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ABSTRACT

Inchallengingenvironments,opportunisticnetworkscanprovidelimitedcommunicationfeaturesina
delaytolerantmanner.Itisextremelydifficulttotransmitlargedatalikevideosinsuchenvironments,
asdelaymaybehoursandpartoftheinformationmaybelost.Thisarticleproposesanovelsystem
thatusespartialinformationfrompriorcommunicationtoestimatethenetworkcongestionanddelay.
Thevideoiscompressedandpacketizedusingscalablevideocoding(SVC).ExtensionstoSpray-
and-Waitroutingprotocolsareanalyzedtoensurebetterdeliveryvideoqualityandlowerwastage.
Throughsimulation,includingreal-worldtraces,performanceoftheproposedsolutionsundermultiple
scenariosisevaluated.Experimentalresultsshowthatadaptivecontrolreducesoveralldelayand
minimizeswastagewhileimprovingthequalityofvideoatthereceiver.AdaptiveSVCtransmissions
demonstratealmostthreetimesincreaseindecodedcontent,ascomparedtonon-SVCtransmission.

KeyWORDS
Application Layer Adaptation, Data Forwarding, Delay Tolerant Networks, Media Aware Network Elements, 
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1. INTRODUCTION

Wireless ad-hoc networks and mobile ad-hoc networks (MANET) can have network partitions,
becauseofnodemobility.Delayanddisruptiontolerantnetworks(DTN)areasub-fieldofMANET,
wheretheend-to-endconnectivitydoesnotexistonaregularbasis(Fall,2003).Whilemobilitybroke
MANET,thecontactsbetweenmobilenodescompletesthenetworkforDTNovertime(whichcan
beintheorderofhoursorevendaysinsomecases).Insteadofstore-and-forwardtechniques,these
networksrelyonstore-carry-forward.Suchacommunicationapproachmayalsousemultiplereplicas
ofthecontenttoensurebetterdeliveryratesandlowerdelays.Thisreplicationcanleadtoresource
exhaustion(e.g.,bandwidth,storageorpowerincaseofportabledevices).DTNbasedroutinghas
been widely researched (Cao & Sun, 2012), with applications in defense, disaster management
scenario,inter-planetarynetworks,etc.

Similar to theevolutionofnetworks,videocommunication technologyhasalsoprogressed.
Earlydigitalvideonetworkswouldtypicallybroadcastthevideo,forpriorpublishedcontentand
one-waybroadcastofliveevents.DigitalTVofferings(includingdigitalcableTV,Satellite-basedTV
services)areearlyexamplesofthis.Subsequently,asinternetpenetrationincreased,otherplatforms
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likeNetflix,YouTube,etc.,startedprovidingcontentindividuallytoeachuser(i.e.,unicast).Parallelto
this,real-timevideocommunicationalsoevolved,initiallyinone-to-onemodeandlaterinconference
modesupportingmultiplesources.ExamplesofsuchcommunicationplatformsareWebEx,Skype,
FaceTime,WhatsApp,Duo,etc.Inallthesescenarios,endusersviewthevideoonheterogeneous
platformsconnectedoveravarietyofnetworks.Sincethedisplayresolution,bufferinganddecoding
capabilitiesmayvary,theoriginalvideomayneedtobeadaptedfordifferentreceivers.SVC(Unanue
etal.,2011)isoneoftheapproaches,whichusesthemulti-layerencodingofcontent,tosatisfythe
needsofthedifferentnetworkanddevicecapabilities.Thebaselayer(BL)hasthelowestdemands
onresourceswhileprovidingaminimalquality.Additionenhancementlayers(EL)helptoimprove
thequalityofthedecodedvideo,ondevicesthathavebetterresourceslikenetworkbandwidth,screen
resolution,processingpower,etc.

Thereisasignificantincreaseinopportunisticcaptureofcontentinmultipledomainslikelaw
enforcement,disasterresponse,transport,defense,wildlife,agriculture,etc.Herethecommunication
delaymaybeoftheorderofminutestohours.Affordablesmartphonesandotherportabledevices
withintegratedcamerahavehelpedincreasethistrend.Tronoetal.(2015)andShibataandUchida
(2017)haveexploredmultimediaapplications,whicharebothdelayandlosstolerantfordisaster
managementscenarios.

Inopportunisticnetworks,thedestinationmayonlyreceivepartsofmultimediacontent.Further,
the acknowledgments convey information only about that part of the network, over which the
successfuldeliveryofcontentandacknowledgmenthashappened.Suchpathlimitationsmeanthat
boththesourceandthedestinationcanonlygetapartialviewofthenetwork.Thispartialviewofthe
networkisusedtoadaptsubsequenttransmissionfromthesender,tomaintainvideoqualitywithout
overloading thenetwork.Thealgorithmadapts threeaspects forsubsequent transmission–SVC
operatingpoints(i.e.,numberofSVClayerstransmittedbysource);replicationcountfordifferent
layers;andtime-to-live(TTL)fordifferentlayers.Savingsfromtheadaptationcanberedistributed,
byincreasingthecopycountofthetransmittedlayers.Theadaptationispurelyontheendhostand
doesnotrelyonamodificationoftheroutingprotocols.ThispaperusesSpray-and-Wait(SNW)as
theroutingprotocol(Spyropoulos,Psounis,&Raghavendra,2005).

TheproposedsystemisnamedSORT(SNWbasedadaptivevideotransmissionusingoperating
point, replicationcountand time-to-live).Forscenarioswhere it is feasible tohavemedia-aware
networkelements (MANE) (Schierl et al., 2007), authors implemented layer awareness toSNW
routingforallnodesandanalyzeditsperformance.

Thisworkextendsauthorspriorwork(Thakur,2020).Theadditionalcontributionsofthispaperare:

1. Experimentsandanalysisofoverheadsandbufferoccupancy;
2. ExploretheimpactofextensionstoSNWroutingprotocolsonSVCmediaflow;
3. Analysetheimpactofdifferentscenarios(includingmobilitypattern,loadandnodedensity)on

SVCmediaflows.

Thisworkcanbeappliedtomultipledomainsthatmayneedopportunisticvideocapture.For
largetransitionarygatherings,theopportunisticallycollectedvideoprovidesexcellentinputfortrend
analysis,includingposteriormonitoringandinvestigations(Trono,2015).Monitoringofevents
inremotelocations(e.g.,electionsorexamsinsparselypopulatedareas)isanotherapplication
wheresuchanapproach,backedwithtamper-resistantlocalstorageforfewhourscanprovidean
efficientenhancementforensuringthatnomalpracticestakeplace.Thisworkcanalsobecoupled
withenergysavingapproacheslikethoseproposedbyCelebietal.(2019),forinfrastructurebased
dense5Gsolutions.

Thestructureofrestof thedocument isasfollows:Section2isanoverviewofscalable
videocompressionsandpriorworkdoneregardingthetransmissionofvideooverdelaytolerant
networks.Section3presentsthedetailsoftheproposedsystems.Section4coverstheexperimental
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setupincludingtheaspectsofdifferentvideosandsimulationscenarios.Section5presentsthe
experimentalresultsandanalysisofthesame.Section6providestheconclusionanddiscusses
thescopeforfurtherwork.

2. PRIOR WORK AND MOTIVATION

Video communication over opportunistic delay tolerant networks is an active area of research.
AdditionalmotivationforthisworkcomesfromAd-Hocnetworks(Lindebergetal.,2011)andpeer-to-
peernetworks(Abboudetal.,2011).Followingsectionscoverabriefoverviewofa)videocompression
includingscalablevideoandrelatedtechnologies;b)videopackagingandcommunication;c)video
transmissionoverDTNandfinallyd)motivationforSVConDTN.

2.1. Video Compression and encoding
Therawvideotakestremendousbandwidthandhenceneedstobecompressedorencoded.Thechoice
ofencoderprovidesatrade-offbetweenthreethings:thesizeofcompressedcontent,computation
andstoragecomplexityduringencoding/decodingandthedistortioninthevideopost-decoding.As
computationandstoragecapabilitieshaveincreased,thenewerencodingschemesusealgorithms,
whichhaveahigherdemandforcomputationorstorage.Video/visualcodingexperts’groupofITU-T
developedtheearlydigitalvideocompressionstandardsandpublishedthemasH-26Xserieswith
theprimaryaimofreal-timevideocommunication.Themovingpictureexpertsgroupdeveloped
compressionschemes forpre-recordedcontent.Subsequently, the two teamshavecombinedand
developedsomeoftheencodingstandardstogether.Presentlyhigh-efficiencyvideocoding(HEVC
orH-265)isamongthestate-of-the-artvideocompressionstandardspublishedbythiscombined
team.Theearlierencodingstandardiscalledadvancedvideocoding(AVC/H264).

Forheterogeneousdevicesandnetworks,videocompressedatoneresolutionorbitratemaynot
givetheoptimalqualityforavarietyofreceivers.Tosolvethisproblem,threebroadapproachesexist
–1)transcodingonthenetwork,2)simulcastand3)SVCandmultiple-description-coding(MDC).For
transcoding,thenetworkneedssignificantcomputingresourcestoadaptthecontenttothereceivers
needs.Simulcastinvolvessimultaneoustransmissionfromthesourceontomultiplechannels(e.g.,
usingIPmulticast,linklayerorapplicationlayermulticast,etc.).Thesimulcastreceiverselectsthe
optimalchannelbasedonitscapabilitiesandthecurrentnetworkperformance.Forpre-recorded
content,thereisanalternativetosimulcastwherethereceiverpullsthecontent.Thesourcepublishes
contentinchunks,atdifferentbitrates.Thereceiverfirstdownloadsthedetailsaboutthechunks.
Itthendownloadsthefirstchunkandbasedonthetimetakentodownloadthepriorchunk,adapts
thebitratesforsubsequentchunks(Stockhammer,2011).SVCgeneratesmultiplelayersofvideo.
Thebaselayercarriesthedataforlowestresolution(spatial),lowerframerate(temporal)andhighest
quantizationscale(lowerquality).Subsequentenhancementlayershelpimprovethespatial,temporal
orqualityaspects.Qualityimprovementisalsocalledanimprovementinsignaltonoiseratio(SNR).
AnalternativetoSVCisMDC,whichhasbeenanalyzedindetailbyKazemi,Shirmohammadi,and
Sadeghi(2014).MDCincludesredundantinformationineachstreamsuchthatreceivercandecode
anyofthestreamsindependently.Thedestinationnodecanfurtherimprovethedecodedvideoquality,
asandwhenitreceivesmoreMDCstreams.

Foropportunisticnetworks,onecannotrelyonnetworkinfrastructurefortranscoding.Unless
distributed,thetranscodermaybecomeasinglepointoffailure.Thisschemeexpectsrelayofcontent
viathetranscodingnode(s),thusincreasingthedeliverypathlength.Thedeliveryquality(delayand
loss)willdegradebecauseoflongerpathlength.Giventhefactthatmanyofthesenetworkelements
mayberesourceconstrained,computationcomplexityoftranscodingwillreducetheactivelifetimeof
suchnodes.Moreover,thebandwidthfromthesourcetothetranscoderwillbeveryhigh.Becauseof
suchissues,onecannotuseon-networktranscodingapproachesforopportunisticnetworks.Simulcast
createsadditionalpacketsforthenetworkandmaymakesenseininformation-centricdeploymentfor
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datadisseminationinDTNs(Sobinetal.,2016).Eveninsuchscenarios,theredundantinformation
betweentheSimulcastsessionswillbeahugeoverheadforthenetwork.

Asmentionedbefore,SVCcannotdecodesuccessfullyreceivedhigherlayers,whenthebase
layerorlowerlayersinSVCarenotavailable.MDCdoesnotsufferfromsuchissues.Irrespective
ofthestreamreceived,MDCcandecodethevideo,becauseofredundantinformationwithineach
stream.WhencomparingSVCandMDCforpeer-to-peerstreaming,Abboudetal.(2011)incontext
ofP2PinferthatSVCisbetterinscenarioswherethenetworkcanprioritizethelowerlayers.Usage
of MDC (with redundant information across the stream) will cause additional overhead during
replication-basedrouting.Byleveraginghigherreplicationtoprotectthelowerlayers(BLmayhave
doublethecopycountsascomparedtofirstenhancementlayer),SVCismoreadaptablethanMDC.

ScalableHEVCorSHVC(Boyceetal.,2016)ascomparedtotheSVC(Unanueetal.,2011)adds
enhancementsforbit-depth,colorgamut,andhybridcodec.Moreover,HEVChasinbuiltsupportfor
SHVClayersusingthehigh-levelsyntax(HLS).HLSallowsforloweroverheadsinpackagingthe
layersinSHVCwhencomparedwithSVC.ThisworkutilizesSVCandH264toalignwithsomeof
thereferencework.Moreover,becauseoftheloweroverheadofSHVC,theresultsforSHVCshould
beanimprovementoverSVC.

InSVC,videoscalingcanimproveframe-rate(temporal),resolution(spatial)orquality(SNR).For
temporalscaling,enhancementlayersincreasetheframerate.Enhancementlayersforspatialscaling
increasetheresolutionfortheframes.SNRscalingreducesthequantizationscaleforenhancement
layers,thusreducingtheresidualerrorforthedecoder.Oneormoreofthesescalingapproachescan
becombinedtogetmultilevelscaling.

Basedonthetypeofvideo,andchoiceofscalabilityorder,multilevelscalingcanprovidedifferent
residualerrors (Liet al.,2010).E.g.,whena surveillancevideo iscapturedby the static indoor
camera(sayinashoppingmallorbanks),itmaybemeaningfultomovefirstonspatialscalability,
followedbytemporalscalability.Thisisbecausemostoftheinformationacrossthescenesstays
static,hencemissingthetemporalaspect,doesnotaffecttheSNRvalues.Forsuchvideos,itmaybe
moreimportanttogetdetailedfeaturesofobjects,ratherthanasmoothmotionforthemobileobjects.
Ontheotherhand,forentertainment-focusedvideorecordingfromamovingvehicleorforasports
event,itismoreadvisabletohavetemporalenhancementsatlowerlayers,whilehigherlayersmay
bringinspatialenhancements.Thevideotobetoojitterytowatchiftemporalenhancementlayeris
delayedforsuchcontent.

2.2. Scalable Video Packaging and Communication
ThisworkexploresvideocommunicationforopportunisticDTN;hence,topicsforregularInternet-
based applications or ad-hoc networks are not discussed in detail. Singhal et al. (2014) discuss
physical layer and encoding optimizations in multicast scenario for base station or access point
likedeploymentsforheterogeneoususergroups.Lindebergetal.(2011)andTrestian,Comsa,and
Tuysuz(2018)provideagoodsurveyontheseaspects.Abriefcontextforvideotransmissionand
thealternativesforopportunisticnetworksiscoveredbelow.

Onecanbroadlyclassifyvideocommunication in threecategories,basedon thedemandof
end-to-endinteractionanddelay–1)live-interactivetransferwithround-tripdelaysbelowsecond;2)
liveorpseudo-livecommunicationbasedonapplicationneeds;and3)transmissionofpre-recorded
content.Forthefirsttwocategories,onregularInternet,mostlyRTP/UDPbasedapproachisused
(Handley,etal.,1997).ForbothAVCandHEVC(andbythatvirtueSVCandSHVC),encoded
contentispackagedwithnetworkadaptationlayer(NAL)unit.Encoderembedstheparameterused
forencodingaswellasencodedpictureswithintheNALunits(NALU).TheNALunitsonRTP/
UDPpacketsforcommunication.TransmitterstrytoensurethattheUDPpacketsizeissmallenough
toavoidfragmentationwhenthetransmissionisovertheinternet.EachUDPpacketcontainsone
ormoreNALunitsofanSVClayer.ActualUDPcommunicationmaybemulticast(one-to-many)
orunicast (one-to-one).Transmissionof theRTP/UDPcontentcanusedifferentcommunication
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channels (ports) forNALunitsofeachSVClayer.The receiverscanuseapproaches likeRSVP
(Handleyetal.,1997).todetecttheavailablebandwidthandgetaccesstoasmanySVClayersas
possible,startingwithachannelforabaselayer.IntheabsenceofRSVP,lowerlayerpacketsmay
beassignedhigherprioritysothatthesepacketsencounteraminimaldropandhavelessdelayinthe
network.Toachievesuchbehaviorfromthenodesonthenetwork,specialvaluesinIPheaderfield
maybeused,oredgeroutersmayhavemoreinvolvedapproachusingMPLS,etc.Thesource,using
feedbackreceivedfromclients,adaptstheencoder.Thereceiverimplementsthenetworkbehavior
detectionwhilethesourcedoesthecontrolofvideoencoding.

Whentransmissioncanbedelayedbyafewseconds,videocanbebrokenintochunksandstored.
ThesechunksaresubsequentlytransmittedtoregularInternetapplications.E.g.,DASH(Stockhammer,
2011)storesvideoinchunksoffewsecondsatdifferentbitratesandthetransferhappenfromthe
servertoclientusingTCP.Clientdownloadsandbuffersnewerchunks,whileitcontinuestodecode
andplayoutpriorchunks.Sincetheserverandclientshaveround-tripdelaysbelowasecond,theclient
canchooselowerorhigherqualityforsubsequentchunks,dependingonthetimetakentodownload
priorchunks.Inthiscase,theclientdoesthecongestiondetectionandadaptation.Notethatthedefault
DASHapproachisdifferentfromSVCsincethesourcecreatesdifferentchunksfordifferentbitrates
andtheclientchoosestodownloadonlythechunkthatitdeemsfit,asperitsadaptationstate.Grafl
etal.(2013)exploreanextensionofDASHinvolvingSVC.

Ascomparedtolegacywirednetworkswithstaticnodes,thereisahigherimpacttomediaflow
forwirelessnetworks,becauseofinterference,lowerbandwidth,andnodemobility.Abdulkadiret
al.(2019)exploreheterogeneouswirelessnetworksbututilizeacentralSDNcontrollertodecideif
astreamofmediashouldbeadaptivelyreroutedtoanalternatepath.Wirelessnetworks,especially
Ad-hocnetworks(includingMANET)mayuselinklayeroptimizationsandothernetworkcoding
approaches(Lindeberg,2011)toensureahigherqualityofbaselayers.OntheotherextremeofAd-
hocnetworksareVanetswherethenodeshavefrequentconnectionsanddisconnection.Wuetal.
(2014)haveexploredVANETforroutingofthevideostreaminadensescenario(morethantenhops
andusingtenthousandtaxinodesandaradiorangeof250meters).Quinlan,Zahran,andSreenan
(2015)haveexploredanadaptivelayerdistributionwherethelowerfewlayersofSVCarepackaged
andtransmittedusingMDCandmeasuredtheimpactoflossforsuchcommunicationacrossasingle
hopnetwork.

AscomparedtofewsecondsdelayforAd-hocnetworks,delay-tolerantopportunisticnetworks
mayhavedelaysofhoursormore.Hence,theadaptationcontrolfromthereceivermaybetoolate,and
sourcemayendupunderutilizingorcongestingthenetwork.Lackoffeedback(e.g.,acknowledgment
gettinglost)canfurtheramplifysuchissues.Instead,itmakessenseforthesourcetoestimatethe
networkbehaviorusingacknowledgmentsthatitreceivesandadaptsubsequenttransmission.The
adaptationneedstoensurethatitisneithertoofastwhilereducingtheSVClayers,nortooslowin
adaptingtoincreasedloadonthenetworkbehavior.

2.3. Routing Over DTN
CaoandSun(2012)provideanexcellentoverviewofnumerousDTNroutingprotocols.Oneofthe
classificationsinvolvessingle-copyvs.multiple-copyrouting.Singlecopyroutingfrequentlyinvolves
custodytransferofbundleandworksforacontrolledenvironmentwithoraclebased(orstrongly
predictable)connectivity–e.g.,deepspacenetworksorpublictransportsystemsthatfollowastrict
schedule.SuchDTNdeploymentscanusesinglecopy-basedrouting,asonecanreasonablypredict
thefuturelocation,ofthesatellitesorvehicleswithhighconfidence.Attheotherextremeofsingle-
copy,routingisepidemicrouting,whereinthereplicaoforiginalbundlesareshared(relayed),ateach
contactwiththeassumptionthatoneofthenodeswilleventuallygetincontactofthedestinationand
deliverthedata.Thisapproachworkswellforopportunisticnetworkswherelittlecorrelationexists
betweennodecontacts(Nayyaretal.,2018).
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Oneshouldnote thatepidemicroutingworkswellwhenpayloadsaresmall,or thecountof
nodes is less. As the payload on networks increase or node density increases, epidemic routing
createssignificantoverheadonrelayingbundles(highernodecount)andusageofbufferstostore
thebundles(higherpayload).Incasesomecorrelationexistsinthecontactpatternsofnodes,many
proposalsexisttominimizethenumberofthereplica.E.g.,multiplesocialcontacts-basedrouting
approachesattempttoexploitfeatureslikecommunity,between-ness,centrality,etc.whendeciding
whethertorelayabundleornot.Someoftheotherapproachesrelyonthehistoryofencountertimes
andtransitivityofthesamebetweennodes(e.g.,Prophet).Anothergroupofalgorithmsattemptsto
solvetheroutingchallengeasaresourceoptimizationproblemacrossnodesinadistributedmanner
(e.g.,RAPID,MaxProp,etc.).Theseapproachestrytofindtheutilityoftheothernodeinsuccessfully
deliveryofthecontentandgivegoodresultswhensuchacorrelationexists,thecomputingandsharing
ofinformationoncontactaddtothecomplexityoftheseprotocols.

OneofthemostwidelyusedapproachestolimittheoverheadsofEpidemicroutingisusing
spray-and-wait(SNW)proposedbySpyropoulosetal.(2005).Herethesourceapplicationdecides
themaximumnumberofcopiesthatcanexistonthenetwork(denotedasL).SNWallowsanynode
torelaycontentonlyifit’scopycountismorethanone.Whencopycountisone,anodecanonly
deliver thecontent tothedestination.Whencomparedtoepidemicrouting, thereisonlyasmall
overheadoftrackingthenotionalvalueofLforeachbundle.

2.4. Video Over DTN
PriorworkofvideostreamingoverDTNhasbeenmainlyinthecontextofdistributingcontentor
streamingvideooveroracle-baseddelaytolerantnetworks.Insomecases,videostreamingisdone
usingDTNenabledVANETs.Lenasetal.(2015)haveproposedabundlestreamingserviceusing
singlecopyforwarding.Theyalsoverifiedtheproposalforthesingle-copyroutingonthereal-world
experimental testbed.Morgenrothetal. (2011),Blanchet (2012)andCabreroetal. (2012)have
demonstratedmediastreamingcapabilitiesinacontrolledenvironmentwithalimitednumberof
nodes.RaffelsbergerandHellwanger(2015)adaptedDTNtoHTTPforvideostreaminginasimulated
scenarioofanexplosioninachemicalfacility.Suchapproachesdonotfitwellforopportunistic
networkswherethecontactsareintermittent,andcountofnodesmayvary.Panetal.(2016)have
exploredroutinghierarchicalvideoinopportunisticnetworks.Theyhaveoptimizedvideostreaming,
byaligningbuffermanagementofintermediatenodes.However,makingtheDTNforwardingstrategy
optimizedforhierarchicalmediaflowputsotherapplicationsatadisadvantage.

Sandulescuetal.(2015)intheirworkhavecomparedtheperformanceforavideolikeflow
between the stationary source and destination (e.g., public library and airport in one of the use
cases) for bandwidth estimation to periodically send video bundles based on the estimates of
availablecapacity.Theyhavenotincludedcontinuousmediaflowandvideoqualitymeasurements.
Theexperimentsreliedondatafrompriorroundof transmission,witha largetimegapbetween
thetransmissionrounds(e.g.,transmissionat06:00,14:00and00:00hours).Moreover,theirwork
focussedondemonstratingtheaccuracyofbandwidthanddelayestimation,ratherthanproposinga
completesystemforstreamingvideochunks.

Klaghstanetal.(2013,2014,2016)haveanalyzedtheperformanceofSVCusingmultiplelayers.
While(Klaghstan,2013)mapsSVClayerstoseparatebundles,(Klaghstan,2014)and(Klaghstan,
2016)attemptmediaflowusingNALunits.In(Klaghstan,2013),theyhaveanalyzedthedelayand
deliveryratiobasedonsingletransmissionoverdifferentnetworkscenariosandobservedthatthe
baselayershouldhavehighercopycounts,andthehigherenhancementlayerswouldhavelowercopy
count.Theirsubsequentwork(Klaghstan,2014)usingNALUimplementedmedia-awarenetwork
elements(MANE)thatcombinedmultipleNALUintoaDTNbundleandexchangedthemduring
nodeencounters.Thesizeofthebundlewasestimatedbasedonthecontactdurationspreadobserved
byanode.AllnodestransmitbaselayerNALUinasinglebundlewithoutforcingitforfittingit
intooptimumbundlesize.(Klaghstan,2016)exploredimprovingthedeliveredqualityfurtherby
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implementingpullrequestsfromthereceivertofillintermediateSVClayers.Ifthereceiverhasgota
significantnumberofNALUforhigherSVClayerbutmissedsomeNALUforintermediatelayer(s),
itsolicits theretransmissionfromnodesin thenetwork.Thenodesinvicinitycreatedadditional
copiesofNALUbasedonthesolicitationrequests.Toavoidoverloadonthenetwork,thesolicitation
istriggeredonlyafterathreshold.Thethresholdisdeterminedbasedonexpectedplayouttimeand
percentageofNALUreceivedforintermediatelayers.Inalltheirexperiments.(Sandulescuetal.,
2013,2014,and2016),theyranthesimulationmultipletimes,buteachruninvolvedonlyoneburst
ofvideotransmission.

Whentransmittingaseriesofvideobundles,someoftheDTNbundlesfromthesourcemay
notreachthedestinationbecauseofmultiplereasons.Oneofthemostcommonlystudiedreasons
forthedeliverydelayorfailureisrelatedtocongestionorexcessiveloadsonsomenodes(Cao&
Sun,2012).Ifsomenodesrunoutofspacewhenreceivingabundletobeforwarded,theymaydrop
olderbundles.Eveniflargebuffersareavailable,thecontactdurationbetweennodesmayconstrain
andlimittheexchangebetweennodes.Insomecases,delayanddropsmayoccurbecauseofthe
deploymentscenario,e.g.,locationandmobilitypatternsofthesourceanddestinationnodesare
suchthattheyhaveveryfewcontactswithothernodes.

3. PROPOSeD SySTeM

Basedonanalysisofmediaflow(bothscalableandnon-scalable)acrossdifferentscenariosauthors
identifiedthefollowinggoalsasidealformediatransmissiononopportunisticnetworks:

1. Align with end-to-end principles (Blumenthal & Clark, 2001): This implies that the
optimizationofmediaflowshouldnotrequireexplicitsupportfromDTNroutinglayer;

2. It should be possible to use optimizations from the network (if available):Toimprovemedia
flowperformance,aslongasitdoesnotimpactother(non-mediaflow)communication.

Asmentioned in theprior section,multipleDTNroutingprotocolsexist.Someof themare
quitecomplicatedandmaycauseunpredictablefeedbackwithend-to-endadaptation.Hencebinary
SNWischosenforadaptationatsourcenode, for itssimplicity.Theonlyextension toSNWfor
intermediatenodewastoaccommodatecumulativeacknowledgment,whereinonreceiptofthenewer
acknowledgment,thenodediscardstheolderacknowledgment.

AnotherkeydecisionpointisthemappingofcommunicationunitstoSVClayersorNALunits.
Someofthepriorwork,e.g.(Klaghstan,2014)and(Kloghstan,2016)havedirectlymappedNAL
unitstopayloadfortransmissionoverDTN.ThisrequiredchangestoallDTNnodessothatthey
pack/unpacktheNALunitsintobundlesasneeded.Thispackagingcomeswithsignificantprocessing
costs.SinceeachvideoframewillgenerateatleastoneNALunit(besidesmultipleSVClayersand
compressionparameterswilladdmorepayloads),suchmappingwillcreateasignificantoverheadfor
continuousmediastreaming.Typically,DTNisnot-live(delayoftheorderofhours).Henceauthors
chosetoperiodicallychunkthevideoandcreateaburstofDTNbundlesforeveryvideochunk.The
sourcewilltransmiteachSVClayerforthechunkasaseparatebundle.Thismappingofvideochunks
tobundlesissimilartothecommunicationapproachsuggestedinKlaghstan(2013)andSandulescu
(2015)andconformantwithend-to-endprinciples.Exceptforsourceanddestination,othernodes
neednotbeawareofSVCmappingsandchunkdetails.

Figure1providesanoverviewofthechangesproposedinthiswork.Notethatacrossdifferent
scenarios,thesource(S),destination(D)aswellasmultipleintermediatenodes(Ni,Nj,etc.)maybe
mobile.End-to-endadaptationbySORTonlyinvolvesapplicationlayeratthesourceanddestination
nodes.Thedestinationgeneratesthecumulativeacknowledgment.Allothernodescanhaveregular
SNWimplementation.Laterpartof thissectiondiscussesextensionsofSNW,wherenodesgive
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preferencetohighercopycount(H),deletedeliveredmessages(D)andMANE(M).Figure1captures
theseoptionalextensionsasHDM.

Thesource(Src)generatesaburstofDTNbundlescarryingdifferentSVClayers.Intermediate
nodes (N), relay / carry these bundles to the destination (Dst). On receipt of the bundle at the
destination,acumulativeacknowledgment isgeneratedcapturing thedetailscovered inTable1.
Figure2depictssuchamediaflowovertime.

NotethatFigure2doesnotcapturethemobilityofnodes.Thesourcenodeadaptsthenextburst
basedonacknowledgmentsthatithasreceived.Intermediatenodesrelaythebundle.IftheSNW
extensionsforhighercopycount(H)isenabled,thechoiceoftherelayedbundlegetsaffectedby
thevalueofcopy-count(L).AsandwhendestinationnodegetstheSVCbundle;itgeneratesanew
cumulativeack.Thenodessharethecumulativeacks.Onreceivinganewack,nodesmaytriggerthe
SNWextensionsforMANE(M)anddelete(D),iftheyareenabled.

Thissectionfirstdiscussesthevideopackagingandtransmissionburstsofbundleswithdifferent
SVClayersfromthesource.Subsequently,thelogicofcumulativeacknowledgmentiscovered.The
algorithmfortheestimationofstate(congestion,delay)andsubsequentadaptationfromsourceis
coveredafterthat.Finally,theoptionalextensionstoSNWarecovered.

3.1. Video Packaging and Transmission
Forcommunicatingvideooverdelaytolerantopportunisticnetworks,thevideoiscapturedinchunks
offewsecondstofewminutesandsubsequentlycompressedusingSVC.EachoftheSVClayers
istransmittedusingdifferentmax-copy-countthreshold(L).SimilartoKlaghstan(2013),thebase
layergetshighestcounts,andcopycountsaregraduallyreducedforhigherenhancementlayers.The
sourcegeneratesaburstofDTNbundleseveryfewminutes.Theinter-burst-gapwillbesameasthe
durationofthevideochunk.

Thereceiver(destination)willhaveapplicationanddeploymentspecificdelaytargets,forplaying
backthereceivedvideo,fromthetimethesourcesendsit.Thesourcewillsetthetime-to-live(TTL)
atavaluemuchhigherthanthedelaytarget(e.g.,twicethatofdelaytarget).TTLvaluesinDTN

Figure 1. The DTN stack and its modifications for different nodes with the indication of their path
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ensurethatintheabsenceofacknowledgments,theintermediatenodesdonotcontinuetocachethe
dataforever.TheydeletethebundleswhoseTTLhasexpired.

3.2. Cumulative Acknowledgment
DTNroutinghasanoptionalfeaturetosendanacknowledgment.Theacknowledgmentsaresmall
bundlesthatmaybefloodedonthenetworkorcommunicatedusingthesameroutingprotocolas
theonecarryingtheapplicationpayload.Theseacknowledgmentscanbeusedtodeletedelivered
messagesifthefeatureisenabledsimilartoCaoandSun(2012)andDingetal.(2018).Whileearlier
workusedseparatebundlesforacknowledgmentofeachdelivery, theauthorshaveimplemented
cumulativeacknowledgmenttoincreasethechanceofdeliveryfortheacknowledgmenttothesource
ofmediaflow.

Thecumulativeacknowledgmentincludesthedeliverydelayforlastfewbundlesinthemedia
flowbetweenthesourceanddestinationpair.Ifthesourceanddestinationnodeshaveclockskew
belowfewseconds,thedatasharedincumulativeacknowledgementwillnothavemajorimpact.Since
theacknowledgmentsarecumulative,missingsomeoftheintermediateacknowledgmentswillnot
significantlyimpacttheestimationatthesource.

Table1providesasimplifiedrepresentationofthemetadatawithinthecumulativeack.Note
thatthecumulativeacknowledgmentdifferssignificantlyfromTCPcumulativeacknowledgments.
Itallowsholestoexistinthesequence,thereisnoexpectationofretransmissionofmissingbundles,

Figure 2. A temporal illustration of various components in the system
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anditincludesthedeliverydelaysforeachreceivedbundle.Forexample,inTable1,forburst41,EL1
hadadelayof73minutes,whileEL2wasnotreceivedwhentheackwasgenerated.Usingsimple
bitmapsandroundingoffforthereceiptdelaytoclosestminutes,onecancommunicatecumulative
acknowledgmentforlastfourhundredburstsinlessthanonekilobyte.Applicationofotherlossless
compressionschemescanreducethisdatafurther.Thedesignofoptimalcompressionschemefor
theseacknowledgmentsisoutsidethescopeofthispaper.

Onreceiptofanewacknowledgmentbundle(withhighercumulativeackSequencenumber,forthe
samesource-destinationpair),theintermediatenodesdiscardtheearlieracknowledgment.TheSNW
routingfirstattemptstodeliverthebundlestothedestinationthenexchangestheacknowledgments
beforeforwardingotherbundles.

3.3. Streaming State - Congestion and Delay estimation
Thefollowingalgorithm isused toestimate the likelycongestionanddelaybetweensourceand
destinationintheDTNnetwork.Notethatthecomputationofstreamingstateusesonlythedata
aboutSVClayersandburstsoftransmissionbetweenthesourceanddestinationpairs.Itisnotan
estimatorofcongestionintheoverallDTNnetwork.

Table2coversthedetailsoftheconstantsusedinthealgorithms,whicharediscussedbelow.
Basedonthescenarioandrequirementsforthedeployment,applicationrunningatthesourcecan
setit.Notethatthevaluesusedfortheseconstantsarebasedonlimitedexperimentsacrossdifferent
scenarios.Authorshavenot attempted to identifyoptimalvalue for themas they found that the
optimumvaluesarescenariodependent.

Table 2. Algorithmic constant used in SORT and HDM

Identifier Description / Value

DT Delaytarget-ideallyplaybackatthedestinationisforaburstsentat(Tnow-DT)

BG Burstgap–gapbetweeneachSVCburst

RMDP Ratioofmissedbundlespenaltytodelayedbundlespenalty(value=9)

EstChoice Thechoicebetweenaverage,minimum,maximumofthetwoestimates

MxLayers MaximumnumberofSVClayers.

MxTtlDrop MaximumfactorbywhichTTLforthehigherlayerisreduced(default=0.2)

ActualTtl ThedefaultvalueofTTL

Table 1. Metadata in cumulative acknowledgment from the destination

Sourceofack:17{identityofDst}

Destinationofack:44{identityofSrc}

CumulativeackSequencenumber:109

Oldestburstid:41

Entriesfordelayin
minutes

BurstId BL EL1 EL2 … ELN

41 74 73 -1 … -1

42 94 -1 33 … -1

.. … … … … …

90 76 -1 77 … …
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TheestimateofcongestionusingNumSampleinvolvescountingthenumberofdelayedormissed
baselayerandenhancementlayers.Sincebaselayerisanabsolutemustfordecodingatthedestination,
itisgivenhalftheweightintheestimate(line5ofAlgorithm1).Allenhancementlayerscontribute
totheotherhalf.Moreover,missedbundlesaremuchworsethandelayedbundles.Henceahigher
weightisassignedtomissedbundlesusingRMDP.Notethatdivisionby“2*(1+RMDP)”,ensures
thattheestimateisrangeboundbetween0to100.

Sinceeventhecumulativeacknowledgmentsmaybedelayedorlost,sometimesthestatemaybe
wronglyrepresentedatthesource.Moreover,networkbehaviorcanvaryovertime(becauseofnode
mobility).Hence,twointervals(DTand2*DT)arechosentoestimatethecongestion.Thechoiceof
average/min/max(EstChoice)ofthetwoestimateisdrivenbasedonwhethertheSVCmediaflow
canbeaggressiveonresourceusageornot.Algorithm2combinesthetwoestimatesbasedonthe
valueofEstChoiceattheapplicationlevel.

3.4. Source Adaptation Based on State estimation
Basedonthecongestionestimate,thesourcemayinferoneofthefollowingstates;NoLossorDelay,
Occasionaldeliverybeyonddelaytarget;Sustainedlossatdelaytarget;Sustainedlossbeyonddelay
target(atTTL).Figure3capturesthesestatesandadaptationvaluesassociatedwitheachofthem.
Basedonexperiments,authorsidentifiedtheseadaptationvaluesasareasonabletrade-offacross
differentscenarios.Thechoiceensuresthatend-to-endadaptationreducestheloadonthenetwork
forsimpleSNWdeploymentswhilegivingsignificantlybetter results fordecodedvideoquality.
Algorithm3utilizestheseadaptationvalues(OP_ratio,RR_Ratio,andTTL_ratio).

Ingeneral,thetransitionsshouldhappenalongthesolidedgesofFigure3,butinthepresence
ofsuddenchangesinthenetworksconditions(sayburstsbetweenothernodesorextrememobilityof
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sourceordestination)alternatestatetransitionsalongthedashedlinescannotberuledout.ThefinalEst
fromAlgorithm2ismappedtoStateA[0,25];StateB(25,50];StateC(50,75]andStateD(75,100].

One cannot apply conventional TCP/IP like flow and congestion control for opportunistic
Videotransmission,onthreeaccounts.Firstofall,likethescenarioofregularinternetmultimedia
communication,Videotransfercanbelosstolerantbutwouldexpectreasonableboundsondelay.
Secondly, unlike TCP transfer, some parts of the video can be discarded by the source when it
observes severe congestion. Finally, based on the congestion, it’s possible to control replication
overheadsinDTN.ThefirstfewSVCburstsaretransmittedwithoutanyadaptation.Subsequently,
basedoncongestionestimate,thesourceadaptsfuturebursts.UsageofSNWoverDTN,provides
thefollowingthreeleverstoadapt:

1. O - SVC Operating point:Inthepresenceofseverecongestion,thesourcedoesnottransmit
oneormoreofthehigherlayers.Operatingpointcorrespondstomaximumenhancementlayer
transmitted.Lessnumberofbundleswill implysmaller loadonthenetwork.OP_ratiofrom
Figure3isusedtocontrolthisvalueinAlgorithm3;

2. R - Replication foctors of the bundles:Thesourcereducesthereplicationcountforhigher
layerstoensurelowerloadonthenetwork.RR_ratiocontrolsthisvalue;

3. T - TTL values:Thetimetoliveforhigherlayerscanbereducedtoensurethattheyspend
lesstimeinthebuffers.Whenbuffersarefull,andsomemessagesneedtobedeletedtocreate
space,smallerTTLvaluesforhigherlayerswillensurethatnodeswhicharerunningoutof
storage,deletebundlesforhigherlayersbeforedeletinglowerlayerbundles.Thisadaptation
usesTTL_ratiofromthecorrespondingstateinFigure3.

Figure 3. The estimated state for adaptive video transmission
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Furthermore,whenthesourceadaptsO/R/T,itcanmeasuretheamountoftrafficloadbeing
takenoffthenetworkandredistribute(whenReDist=trueinAlgorithm3)thesameforlowerlayers.
Typically,thelowerlayersofSVCaresmallerinsize.HenceReDistcanincreasethecopycounts
forthebaselayerandlowerenhancementlayers,thusimprovingthedeliveryrateandreducingthe
deliverydelayforthem.

Toensurethatchangesinpathlengtharegradual,anexponentialweightedmovingaverageis
doneforoperatingpointusingαas0.2ascapturedinline2ofAlgorithm3.

AssumethatfiveSVClayerisusedintransmission(MaxLayers=5)andprioreWMA_PathLenis
at4.LetusconsidertheimpactofAlgorithm3whentheestimateisat98(stateA,OP_ratio=121%)
and35(stateC,OP_ratio=-5%).ForstateA,thenewvalueforeWMA_PathLenwillincreaseto
4.41(0.8*4+0.2*5*1.21)andhencelogiconline5willtransmitfourlayers.Thereisnoimpact
toTTL,andcopycountinStateAsincebothTTL_ratioonline6,andRR_ratioonline8isat1.
Ontheotherhand,forestimatesleadingtostateC,theeWMA_PathLenwillreduceto3.15(0.8*
4-0.2*0.5*0.05).Hence,itsendsonlythreelayers(BL+EL1,EL2).Moreover,forenhancement
layers,copyCountandttlwillreduce.Valueforttl[1]willdropto90%whileitwillbe81%forttl[2].
Similarly,copyCountwillreduceto66%forenhancementlayer1and2.

3.5. SNW extensions
While SORT adapts SVC media flow without changes on intermediate nodes, authors explored
alternativestoimprovedeliveryofcontent,bymakingthefollowingthreechangestoSNWrouting.
Thefirst twoextensionsarequitegenericandwouldnotgiveundueresourceallocation toSVC
mediaflow:

1. H - prefer higher copy count: When two nodes are in contact and need to relay bundles,
vanillaSNWproposesarandomorderofrelayingorrelayingbasedonearlierpacketfirst.For
SORT+SVC,lowerlayerswillhavehighercopycounts.HenceauthorsextendSNWtoorder
therelayofbundles,basedonthecountofreplica(L)thatisheldbyanode;

2. D - delete on acknowledgment:Onreceivingacumulativeacknowledgment,intermediatenodes
deletetheexistingbundlesforthedeliveredSVClayers;

3. M – media-aware network elements: Source based adaptation is a push-based model and
doesnotallowthedestinationtomakepullrequests.Incasesomeofthehigherlayerbundles
arereceivedatthedestination,withmissingintermediatelayers,itmakessensetoincreasethe
countsformissingintermediatelayerstoensurethattheyalsoaredelivered.Onlyafterdelivery
ofmissingintermediatelayers,priorreceivedhighercanbeusedfordecoding.WhenMANE
extensionisenabled,thenodesperiodicallychecktheacknowledgmentstoidentifythegaps.
MANEusesatimer-basedthresholdanddoublesthereplicationcount(L)forbundlesmatching
themissingintermediatelayers.

TheMANEimplementationcreatesadditionalcopiesofsomebundles,onintermediatenetwork
nodes,when itdetectsgaps indelivery todestination.Thisdeviates from thenetwork-neutrality
principlesandbreakstheend-to-endparadigm.Suchhardcouplingofapplicationonallthenetwork
nodesnegativelyimpactsotherapplicationsthatmaybedeployedonsamenetwork.

4. eXPeRIMeNTAL SeTUP

Theexperiments,simulatetheflowofSVCburstsindifferentnetworktopologiesusingopensource
simulatorONE(Keränen,Ott&Kärkkäinen,2009).Basedonthebundlesreceivedatthedestination,
itmeasuresthepeak-signal-to-noise-ratio(PSNR)forvariousdelaytargets.Thereafter,similarto
(Klaue,Rathke&Wolisz,2003),thePSNRvaluesaremappedtomean-opinion-score(MOS).This
mappingisprimarilytosimplifytheplots(sincesinglecurverepresentsthevalueinterpretedfrom
thenineSVCcurves).
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4.1. Input Video Characteristics
TheexperimentsutilizepubliclyavailabletestvideodataHighwaywith2000framesat30framesper
second(media.xiph.org/video/derf/y4m/highway_cif.y4m)andCIFresolution(352x288)asvideo
load.JSVM[9.19.15]isusedtocreatenine-layerSVCcontentwithlayer-specificdetailsascaptured
inTable3.Furtherx264(0.148.2643)isusedtocreateanon-scalablevideowithatargetbitrateof
100kbps.Theresultantfileis836KBinsizewithluminancePSNRof28.7159.

Author also experimentedwith seven-layerSVC,where temporal scaling atQCIF (BL+4
temporalEL)wasfollowedbyspatialandqualityscaling.Acrosssimulationruns, the trendsfor
seven-layerplotsweresimilartothoseforninelayers,andhencetheyarenotincludedinthiswork.

ThechrominancePSNRvalues(U,V)werealwaysabove38dBacrosstheSVClayersforthis
videoset.,Hencetheresultshaveonlyusedtheluminance(Y)PSNRasgeneratedbythePSNRStatic
toolofJSVM.

4.2. Simulation Settings
Table4capturesthethreedifferentsimulationscenariosusedintheexperiments.Besides,variants
ofRWPwithdifferentnodedensities,delaytargetsandburstgapareusedinexperiments.

Thenetworkinterface(rangeandspeed),delaytarget,defaultTTLandbuffersizevaluesare
chosenforRWPtoalignwiththesettingsusedbyKlaghstan(2013).ForSFTandWDM,theywere
updated to ensure that reasonable communication could happen even without the optimizations
proposed.Theintentwasthatfornon-SVCvideowithoutusingtheadaptationorSNWextensions,
approximatelyhalfthetransmissionsreachthedestinationwithinthedelaytarget.

Forreal-worldtraces(SFT)thecarsmovequitefrequently,buttheirpathsaredifferent,andthey
coverasignificantlylargergeographicalarea.HencethechoiceofWi-Fiandsimilardelaytargetas
RWPsuitsthismodel.IncaseofWDM,thenodestravelfromhometoofficeandsometimestoevening
activitiesafterwork.Sincetherearelargeperiodswherethenodesstaystatic(officeintheday,and
homeinnights)thedelaytargetwastakenas12hours.Sincethemapareaislargeandnodesdonot
moveforasignificantperiod,Wi-FilikeinterfaceisusedinWDMscenariotocreatemorecontacts.

Eachsimulationisexecutedfiftytimeswithdifferentrandomnumberseeds.Foranalysis,bursts
inthebeginningandendofsimulationrunsareskipped,sincethenetworkisnotsaturatedinthese
cases.Skippingofinitialflowsalsoprovidesadequatetimeforadaptationtosettleitself.ForRWP
andSFT,thedataanalyzedisfrombursts200-299;whileforWDM,theanalysisisforbursts432-

Table 3. Nine-layer SVC operation points for highway test video sequence

Layer Size (KB) Luma PSNR Type L at Source

BL 92 27.0608 176x144at1.875fps 32

EL1 212 27.1757 352x288at1.875fps 16

EL2 76 29.1398 352x288at3.75fps 12

EL3 92 31.3958 352x288at7.5fps 10

EL4 108 33.1269 352x288at15fps 8

EL5 132 35.7351 352x288at30fps 7

EL6 556 36.7759 Qualityenhancement1(36-33) 6

EL7 1056 37.954 Qualityenhancement1(33-30) 5

EL8 1232 38.7324 Qualityenhancement3(30-28) 4
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719.Usageof288samplesinWDM,ensuresthatexecutioncoveracompleteday(withthedefault
delayof5minutesbetweeneachburst).SFTandRWPdidnotexhibitsuchdailypattern;hence,100
samplessufficeforthem.

4.3. Video Decoding and Quality Measurements
Thereceivermaynotgetallthepacketssentbythesource.Someofthepacketsmaybelostordelayed
andwouldnotarriveintimefordecodingandplayoutatthereceiver.Tocompensateformissedhigher
layers,thedecodermayusemultipleapproacheslikespatialscaling,repeatingframesfortemporal
scaling,etc.(Unanueetal.,2011).Ifnoneofthelayersisreceived,thelastdecodedframecanbe
repeatedtocompensateformissedpartsofthevideo.Suchcompensationapproachesimprovethe
userexperience,buttheplayed-outvideocanbesignificantlydifferentfromtheoriginalcontent.

Onecanmeasurethequalityofdecodedvideousingmultipleapproaches(Klaueetal.,2003).
AveragevalueofPSNRacross thevideoframes isoneof themostcommonapproaches.PRNR
measurements can be automated, when both the original content and received data is available.
Mean-opinion-score(MOS)isanothermetricusedinmultipleresearchwork.SinceMOSinvolves
manualfeedbackcollectionfrommultipleuserswhowatchthevideo,itisverycostlytoimplement
andcanbepronetobiasifnotproperlyimplemented.Forautomaticallydeterminingthereceived
videoquality,thePSNRvalueshavebeenconvertedtomeanopinionscore(MOS)usingheuristic
mappingasproposedin(Klaueetal.,2003).

WhileDTNmaydelivermultipleSVClayers,PSNRmeasurementconsidersonlythesuccessfully
receivedbase layerandconsecutiveenhancement layerforeachburst. Ifenhancement layersare
missing in thespatialdomain, lowerresolutiondecodedframesarescaled toahigherresolution
before computing PSNR. Similarly, if temporal frames are missing, FFmpeg (2.8.11) is used to
generatetheintermediateframes.Forvideoburstswherethebaselayeritselfisnotreceived,MOS
of1(bad)isused(Table5).

Table 4. Simulation parameters

Random Way Point 
(RWP)

San Francisco Taxi Traces 
(SFT)

Working Day Model 
(WDM)

Mobilitymodelfornodes ShortestPathMapBased
(Keränen,2009)

Realworldtaxitraces
(Piorkowskietal.,2009)

WorkingdayModel
(Ekmanetal.,2008)

NodeDetails 50nodesatpedestrian
speeds 50taxinodes 2Buses,48nodes

Mapdetails Helsinkiwithpointsof
interest

SanFranciscoandits
vicinity

PartofHelsinki-“Area
A”(Ekmanetal.,2008);
10officesand10meeting
spots

MobilitySpeedand
patterns 0.5–1.5meterspersec. Aspertracedata 50%carownership

NetworkInterface(range,
speed) 10meters,2Mbps 50meters,24Mbps 50meters,24Mbps

DefaultDelayTarget 2Hours 2Hours 12Hours

DefaultTTL 4Hours 4Hours 24Hours

DefaultBurstGap 5minutes 5minutes 5minutes

NumberofBursts 600 600 800

BufferSize 100MBforthesource,10
MBforallothernodes

100MBforthesource,10
MBforallothernodes

600MBforthesource,60
MBforallothernodes
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4.4. Cost for DTN Communication
Toidentifythesavingsoncost,oneofthecommonmetricsusedinDTNapplicationsistheoverhead-
ratio.Thisistheratioofallbundlesrelayedandcreatedacrossnodes,tothenumberofdelivered
bundles(seeEquation1).ForSVC,giventhatthesizeofbundlesvariessignificantly,thismetricdoes
notcompletelycapturetheassociatedcost.Hence,cumulativebufferoccupancy(CBO)overtimein
MB-hoursisusedforanalyzingthecommunicationcost.Equation2computesCBO,bymultiplying
thetimeforwhichthebundleisinbuffersofanode,withthesizeofthebundle,acrossallthenodes.
NotethatNotethatforSVCbundlescreatedonsourcenodeReceiveTimeM,NinEquation2willbe
thetimeofcreationofthemessage:

overhead
totalbundlesrelayedandcreatedacrossall node

=
� � � � � � � ss

totalbundlesdeliveredacrossall nodes� � � � �
−1  (1)

CBO DeleteTime ReceiveTim
N

Num Nodes

M

Num Messages

M N
= −

=

−

=

−

∑ ∑
1 1

,
ee Size
M N M,
*( )  (2)

The total count of delivered bundles normalizes overhead computation. For lightly loaded
networksifTTLislarge,almostallthebundlesaredelivered.IntheabsenceofMANEoverheadfor
SNWwillbeupperboundtothevaluesofLusedbythesourceapplication.Similarly,CBOwillbe
upperboundedtovaluesusedbysource(atL×TTL×SizeM)forthebundlescreated.

Asnetworkloadincreases,overheadsandCBOcanincreaseintwodifferentpatterns.Ifthe
bundlesaredeletedbecause thesource(ornodes in thevicinityofsource)runoutofspace, the
“totalbundlesrelayed”aswellas“receivetodeletetime”willbesmall.Sincebundlesdeliveredto
destinationwillbelowincount,overheadswillbehigh,butCBOwillnotincreasesignificantly.On
theotherhand,ifthenodeshavelargebuffercapacityandnodecontactdurationsarelarge,(e.g.,in
caseofWDM)thenthebundleswillhaveahighercountforrelayedbundles.Theywillalsostayin
bufferslonger.Forsuchcases,thedeliveryrateaffectstheoverhead,buttheCBOvalueswillstay
high,irrespectiveofdeliveryrate.

5. PeRFORMANCe eVALUATION

Theresultsinthissectionhavethefollowingorder,a)RWPscenarioforconsecutivebundlesreceived
anddelayinreceivingthebundles;b)theMOSbasedresultsfortheRWPaswellasWDMand
SFT;c)communicationcostsusingoverheadsandCBOforthethreescenarios;d)impactonHDM
andSORTforfaster/slowerburstswithsmaller/largerdelaytargets;e)impactonSVCmediaflow

Table 5. Heuristic mapping for PSNR to MOS

PSNR (dB) MOS

>37 5(Excellent)

31-37 4(Good)

25-31 3(Fair)

20-25 2(Poor)

<20 1(Bad)
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whenthenodedensityisvaried;andf)theindividualcontributionfromeachofthecomponentsof
SORTandHDM.

5.1. Base RWP Scenario – Consecutively Received Layers
Figure4capturestheplotforRWPmobilityscenarioacrossfourdifferentsettings.Thesubplotsshow
thecumulativecountformaximumconsecutivelayerreceived(for5000SVCburstsforSequence200
to299forfiftysimulationruns)ontheverticalaxisagainstthedelayindeliveryonthehorizontalaxis.
Firstsub-plot,Figure4(a),showstheperformanceofnine-layerSVCvideotransmissionwithSNW
implementationsupportingonlythecumulativeacknowledgment.Attwohours(defaultdelaytarget)
lessthan20%oftheburstsaredecodableatthedestinationsinceBLbundlesreachedthedestination
forlessthan1000bursts.Attheendof4hours,42%oftheburstsreceivedatthedestinationare
decodable.Similarly,atdelaytarget,23flows(0.5%)reachEL5orhigher.Lessthan51bursts(1%)
reachEL5orhigherwithadelayof4hours.Notethattheplotsarecumulative–forexample,the
plotforEL5isthesumofallburststhataredecodedtillenhancementlayer5orhigher.

Figure 4(b) shows the performance when the source adapts the transmission. Higher
enhancementlayers(EL7andEL8)stillhaveverylowcounts.Valuesforallotherlayershave
improvedsignificantly.BLimprovedfrom20%to55%atdelaytargetand42%to87%for4
hours.ThemetricsforEL5correspondingtoatwohourdelayis3%andafourhourdelayis
9%.Atdelaytargetof2hours,thedestinationcoulddecodealmostthricethenumberofbursts
forSORTwhencomparedtotheBasescenario.

Figure4(c)showstheperformancewhentheSVCburstsaretransmittedwithSNWextendedto
supporthighercopycount,deletedeliveredmessageandMANE.ItdoesnotincludeSORTadaptation.
AscomparedtoFigure4(a),HDMimprovesthequalityforallthelayers.WhencomparedtoSORT,
SNW-HDMshowsimprovementsforallthelayers.Atdelaytarget(120minutes),BLachieves88%,
andEL5achieves16%.Attheendoffourhours,BLachieves98%whileEL5achieves33%.

Figure 4. SVC maximum consecutive layer received for RWP base scenario
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CombiningbothHDMandSORT,ascaptured inFigure4(d), improves the resultsatdelay
targetto89%(BL)and18%(EL5).Thevaluesforafourhourdelayis98%forBL,and32%for
EL5.Forthisexperiment,network-basedoptimizations(HDM)givebetterresultsthanend-to-end
optimization(SORT).

5.2. Quality (MOS) and Transmission and Storage Costs Across Scenarios
Toproperlyunderstandtheviewingimpactofthelayersthatarereceived,theFigure5(a),plotsthe
abovefourscenarioswithMOSvaluesacrossdelayindelivery.Thebaselineplotsalsoincludenon-
SVCvideoandSVCvideousingconstantcopycountofeightforalllayers(labelledasSVC-Linear).
Foreaseofvisualization,plotsarefrom0.5*DT(60minutes)to2*DT(240minutes).Fig5(b)and
5(c)arethecorrespondingplotsforSFTandWDMscenario.

ComparingSVCtoSVC+SORTshowsthatatdelaytarget,acrossthescenarios,MOSscore
improvedby0.5to0.8.TheimprovementsaremuchmoresignificantatTTL(twicethedelaytarget).

CombinedHDM+SORTperformthebestforallscenarios.HDMoutperformsSORTincase
ofRWP,whileitistheotherwayaroundforWDM.Thisisbecausetheinfrequentcontactsbetween
nodesinWDMlimitstheroleofHDM.IncaseofSFT,bothHDMandSORTareveryclosetoeach
other.Betweenthenon-adaptiveversions,SVC-Linearistheworstinallscenarios,asitdoesnot
givehighercopycounttothebaselayer.

ForSFTandWDM,justmovingfromNon-SVC(singlelayer,836KBcontentwithL=16)to
SVC(9layerswithmorethan3MBintotal,butwithBLof92KBandL=32)improvesthequality
evenwhenHDMandSORTarenotenabled.

Figure 5. Mean opinion scores for RWP, SFT and WDM scenarios
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InFigure6,CBOislowestwhenbothHDMandSORTareenabled.Individually,SORThas
highestcostsforRWPandSFTsinceitdoesnotbenefitfromdeleteoptimizationofHDM.Incase
ofWDM,thecostsonCBOaresimilarforHDMandSORT.

Sinceoverheadsonlyincluderelay-countsanddonotgiveweighttothesizeofthebundleand
timeoccupiedbythebundleinthebuffers,non-SVC,SVC,andSVC-Linearflavorsshowalower
valueonoverheads.ButitshouldbekeptinmindthatMOSvaluesfortheserunsaresignificantly
poorthanthoseinvolvingHDMorSORT.

5.3. Load and Node-Count Related Performance
Themessagegenerationfrequencyandnodedensityarevaried,forRWPwithbothHDMandSORT
enabled.Figure7(a)plotsresultsfor50nodeRWPrunswhenvideoburstsaregeneratedevery37
seconds,75seconds,150seconds,300secondsand600secondswhilekeepingallothervaluessame
asinTable4.Figure7(b)plotstheMOSvaluesforsimulationrunswhilevaryingnodedensityfrom
25to400forthesamemaparea.Figure7(c)and(d)plotthecostsregardingoverheadandCBO.

AtahighfrequencyofSVCburstgeneration,thedecodedqualityislow,theoverheadsarehigh,
andCBOislow.Theoverheadsarehighbecausemostofthecontentcreatedatthesourceisdeleted
eitheronthesourceorinitsvicinity.Sourcegeneratesnewburstsevenbeforethepriorburst’scontent

Figure 6. Communication and storage costs for RWP, SFT and WDM
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canbeshared,thuscausingbufferstobecomefullatthesourceitself.Notethatthesourcehasten
timesbufferspacethanothernodes;still,itsuffersfrombufferoverflowforveryhighfrequencies
(37secondsand75seconds)asthegapbetweencontactswithothernodesishigherthantheburst
gap.For150secondsandbeyond,overheadsdropasmorebundlesreachthedestination(andhence
higherMOSscores)whileCBOcontinuestoincreasesincemoremessagesreachthedestinationand
themessagesintransitstayinthebufferforlongerintervals.

Figure7(b)and(d)forchangeinnodecountshaveasimilartrendasFigure7(a)and(c).When
fewnodesarepresent, thebuffersatsourceornodesinthevicinityofsourcequicklyrunoutof
bufferspace.Hencetheydeleteolderbundlestoacceptnewerbundles,leadingtorelativelyhigh
overheads(orderof15-18fornodecountsof251and50).Forlownodedensity,bufferspaceand
relayopportunitiesarelimited.HenceCBOvaluesarelow.Overheadstaperoffaround100nodesor
beyondsincemaximumcopycountusedforbase-layeris32.CBOincreasesslightlywhiledelivery
ratesincreasesignificantlyfor400nodes,takingtheMOSscoresabove4.5.

5.4. Analysis of Components in SORT
Thissub-sectionanalyzestheimpactofOperatingpointcontrol,Replicacontrol,TTLcontrol,Re-
distributionandchoiceofestimation.HDMisdisabledintheseruns(exceptforReDist,wherethe
varianceismorewhenHDMisenabled).Toanalyzetheimpactofloadanddelaytargets,inaddition
totheRWPsettingcapturedinTable4,twoadditionalvariantsofRWPareusedintheseruns.RWP-
Fastgeneratesattwicethebasefrequency(at150secondsinterval)andtargetsdelayof1hourand
TTLof2hours.RWP-Slowgeneratesmessagesathalfthespeed(at600seconds)whileitalsodoubles
uptheTTLanddelay-targetwhencomparedtothebase(to8hoursand4hours,respectively).

AsshowninFigure8,inallthevariationsofRWP,forqualitymeasuredasMOS,operatingpoint
adaptationprovidesthemaximumimprovement.Whenallthreecomponents(ORT)areenabled,it
providesslightlybetterperformancethanonlytheoperatingpoint.TTLcontrolprovidesmoderate
improvementsforBaseandFastscenario,whileReplicaadaptationprovidessmallimprovementsfor

Figure 7. Impact of load and node density in RWP scenario
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BaseandSlowscenarios.Algorithm3appliesReplicacontrolonlyontwohighestlayers.Hence,its
isolatedimpactissmallestamongstthethree.

Figure9showsthatreplicationcontrol(R)providesmaximumsavingsonoverheadsforBase
andFastscenarios.ButCBOvaluesarerelativelyhighforRsinceitkeepsthehigherlayersinthe
buffer(andHDMisdisabledonthenodes).STprovidesthemaximumsavingsonCBObyreducing
theTTLvalueswhenitdetectscongestion/delay.

SimilartoMOSfigures,whenallthree(ORT)areenabled,boththeoverheadandtheCBOvalues
arealmostsameasthevaluesforoperatingpoint(O).

Figure10analysestheimpactofReDistestimationfeaturesofSORT.Asexpected,redistributing
thecopycountstolowerlayersimpactstheresultsonlyifdeliveryratesarelow.IntheSlowscenario,
MOSscoresasshowninFigure10(a)staythesameirrespectiveofwhetherthealgorithmredistributes
ornot.Ontheotherhand,forBaseandFastscenario,ReDistincreasestheMOSwhilealsoincreasing
theCBOmarginally.TheoverheadsforReDistareveryhighundertheFastscenario.In-depthanalysis
showedthatRWP-SlowoperatesinState-Amostofthetime,whileRWP-FastcomputestheState
asBandCmostofthetime.Algorithm3inState-Adoesnotremovethehigherlayers;hencethere
isverylittlescopetoredistribute.Ontheotherhand,inStateBandC,adaptationremoveshigher
layersandreducescopycountaswellasTTLforsomeoftheenhancementlayers.Thisincreases
theReDisttolowerlayers.InRWP-Fast,thebundlesaredeletedclosertothesource,theydonot
increasetheCBO,buttheoverheadsarehighbecauseoflowerdeliveryrate.

Whenexperimentingwithchoiceofestimator,whenHDMisdisabled,thedeliveredqualitywas
poor,andallthethreeestimates(min/max/avg)wereveryclose.Fig10(b)and(d)plotstheresultsfor
theestimateasmin/maxwithHDMenabledonthenetwork.Theplotofavg.wasinbetweenthese
values,henceitsremovedforeaseofvisualization.Notethatminimumestimatorpullstheadaptation
towardsState-A,thuscreatingmoreoverheadsandincreasingtheMOSscores.

Figure 8. Contribution to MOS from SORT components across different load and delay in RWP



International Journal of Wireless Networks and Broadband Technologies
Volume 9 • Issue 2 • July-December 2020

136

5.5. Analysis of Components in HDM
Thissub-sectionidentifiestheimprovementsfromthethreeenhancementsinSNW-thepreference
ofhighercopycount(H),deletingdeliveredmessages(D)andmediaawarenetworkextension(M).
TobetteridentifythecontributionfromHDMcomponents,SORTisdisabledfortheseexperiments.

Figure11showsthatmaximumimprovementsarebecauseofH(preferenceofhighercopycount).
Asdiscussedbefore,thisisbecauselowerlayershavehighercopycountsandhenceenablingH,helps
relaythelowerlayersfaster.MANEprovidesslightimprovementforBaseandSlowscenarios,while
D(delete)doesnotprovideanynoticeablegaininMOSscore.However,whenallthree(HDM)are
combined,thereisaslightimprovementinqualityacrossthethreesimulationruns.

DeletingbyitselfisnotexpectedtoimprovetheMOSscoreasitcomesintoplayonlyafter
bundlesaredelivered.Analysisoflogsshowedthatthedeliveryrateincreasedwhendeletefeature
wasenabled,butitdeliveredbundlesformultiplelayers,andhencethedestinationdidnotseeany
appreciableincreaseinconsecutivebundlesreceivedfordifferentbursts.Notethatimprovements

Figure 9. Communication and storage costs for SORT components
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Figure 10. Impact from ReDist and estimation for RWP scenarios

Figure 11. Contribution to MOS from HDM components across different load and delay in RWP
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fromMANEarelowerthanthatobservedbyKlaghstan(2016).ThisisbecauseDTNbundlesare
havemappedtoeachSVClayersfortheburst.Thismappingismuchcoarser(orderofhundredsof
KB)thanthemappingtoNALU,whicharehundredsoftimessmaller.WhenMANEtriggersfor
suchlargeDTNbundles,thecreationofadditionalcopiescausesdeletionofsomeoftheotherSVC
bursts,thusoffsettingtheimprovementunderheavyload.

Observationsonthecostaspectsshowthat“delete”providesasignificantsavingonbothoverheads
andCBO.Overheadsreducesincedeliveredbundlesarenotrelayedfurther.CBOimprovesmuch
moresignificantlyasbundlesaredeletedassoonasanacknowledgmentisreceived,andadditional
copiesarenotcreated.Figure12(a,c)showthatCBOvaluealsobenefitsfromDeleteifallthree
componentsareenabled,andnetworkloadismoderate.Preferenceforhighercopycountincreases
theCBOandoverheadforallscenarios.MANEalsoincreasesthecommunicationcostsforSlow
andBasescenarios,butfortheFastscenario,MANEdoesnothaveacostimpactasmostofthe
bundlesaredeletedbecauseofheavyloadfromthesource,andMANEisnotabletofindalocal
copyformissinglayers.

Figure 12. Impact of HDM components to communication and storage
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5.6. Summary of Analysis
Theoperatingpointisthemostprominentcontrolforapplication-leveladaptationandpreferencefor
highercopycountisthemostbeneficialextensiononthenetworknodes.Notethatdifferentchoice
forOP_ratio,RR_ratio,andMxTtlDropcanmakeothercomponentsofSORTtodominate.On-
networkoptimizationforMANEprovidesbenefitsunderlowtomoderateloadwhiledeletefeature
isaneffectivewaytocontrolthecostofcommunication.

Observations across scenarios showed that relying only on routing optimization or only on
endhostadaptationwouldnotprovidethebestresults.WhileRWPperformsbestforon-network
optimization,WDMshowedbetterperformance,forendhostsadaptation-usingSORT.Usingboth
SORTandnetworkoptimizationsalwaysgavethebestresults.

6. CONCLUSION

ThispaperhasproposedSORT,anend-to-endadaptivesystemtoimprovethequalityofstreamed
videooverdelaytolerantnetworks,usingSVC.Theperformanceofthesystemhasbeenanalyzed
using three different mobility scenarios. SORT provides significant performance gains when
transmittingscalablevideoacrossdifferentscenarios.MOSscoresincreasedby0.5to0.8across
differentscenarios.ImpactonvideoqualityisanalyzedwithsimpleextensionstoSNWrouting.With
SVClayersmappedtoDTNbundles,whenthesourceassignshighercopycounttolowerlayers,
simplenetworkoptimization topreferhighercopycountduringbundle relay,providesexcellent
improvements.InRWPscenarios,itincreasedMOSscoresby0.7to1.5,withlowloadscenarios
demonstratingthemaximumimprovements.

AnareatoexploreinthefutureistheapplicationofSORTandHDMtoinformation-centric
networks, especially those involving multiple subscribers (multicast), as well as multiple media
flows.ThefutureextensionofSORTcanusemachinelearningorsimilarapproachesatthesource
toestimatethecongestionandgetthebestquality.Otherscenariospecificoptimizationscouldalso
beattempted.Forexample,inWDMitisexpectedthatusageof24hoursearlierdataratherthan
simpleEWMAcanprovidebetterresults.SORTdidnottrytooptimizetheadaptationforspecific
scenarios.Instead,itusedasimpleestimator-basedapproachwithoutchangingthealgorithmconstants
fordifferentscenarios.

SORTonlyconsideredchangestoend-applicationsforoptimization.Feedbackfromnetwork
elements(otherthanthedestination)foradaptationcanprovidefurtheroptimization.MDCbased
videocommunications,especiallywithsingle-copyDTNrouting(e.g.,usingcustodytransfer),is
anotherpossibleareatoexploreinfuture.ImpactonSORTandHDMbyvariousnetworkcoding
approachesandheterogeneousconnectivitycanalsobeexplored.
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eNDNOTeS

1 ForRWPwith25nodes,twoofthesimulationruns(outof50)didnothaveanysuccessfullydeliveryat
thedestination.ThetworunshavebeenskippedwhilecomputingoverheadsandCBO.
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