QoS)drivenrouting
protocolcalled“CognitivePacketNetwork” (CPN)whichdynamicallyselectspathsthroughastore
andforwardpacket network soasto provide besteffort QoSto routepeer-to-peerusertraf�c. This
techniqueusessmartpacketsto selectroutesbasedon the user's QoSrequirements.In this paper
CPN's pathdiscovery processis extendedto includea geneticalgorithmwhich canhelp discover
new pathsthat may not have beendiscoveredby smartpackets. We proposea geneticalgorithm
approachto theconstructionandselectionof routesandapplyit to thecasewherethedesiredQoSis
asshorta delayaspossible.We detail theimplementationof thealgorithmin theCognitivePacket
Network test-bedandreporttheresultingQoSmeasurements.
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1 Constraints and implementation choices

1.1 Goal and principle of the GA

In its currentimplementation,theCognitivePacketNetwork (CPN)reliesasetof lightweightpack-
ets, 'Smart Packets' (SPs),to explore new network routesand bring back information on these
exploredroutespertainingto the currentQuality of Service(QoS)constraints.A wealthof infor-
mation is broughtback in this mannerbut it is only partly exploited by the CPN algorithm. The
objective of thegeneticalgorithmis to assisttheCPNin its routingdecisionsby doingsomeextra
processingon this information.Theway theGA worksis by combiningexisting routeswhichshare
a commonnodeanddestinationin orderto generatenew routesandselectingtherouteswhich are
moreef�cient in termsof achieving theQoSgoal.Thisprocessingis doneonly at thesource.

1.2 Constraints

1.2.1 Systemload and delays

Onemust bearin mind that the GA processingis not critical for CPN to function. Shouldvery
high systemloadsbeencountered,theCPNmodulemustprevail even if the GA processingis put
on standby. The GA must thereforerun asa separateprocess,be optional,disconnectableat will
andmustnot inter-operatewith theCPN algorithmin a synchronousfashion.As we aretrying to
improve the performanceof the network, the presenceof the GA shouldobviously not introduce
extradelays.

1.2.2 Data sharing

TheGA algorithmoperatesby doinga“crossovers”betweenpairsof pathsandperiodicallydiscard-
ing thepathswhichhave thelowest�tness, for examplethehighestdelay. In orderfor thisselection
to re�ect thecurrentstateof thenetwork, it canbeinterestingto basethesecalculationsonthelatest
dataavailable.For examplelet usconsidertwo pathsA andB whichsharesomecommonhops.

node 1, node 2 node 2, node 3 node 3, node 4 node 4, node 5

node 1, node 3 node 3, node 4 node 4, node 5

Path A

Path B

Figure1: pathssharingcommonhops

Whenwe evaluatethe�tness of A andB in orderto comparethem,for this comparisonto have
a meaning,the underlyingmeasurementson the hops(delay, loss)must re�ect the samenetwork
conditions. As thesepathswerevery likely broughtbackat differenttimes, it shouldbe possible
to updatethe measurementsfor hopsas new information is broughtback from the network. As
duplicatingdatais not desirable,the GA shouldhave a pool of availablehop measurementsand
pathsshouldjustbeacollectionof referencesto hopsin thispool.

1.2.3 Developmentenvir onment

Anotherimportantconstrainton theGA implementationis that, like theCPNmodule,it shouldbe
portableto embeddedsystemswith little or nochanges.With this in mind,theGA wasimplemented
in ANSI C anduseof standardGNU toolsinsuresmoothcross-platformcompatibility.
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Finally, thedevelopmentof theGeneticAlgorithm hasto be repositionedin its full context: it
is an extensionof an existing andongoingproject. This meansthat the codeis constantlybeing
improvedandproperversioningof thesourcecodeis animperative.During thecourseof thedevel-
opmentof theGA, theCPNprojectunderwenta majorreorganisationwhich resultedin thesetupa
fully-�edged concurrent-developmentenvironment.

1.3 Key implementation choices

1.3.1 The GA daemon

Thesizeof thedatastructuresalonethattheGA needsto manipulatemadeakernel-level implemen-
tationseemanunlikely choice.Also theCPNmodulealreadyimplementsa dataexchangesystem
with user-landapplications,which is for exampleusedwhencon�guring thenetwork parametersor
polling themodulefor statistics.Finally, asit hasbeenstatedabove, theGA processingshouldbe
donein thebackground.For all thesereasons,theGA algorithmhasbeenimplementedasa system
daemonandwill bereferredto as“the GA daemon”from hereon.

1.3.2 Data structure considerations

Therelationalnatureof thedatabeingprocessedmadeit wastemptingto usea databaseandhave
theGA daemonrun requeststhroughthedatabaseengine.Both thelatency factorandtheendgoal
of CPN which is implementationon embeddedsystemsruled out this option. The datastructures
of theGA daemonneverthelessre�ects therelationsthey sharethroughtheuseof pointers,keeping
bothmemoryfootprint andprocessingoverheadlow.

1.4 Behaviour of CPN module and GA daemon

1.4.1 Original behaviour of the CPN module

WhentheCPNmodulereceivesarequestfrom aprogramto senddatato agivendestination,it starts
by checkingthedumbpacketrouterepository(DPRR)for aknown pathto thedestination.If noneis
available,it will �re a smartpacket to try to discovera routeto thedestination.If on theotherhand
a known routeexits, themodulesenda dumbpacket alongthatpathandwith a certainprobability
�res anadditionalsmartpacket to bring backanotherroute. As smartanddumbpacketstravel on
thenetwork, they collecttimestampsfrom thenodesthey go through.

Wheneitherasmartor adumbpacket reachesits destination,therouteit usedis strippedof any
loopsandanacknowledgement(ACK) packet is sentbackto thesourcealongthereverseroute.As
theACK travelsbacktowardthesource,nodescalculatetheir round-tripdelayto thedestinationby
subtractingthetimestampthey left on theoriginalsmartor dumbpacket from thecurrenttimestamp
and storethis measurementdatain the packet. When the ACK reachesthe original source,the
CPN modulesupdatesthe dumbpacket routerepository, replacingany existing routeto the same
destinationandmakingthenew routeavailablefor futuredumbpackets.

1.4.2 Behaviour of the GA-enabledmodule

TheGA-enabledmoduleworks in a similar fashionto the regularCPNmodule,themain changes
concernthehandlingof theACK whenit reachesthesource.However, a modi�cation to theway
CPN generatesandsendsACKs backwasneededfor GA to function properly. While CPN deals
with entirepaths,GA operatesat a �ner level andneedsaccuratemeasurementson individualhops
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andthis meansthatcautionneedsto betakenwhenstrippinga routeof loops.Loopsareno longer
removedat thedestinationbut insteadastheACK travelsback,thenodeson thepathcheckif they
werepresenttwiceor morein theoriginalpacket'spathandif thatis thecase,they remove theloop
andadjustthetimestampsof nodesbetweenitself andthesourceto compensatefor theextra delay
introducedby theloop.

WhentheACK reachesthesource,we havea completepathto thedestinationandthemeasure-
mentsfor eachhop. This datais put into a FIFO buffer for theGA daemonto processwhenever it
becomesavailable. Unlike the regular CPN module,the GA-enabledmoduledoesnot updatethe
dumbpacket routerepositoryunlessthereis no routefor thecurrentdestinationor theGA daemon
is dead(de�ned as“if if theGA daemonhasnot talkedto themodulefor thepastsecond”).

pa
th

pa
th

pa
th

pa
th

pa
th

pa
th

pa
th

FIFO buffer

ioctl

dumb packet
route repository

GA pools

roundrobin

crossover
   and
selection

GA daemonCPN kernel module

ACK from network

?

Figure2: interactionbetweenmoduleanddaemon

1.4.3 Behaviour of the daemon

TheGA daemonis �red upatany timewhentheCPNmoduleis loadedwith noinitial knowledgeof
thenetwork. It consistsof amainloopwhich is in chargeof polling thekernelfor new paths,check-
ing its internaldatastructuresfor sizeandconsistency, selectingindividualsfor crossoveranddoing
theactualcrossoverandperiodicallyupdatingtheCPNmodule'sdumbpacket routerepository.
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2 Inter nalsof the GA daemon

2.1 Data structur es

2.1.1 General ideas

As hasbeenpreviously stated,theGA daemon's function is to assisttheCPNby providing it with
“the big picture”,thatis not just thecurrentlyusedpathto agivendestinationbut asetof alternative
routeswith their associated�tness.

In orderto make maximumuseof the measurementdata,the informationis broken down into
its smallestconstitutive element,themeasurementfor onehop. Thedatastructurestoringthepair
of nodeswhich constitutethehopandthecorrespondingmeasurementinformationis referredto as
a genein the restof this document.A path is a collectionof hopsor genesand is referredto as
an individual. To make it easierto selectindividualsfor crossover, the individualsarearrangedin
subpopulationsbasedon theirdestination.

...

...

ga_gene

ga_indiv

ga_indiv

ga_dest ga_dest

...

ga_gene

ga_gene

ga_gene

ga_gene

ga_gene

...
gene pool

destinations

individuals (paths)
periodically ordered
by fitness

genes (hops)
ordered by age 

Figure3: principaldatastructuresof theGA daemon

2.1.2 Data exchangebetweenGA daemonand CPN module

ThedataexchangeoperationsbetweentheCPNkernelmoduleandtheGA daemonis bidirectional
asthemodulepassesmeasurementsto thedaemonandin returnthedaemonperiodicallyupdatesthe
module's routerepositorywith thepathswho have thebest�tness at that time. TheGA daemonis
alwaystheinitiator of thedataexchangesothatthekernelmoduledoesnotneedto keeptrackof the
presenceor absenceof thedaemonto routeCPNtraf�c. This way we alsoeliminatelockupswhich
wouldoccurif thekernelwereto probethedaemonwhile it is sleeping.

In both exchanges,the dataconcernspathsso the dataformat is the same. For the sake of
ef�ciency and modularity, the CPN moduleonly hasa minimum knowledgeof the internalsof
the GA daemonand datais exchangedin the form of simpli�ed individuals. As dataexchange
with the kernel moduleis donethrougha byte buffer, the exchangeformat consistsof a header
bearingtimestamp,sourcenode,numberof nodesanda byte for �ags followedby a successionof
node/measurementpairs.

8



2.1.3 Hop measurements(genes)

Hop measurementsare representedby a datastructurewhich storesa timestamp,the two nodes
betweenwhich themeasurementtook placeandtheactualdelaymeasurement.As newer measure-
mentsare sentover by the CPN module,genesare updatedin placeto re�ect the new network
conditions,and their timestampis updatedas well. The timestampallows us to periodically rid
thegenepool of obsoletegenes,sothat theGA enginedoesnot make decisionsbasedon obsolete
measurements.

Thesehopmeasurementsor genesarereferencedin two ways.The�rst is alinkedlist of pointers
to all the genesorderedby increasingage,which puts the most recentoneson top available for
crossoveroperationsandtheoldestonesonthebottom,readyfor deletionif thegenepoolgrowstoo
large. Thesecondway genesarereferencedis in theGA individuals,that is paths,who containthe
consideredgene. In orderto make deletingobsoletegenesandthe associatedindividualsfast,the
genesstorea list of theindividualswhichusethem.

2.1.4 From hopsto paths (individuals)

The GA individualseachcorrespondto a routeandtheir internal representationof this route is a
linkedlist of pointersto genes.An individualdoesnot storeits �tness asthedelaysassociatedwith
thehopsthatbuilt upthepathwill changeovertime. Theindividualsarearrangedin subpopulations,
onefor eachdestination,andwithin thesesubpopulationsthey areperiodicallyorderedby �tness.
Thisis donejustbeforethesubpopulationsarecheckedfor size,sothatwhenthesizelimit is reached,
thelessef�cient pathsaretheonesthatgetdropped.

2.2 Managing the pools

As hasbeenpointedout, theGA structuresexhibit a high degreeof cross-referencingsocarewas
takento handlethestructuresin a consistentandreliablefashion.Also, if theGA daemonis to run
on a limited amountof memory, it mustbeableto controlthesizeof its datastructures.

2.2.1 Merging information into the pools

New pathsappearmake thereway into thepoolsin two ways: eitherwe geta pathfrom thekernel
afterit wasbroughtbackby anACK or wegenerateanew pathby crossover. Whenapathis received
from thekernelit is brokendown into hopsandwe generatetheequivalentGA individual. We go
over thegenesthatbuild up theindividualandwe comparethemto thoseexisting in thegenepool.
If we �nd agenedescribingthesamehop,weupdatethetimestampanddelaymeasurementfor this
geneandmove the geneto the top of the genepool, thendiscardthe temporaryindividual's gene
andreplaceit by a referenceto the pool's correspondinggene. Otherwisewe addthe geneto the
top of the pool. By the time we reachtheendof thegenotype,all of the individual's genesarein
thegenepool andwe know if anidenticalindividualexists. If it doeswe candiscardthetemporary
individual,otherwiseweaddit to appropriatesubpopulationbasedon its destination.

2.2.2 Controlling pool sizes

Control of the sizeof thegeneandindividual poolsis achievedby periodicallyrunninga cleanup
function which eliminatesobsoleteor excessgenesand individuals. The cleanupis donein two
steps,�rst 'marking' the itemsto bedeletedthenactuallydeallocatingthem,a genebeingmarked
for deletionwhenno individualsareregisteredasauserof thatgene.
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The genepool is processed�rst by a function which runsover the genes,countingthemasit
goes.If ageneis obsoleteor if themaximumcounthasbeenreached,theindividualscontainingthis
geneareunlinkedfrom all their constitutivegenes.Next we orderthesubpopulationof individuals
for eachdestinationby evaluatingthe�tnessof eachindividualat thattime,droppingtheindividuals
whichweremarkeddeadaswego. If wehavetoomany individuals,weunlink theexcessindividuals
from their genesanddiscardthem. All that is left to do now is to discardall the geneswhich are
markedfor deletion,thatis which haveno moreindividualsregisteredasusingthem.

2.3 Crossover relatedoperations

The following functionsform the coreof the pathselectionprocesswhich precedesthe crossover
operation.Their role is to returna pair of individualswhich aresuitablefor crossover. As we will
see,dependingon thesituationtheGA daemon's mainloop eitherrequestsa “match” for a speci�c
individualor justasksfor apair of individualsto crossover.

2.3.1 Pre-crossover selection: ga_indiv_match(ga_indiv *indi v)

Givenanindividual which we shallcall indiv, this functiontries to �nd anotherindividual suitable
for crossover, that is an individual which hasthesamesource,thesamedestinationanda common
nodein themiddle.

Thesearchis doneby goingover indiv's nodesfrom sourceto destination,excludingthesource
andthedestinationthemselves.Let nodebethenodeweareconsidering.Wegoover thegenepool,
looking for a genewhich containsnode. Amongtheindividualscontainingthis gene,if onehasthe
samedestinationasindiv, we have found our pair of individualsandknow what nodethey share,
otherwisethesearchcontinues.As thegenepool is orderedby increasingage,wepaymoreattention
to thehopsfor which we have recentmeasurements.This encouragesprocessingof datawhile it is
freshandmeansthatthe�tness of theindividual resultingfrom thecrossover is likely to re�ect the
currentnetwork conditions.

2.3.2 Pre-crossover selection: ga_crossover_select()

While thega_crossover_matchfunctionis usefulfor matchingagivenpath,in over90%of its cycles,
the GA daemonis not looking for a speci�c match,we simply want a pair of pathswhich canbe
crossedover.

As we have severaldestinationsto considerandasover time we wantprocessingto bedonefor
all of them,thega_crossover_selectfunctionstartsby pickingadestinationin around-robinfashion.
Within thesubpopulationof individualscorrespondingto thatdestination,wealsopick anindividual
accordingto a round-robindiscipline.We thencall ga_crossover_matchto �nd a suitablematchfor
that individual andthe nodethey have in common. If this fails to yield an individual we shift the
round-robin.

2.3.3 Crossover : ga_crossover(ga_ipair *ipair)

Oncewe have selectedthepair of individualswhich will beusedfor thecrossover andthenodeat
whichcrossoveroccurs,theoperationis simple.Wecreatetwo new individualsandcopy beginning
of oneof theparentpathsupto thecommonnodeinto oneandthebeginningof theotherparentinto
theotherthenswitchandcontinue.We evaluatetheperformanceof theoffspring,discardtheworst
oneandmergethebestoneinto thesubpopulationfor thecurrentdestination.
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2.4 Main loop

2.4.1 Polling the CPN module for new paths

Uponreceiving anACK packet, theCPNmodulemakesthereceivedrouteavailableto thedaemon
but puttingit into a FIFO buffer. This buffer hasa �x edsizeandif thedaemondoesnot requestthe
data- for examplein thecaseof averyhighsystemload- new datapushestheold dataout. Thereis
a restrictionto this behaviour dueto thedualnatureof themeasurements: theACKs generatedby
smartpacketsmostlikely bringbacknew pathswhile theACKsgeneratedby thedumbpacketscarry
updatedmeasurementson known paths. Diversity in the individual populationis highly desirable
bothin orderto haveasetof alternativeroutesif thecurrentroutebecomessaturatedandin orderto
enhancethechancesof crossoverproducinginterestingnew individuals.

For thesamereason,theGA daemontreatspathsbroughtbackby smartpacketsin a different
fashion.To makethispossible,alongwith thepathitself, thedaemonreceivesasetof �ags, theonly
currentlyusedbeingthe'priority' �ag which is setif thepathwasgeneratedby asmartpacket.

2.4.2 Crossover operations

After polling thekernel,thenext stepin themain loop is to proceedwith crossover operations.If
we receiveda pathfrom thekernelin thecurrentcycle andthatpathbearsthepriority �ag, we call
thega_crossover_matchfunctionto try to crossthenew pathoverwith anexistingpath.If thisdoes
notyield apair of individualswecall ga_crossover_selectto try to continueround-robinprocessing
of the individualswherewe last left off. If eitherof thesemethodsyieldeda pair of individualswe
call thecrossover function.

2.4.3 Cleaningup the pools

Thecleanupfunctionis not runoneverycycleof theGA daemonbut whenit called,thisoccursjust
after thecrossover operation.After thecleanupwe have compensatedfor whatever excessgrowth
thepoolshadknown sincethe lastcleanup.Thepathsfor eachdestinationhave alsobeenordered
by �tness sowearereadyto sendresultsbackto thekernel.

2.4.4 SendingGA resultsback to the CPN module

In a �rst implementation,the GA daemonwould alwayssendthe kernelthe bestpathfor a given
destination,but after sometestingthis waschanged.The two problemsencounteredwere route
saturationandadepletionof theindividualpool.

The�rst problemis easyto understand,andit alsooccurswith regularCPN: if wedonotchange
theroutein thedumbpacketrepositoryfor agivendestination,all dumbpackets- whichareboththe
largestpacketson thenetwork sincethey aretheinformationbearersandthemostnumerous- �red
for this destinationwill follow thesamerouteandin thecaseof heavy traf�c they will saturatethat
route.In thecaseof GA thisis counterbalancedby thefactthatthedumbpacketswill generateACKs
with rising delaysandthe routewill be abandonedonceit becomeslessef�cient thanalternative
routes,but theexacttime for theadjustmentwould dependon thespeedat which datais processed.
It seemedabetterideato �x thecauseof thesaturationratherthantry to compensatefor it.

The secondproblemis morecloselyrelatedto the workingsof GA daemon.The main source
of updatesto the hop measurementscomesfrom the ACKs generatedby the dumbpackets,since
the�red smartpacket to �red dumbpacket ratio is approximatelyoneto � veanda largemajorityof
thesmartpacketsget lost. If we �nd an interestingrouteto a givendestinationandsendall dumb
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packetsalongthatroute,we no longerreceive updatesaboutalternative routesandeventuallythese
routesdisappearfrom theGA poolswhentheirgenesbecomeobsolete

In order to solve both theseproblems,insteadof systematicallyreturningthe bestroute, the
daemondoesa round-robinon therouteswhosedelaydoesnot exceedthebestdelayby morethan
5%.
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3 GA performanceevaluation

3.1 Conditions for the measurements

To evaluatethe performanceof the GeneticAlgorithm, measurementswere doneon a 26 node
testbed,consistingof 24 “core” machines,a sourceanda destination. Initially, all the machines
on thetestbedstartwith anemptydumbpacket repositoryandemptyGA pools.Thenetwork cards
on thetestbedwereall setto 10 Mbpssothat it is possibleto put strainon thelinks without having
to �re very largequantitiesof packets.

Figure4: topologyof thetestbed

TheGA daemonis thenstartedup on thesourcenodeandwe send100bytedatapacketsfrom
sourceto destinationover theCPNnetwork at a constantrate.This resultsin bothsmartanddumb
packetsbeing�red andasthesepacketsreachtheredestination,acknowledgementsaregenerated.
On thesourcenode,theCPNmoduleis slightly modi�ed to log packet departuresandarrivals to a
�le, aswell asthe routesusedandthe associateddelay. By parsingthe log �le we candetermine
whichpacketsarrivedandplot theinformationconcerningthem.

It is interestingto notethatin a �rst setof experiments,thedestinationwasnot �x edbut picked
randomly. As hasbeenpreviously stated,the GA daemondivides the pathsinto subpopulations
basedonthedestinationandcrossover is donewithin agivendestination.Thegenepool is common
to thevarioussubpopulations,whichmeansthatwehaveslightly morecurrentmeasurementsthanif
weconsideredonly onedestination,but on thewholewhenthereareseveraldestinationsthesystem
behavesasif thedestinationswhereconsideredindependentlywith their respectivepacket rates.For
this reason,the rotatingdestinationwassubsequentlyabandonedasit only complicatedthe result
analysiswithoutproviding uswith any extra information.

As currentlytheQoSdisciplinesupportedby theGA daemonis minimumdelay, theprinciple
meansof evaluatingthe performanceof the GA engineis by comparingthe round-tripdelaysof
smartanddumbpacketswith andwithout GA. Delay measurementsandpacket IDs arebasedon
timestampsgeneratedby the CPN modulewith a resolutionof 10µs, so all time-relatedmeasure-
mentsusethisastheir unit.
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3.2 Smart packet pathsand delays

Themeasurementsfor smartpacketsfor GA andnon-GAexperimentshavethesamecharacteristics
assmartpacket routingis notaffectedby theGeneticAlgorithm.

Figure5: smartpacketdelaysat100packets/s

Theround-tripdelayfor smartpacketsis random,andsmartpacketsusepathsof variablelengths,
whichre�ects thesmartpackets' function,thatis discoveringnew paths.Also, themajorityof smart
packetsarelostasthey aredroppedwhenthey reachamaximumhopcountin orderto avoid packets
runningforeveron thenetwork.

Whenthe resultsareparsed,pathsareassignedincreasingtagnumbersso that it is possibleto
trackpathchangesover time. Onceagainthesmartpackets' scoutingfunctionis visible asthey are
constantlybringingbacknew paths.

In the following experimentsonly theaveragedelayfor smartpacketswill bestatedasit gives
someinformationaboutthestrainbeingputon thenetwork.

3.3 Dumb packet measurements

3.3.1 Packet ratesup to 200packet/s

Whenusingratesof two hundredpacketsper secondor less,the load put on the network is low
meaningthereis a linearrelationbetweenpacket delaysandpathlengths.Thebestperformancein
this scenariowould thereforebe achieved with a simpleshortestroutediscipline,andthe shortest
pathsfrom sourceto destinationhaveelevennodes.

In CPN without GA, whenever a new routeto a given destinationis broughtbackby a smart
packet, this routeis put into thedumbpacket repositoryregardlessof theperformanceof this route.
Thismeansthatalthoughshortpathsarediscovered,they arereplacedby whateverpathis discovered
next, producingacharacteristicsteppatternin thedumbpacket round-tripdelays.

On theotherhand,whenGA is enabled,aslow-delayspathsareacquired,they continueto be
used. It is alsopossibleto seethe round-robinbeingperformedby the GA daemonboth before
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Figure6: smartpacketpathlengthsat100packets/s

Figure7: smartpacketpathsat100packets/s
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Figure8: dumbpacketpathsat200packets/s(GA disabled)

Figure9: dumbpacket timesat200packets/s(GA disabled)
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Figure10: dumbpacketpathsat200packets/s(GA enabled)

Figure11: dumbpacket timesat200packets/s(GA enabled)
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timestamp2.5e+7andafter timestamp2.9e+7.At timestamp2.5e+7theGA daemondiscoversan
eleven nodepathandabandonsthe round-robinon twelve nodepaths,but assoonasit hassome
alternative elevennodepathsit resumesthe round-robinpolicy on thenewly discoveredpaths.As
onemight expect,theround-tripdelayfor dumbpacketsis moreconsistentwhentheGA daemonis
activated.

Figure12: dumbpacketpathlengthswith andwithoutGA at200packets/s

In this scenario,GA outperformsregularCPNwith anaverageround-tripdelayof 54msversus
68msfor regularCPN.Thegainatthislow packetinputrateis duenearlyexclusively to thecrossover
andselectionoperations,theloadbalancingintroducedby theround-robinhaving little effectasthe
loadis low.

3.3.2 Packet ratesabove200packets/s

If weincreasetheinputrateabove200packets/s,thedelaysonthenetwork rise,anddelayvaluesare
no longerproportionalto thepathlength. Themostef�cient disciplineis no longersystematically
shortestpath. We continueto observe differentbehaviours whenthe GA daemonis runningand
whenit is not running.

Figure13: dumbpacketdelayswith andwithout GA at600packets/s

JustasCPN assistedby the GeneticAlgorithm yieldedshorterdelaysthanplain CPN at low
input rates,it continuesto do soat higherpacket rates.It is no longerpossibleto visualisethejitter
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GA enabled GA disabled
averageroundtripdelay 82ms 106ms

standarddeviation 15ms 22 ms

on thedelaystraightfrom theplots,but thestandarddeviation on dumbpacket round-tripdelaysis
considerablylowerwhentheGA daemonis running.

Figure14: dumbpacketpathlengthswith andwithoutGA at600packets/s

As in thelow packet ratescenario,whentheGA daemonis active thevastmajority of thepaths
that are usedare of minimal length. However the increasein the packet rate introducesgreater
differencesin thedelaysof thevarioushopson thenetwork andsolongerpathsaresometimesused
asthey becomemoreef�cient thantheminimal lengthpaths.
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3.3.3 Overview of GA and non-GA performance

The highestratethat wassuccessfullytestedon the testbedwas800 packets/s,the limiting factor
being the speedat which the system's logging daemoncan write to disk. In the 800 packets/s
resultsdisruptionsin the logging start to appear, showing up asperiodswherethereareno more
measurements.

Figure15: disruptionsin ameasurementsat800packets/s(GA disabled)

Thegraphshows theevolutionof theaverageround-tripfor dumbpacketswith andwithout GA
looksis representedfor ratesof up to 800packets/s.

Figure16: averageround-tripdelayswith andwithout GA
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3.4 Systemload

Whenthenetwork is idle, theGA daemonusesa total of 376kBof memory, 316kBof which is in
factsharedmemoryusedby standardlibraries. When�ring 800packets/son the26 nodetestbed,
thepeakmemoryusagewas384kB,which fell backto theoriginal valueoncetheexperimenthad
endedandall thegenesof thegenepoolhadbecomeobsolete.

As for processorusageit is dif�cult to give an exact �gure asafter runningfor anhour with a
�ring rateof 800packets/sthecumulatedprocessortime usedby thedaemonwasbelow a second.
In any case,theGA daemoncomplieswith therequirementfor a low systemload.
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Conclusion

Building upon the existing Cognitive Packet Networking moduleand runningonly at the source
node,the GeneticAlgorithm daemonsigni�cantly improvesperformancewhenthe quality of ser-
vice disciplineis minimum delay. Throughsuccessive crossover andselectionoperations,the GA
daemonenablesthesourcenodebothto composenew routesfrom existingonesandto selectwhich
routesto usebasedon their �tness. Furthermore,a round-robinpolicy on thebestroutesactsasa
simpleloadbalancingsystemwhich is desirableathighpacket rates.

An interestingline of future researchwould be to interfacethedaemonwith the lossmeasure-
mentcodefor CPNwhich is currentlybeingdeveloped.With thedaemonarchitectureandtheGA
operationsin placethis would requireonly minimal changesto daemonandCPNmodulecodeand
wouldconsiderablybroadenthescopeof theresultingsystem.
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