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Abstract

Today, morethan73 peacert of al transnitted dda onthelnternet isvideotra c,
makingit the certral network apgicaion whichis used i billions d use's dobaly;
with new sevice o erings improving cortert qudity and, anincreasng numbe of
cugomes, asq new chdienges asein this doman. For examge, sreamedvideo
isviewed and sh&d maethan e/er on mokile devices bandwdth requremerts
riseto suppot slandads with supeior quditi eslike4K and HDR, and waldwide
service o erings come with diverse network environments to handle.

Driven by these chidengesthis dssetation presemsreseach with the certral
god to measualdy improve uses Quadlity of Experiencein currert andfuture
video apficdions ontheInternet. We presen ndingsin integal parts d video
sreaning appicdions comprisng adapive live moble lroadcasng andvideo
on demand use cases within three integrative research areas.

Inour r & corntribution, weinitially presemresuts d a meastemert sudy
on live mobile video broadcasting services that show the video uploadytali
be paticularly impared when moile connetions ae usedFor the auomatic
compodtion of livevideq the qudity of such molile lroadcaks ae a perequste
for acHeving a Hgh use sdisfadion by switching béweenthe bes availalde
contert from multiple souces However, the curent appgoachto upload dl
avalabelive use-geneatedvideo sreamsfor mohile video compogion leadso
a high overhead on molle desices Our work presems a new mehod based on
device coniext measwemeristhat allowsto dragicdly improve e cieng in such
auomatic video composion systems ly idertifyingthereevant qudity indicaors
onthe device based on dived senspand néwork measuemerns. We aclieve an
improvedQuadity of Experience vith our proposed cotext-basedgeam skedion
method as veri ed in a eld test and a crowd-sourced user study.

Next, in the corext of the dgtribution of video on demand caen usng
Dynamic Adaptive Sreamng over HTTP (DASH), we showthat strong pden
tia liesin invegigaing the aosslayer con guration space bvideo sreaning
systems giventhe widerange dinterdependehsystem aspets, ervironmerts,
and sevicerequremeris as opposetb date-of-the-art reseech tha focuses
on dngle ysem aspets such as adagiion dgarithms By geneating a troad
sd of experimernts, i.e., covering a wde spetrum of crosslayer DASH video
greamng sysem con guration paameers, weidertify such peformance aspés
relatedto, e g., the TCP congetson cortrol, adagation dgorithms, and DASH
players within heterogeneous risvork environmerts. We showthat a subseof
conaete con gurations canmprove DASH use experiencein video on demand
apgicdions andfurther motivatetranstions d suchDASH mechaisms based
on learned sweet spot con gurations.



Lag, we ewvison that in thelongterm, morefundamenal changeso the unde-
lying néwork infradructure o the Internet needto be congleredfor addressng
the demands of developing video streaming systems by investigation ofadapt
video dgtributionin NamedData Neworks (NDNs). First, we showthat the nave
appicaion of egalished concesin DASH adapetion dgaithms tha use bu er
or segmenthroughpu measuemens asnput, leadto unfavorabderestuts gven
subgartial di erencesn the néwork behavior of NDN. Our proposed concep
for adapgation dgorithmsin NDNsis based on aimproved ndéwork throughpu
measuemert method andis shownto reduce &lling andincrease seaning
bitr ates as compadto appoaches useith current DASH adapetion dgaithms

Overadll, this dssetation providesthefollowing cortributions i) r &, a ddailed
emuation-based anlgisis and compeson d today's DASH systemimplemen
tations and #gaithms ii) nove concepsto enalbe e ciert live mohlevideo
compodtion, iii) andlag, sgni cart improvemerisin the peformancefor adap
tive video streaming systems with the emerging NDN paradigm.



Kurzfassung

Heutzutage machdas &eamenvon Videos mehals 73 Rozert dler Gbetrage
nenDatenim Internet aus Das maches zu dezertralen Anwendungin den
exigierenden Nézweaken, die wetweit von Milliardenvon Nutzern genuzt wird.
Mit neuen Serviceangeboten, steigender Confeaglitat und einer ebenso stei-
genderAnzaH von Kunden egeben ich auch neue Haaudorderungenin diesem
Beaeich. Zum Beaspe werdenVideos mehalsje zwor auf mobilen Geréten
angesehen und tglt, Bandbreitenarforderungen seigen duch Sandads mit
héhaenQuditden wie4K und HDR und zuetzt gett das wétweite Anbietenvon
Videodengen auch nit unterschiedichen Nézwekumgebungeniaher, weche
von Dienstanbietern bewaltigt werden mussen.

Vor diesem Hintergrund prasetiert dievorliegendeDissetation Faschung
mit dem zetralen Zd, die walrgenommenduadit &, alsoQuality of Experience
(QoE), von Nutzern in aktudlen und zukiini genVideoanwendungem Internet
messbazuverbessen. Wir prasetieren Egebrissan integaenTellenvon Video
Sreaning-Anwendungendie adagive Live-Broadcasng undVidec-on-Demand
(VoD) Anwendungsfalle in drei integrativen Forschungsbereichen umfassen.

In unseem esten Bétrag prasetieren wir zundchseine Messungssdie zu
LiveVideoBroadcatng-Diengen und s$ellenfeg, dassvideo-Uploads éne nied
rigeGesantrVideoqudit & aufwesen inshesonde wenn g von mohkilen Ver-
bindungen lUbetragen weden Fir die auomaische Zusammeidlung von
Live-Videos ist die Qualitat solcher mobilen Ubertragungen eine Voraussetzung,
um ene hohe Bentzezufriedenhd zu areichen indem zvischen den beéen
verflgbaenInhdten aus meleren Quedlen umgescheet wird. Der derzet ver-
wendee Ansdz zum HocHaden dler verfligbaenLive-Use-GengatedVideos
far Mobile Video Kompogenfihrt zu éner selr hohenDatennuzung ad mo-
bilen Gerdten. Unseae Arbdt stdlt eine neue Méhodevor, die ad Messungen
von Gerédtekortexten beuht und es emédicht, die E zienzin sdchen atoma
tischen Kompas onsystemen dagisch zuverbessen, indem de relevanten
Qualitésindikatoren ad demGerét baserend ad abgéeiteten Sense und Netz-
werkmessungenderti ziert werden Wir erreichen éne verbessee QoE mit
unseer vorgesclhagenen kotextbaserten $reamtAuswatimethode diein einem
Feldtest und einer Crowdsourcing-Benutzerstudie veri ziert wurde.

Als Nachges zégen wir, dass beder Vertellung von VoD-Inhdten mit dynami-
schem adagivem Sreamning tbe HTTP (DASH) durch de Untersuchung des
CrossLayer-Kon gurationgaums ded/ideos Seaning §stems(VSS wetere
Seviceverbesseungen mdgdjch snd. Im Gegenst zu Fokusserung au einzd-
ne Ystemaspete wie Adaptierungsagarithmenlassenish hier, ange&chts de
groyen Bandbeite anvonanande abhanggen §stemaspeten, Umgebungen



und SevicearforderungenAbhéandgketen zwischen konketen Kon gurationen

nden die ane hohee QoEfir Kunden eziden kbnnenDurch dasGeneieren
ener breiten Rehevon Experimerten, d.e, die én breites Spetkum von schcht-
UbegreifendenDASHVSSKon gurationspaameern abdeck, iderti zieren
wir sdchelLesungsaspete, die z B. die TCP Congeson Cortrol und DASH
Player in heterogenen Nezwe kumgebungen baickschtigen Wir zegen dass
eine Telmenge konketer Kon gurationen de DASHQoEin VoD-Anwendungen
verbessen und Ubegange slche DASH-Mecharismen baisrend ad erlernten
Sweet-Spot-Kon gurationen weiter motivieren kann.

ScHigylichist unsee Manung, dass afilange &ht grundiegendes Anderun-
gen an dezugundeliegenden Newekinfradruktur desinternetsin Berach
gezogen welen mussenum die Anforderungen de Entwicklungvon VSS zu
bewdtigen Hier sehen W insbesonde de Untersuchung undAnwendung de
adapiven Videoverteilungin NamedData Naworking (NDNs) as geggnée
Methode Zunachs zegen wr, dass e nave Anwendung éalierter Konzegein
DASH, die Pu er- ode Segmetdurchs@azmessungenlalnput verwenden zu
unglngigen Egebrisserfihren, wenn das Nezweakverhatenvon NDN stark
varii ert. Unse vorgeschagenes Konzepiur NDNs bagert auf einer verbessegen
Netzweak-Durchsaz-Messméhode undreduzert nachweédich das Nactaden
von Videoinhalten und erhéht die Streaming-Bitraten im Vergleich zu aktuellen
Ansatzen in DASH.

Insgesarmliefert dieseDissetation die este ddaillierte emuationsbagerte
Analyse und enenVergleich de heuigen adapvenVSSImplemerierungen
und -Algarithmen fiihrt neue Konzefe én, um @ne e zertelLive-MobileVideo
Komposten zu emodichen undverbessd signi kart die Leistung fur adagives
Video-Streaming mit dem aufkommenden NDN-Paradigma.

Vi
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1 Introduction

Inrecenyeas and decadesne mght obsevetha we hae beerliving through
atime d an unprecedetedrate d techndogicd advancemets; for ingance the
advent of smat-phoneso en anecdtally marked by Apple'sintrodudion of the
r stiPhonein 2007*° has been shapg mary aspets o our day-to-day lives
Soon émod three hillion peope will be usng such dgicesmary spendng severa
hours o their day interading with it.©% As aresut, information is now dways
accedsle and meetelephory can now be enhanced/tvideo and a lgh degee
of interadion; hence wdivein atime d rapd multimeda communcaion whee
rich cortent can be shaedingartly betweenindividuds and goups d uses
worldwide.
One might arguethat one popeaty, in paticular, has beenhe pimary driver
of this developmernt: while mary forms d access»ast, from wired gationary
networksto WiF andthe wide-spread coerage é mobile Internet, they al alow
accesto the same medm to shae and accesaformation. ¢, us, itis damedtha
the sngle mos disruptivetechndogy of this cerury has beerthe Internet [MR1].
In the wake bthis successnternet-driventechndoges and sevicestrangormed
marny long-standng namsin sogety, from howinformation is accessethe wg
peoge commurncae, and coriert is produced and sha&d With this, one aea
that has undergone a particular signi cant transformation is video.
Whereasin the pas mog cortent was poduced ly televison dations and
produdion gudios broadcatedvia sadlites @ other dedcaed channks, and
consumedinealy, each dthose sepsisin the rocess bheconing obsdete. Today,
conentis produced ly avariety of commercia and pivate souces and darsto
anincreasngly individud desre o uses. To namejus some @amgesin today's
wide-rangng landscapé uses ma choose amau recadings o live-sdreams
uploaded dredly from mohkle devices (e.g., Faceboolive a YouNow); ii) they
can séd from ever growingrange @ highly professondized(and mondized
channés on YouTube with millions d reguar viewes;* iii) viewlargebudge  'As of March 2018, the
professona produdions ly streaning providers such as Nex iv) and dso access channel with most
cortert from dasscd sudios andtelevision sationstha trandorm their o ersto  SuPscribers of 61000000,
. . . . . is PewDiePie on YouTube.
an increasingly mobile-centered audience. ¢ e technological advancements that
alowedfor al of thesevery di erert use cases can be subsunhed sngleterm:
the Internet.

http://web.archive.org/web/20070110052128/http://www.apple.com:80/
bhttp://content.time.com/time/covers/O ;16641200711120.html
Chttps://WWW.statista.com/statistics/SBO(:?QS/number— of-smartphone-users-worldwide/

d https://www.statista.com/statistics/781692/worldwide- daily-time-spent-on-smartphone/


http://web.archive.org/web/20070110052128/http://www.apple.com:80/
http://content.time.com/time/covers/0,16641,20071112,00.html
https://www.statista.com/statistics/330695/number-of-smartphone-users-worldwide/
https://www.statista.com/statistics/781692/worldwide-daily-time-spent-on-smartphone/

Introduction

With its decetralized achitedure and geernance cortert can be sheed
beween ag two conneted end hots, to alarge degee with no dired relation
beweenthe produce andthetransmsson medum. ¢, us, for thistransnisson
to be meastally succedsil and suljedively saisfying for usegs a concepsum
marized ty theterm Quadlity of Experience(QoE) mary di erernt paties having
di erertinteregs’ andtechndogies haeto wark seantessy togeher. ¢i sform
of videodsributiont hatisOver-¢, eTop(OTT) ofthelnternet accounsfor the
larges shae o worldwide nework datatra c, as measted by Cisco[Cisl{; ther
predctionsindicae anincrease tthistra c¢ shaeto 81 %of al datatransnissons
in theInternet along with a cortinuingrise dtra cvolume Hence thetotal
edimate o tra ctaken up ly videotransnisson sevices @er thelnternet is esi-
matedto become3.3 ZBin 2021.Puiting this numbe into paspetive, even when
making the assumption that all content is transmitted in high de nitionadity
this amoun of data carespondgo 1 100 000 000 000 howfvideotransmsson
or about 137.5 h per capita in each year worldwide.

With al its bend s dlowing for a dynamic, individudized cortent digtribution
consdered there ae some eidert drawbackgo Internet-basedransmsson.
Tradtiond broadcatng techndogy allowedto reach nillions d end devices
(i. e., CRT televison ses) through déivering key eventslike the Apollo moon
landng."* Repicaingthis scéeis gill very chdlengng, and cosly for today's
sreaming providers, giventhe prevalert method of cortert distribution makes
use d unicag transnissons baéween a Cotert Delivery Network (CDN)'s node
andindividud uses. Ingead d a dedcaed and(up to the end usg ertirely
controlledinfradructure (e. g. sendng gations sdellites and sationary recavers
atachedo TVs), each consunraequres an own sh& d capady in anOTT
dreaming achitedure.® Yet, today's cusome's exped a high QoE even when
they are consuning cortert in avery dynamic fashion; a use nowadgs might
be waching high-de nition cortert on Smat TV's dreamed usg Net ix, shat-
form content duringtheir bus commue with their smatphone onYouTube or
even spormaneouty live greaning from he mohile deviceto millions d other
users worldwide on Facebook.live.

To makethis posihle, each dthe gven examges emails unique chdiengedo be
sdvedtha become moe compex with current developmertsin demand and ma
ket compditi on. With providersincreasngly moving into markets whee mohle
usages cerral (i. e., Asa andAfrica), addressng chdlengesedatedto mantaining
ahighQoE even when defpyedin morevolatile mohle néworks becomes a
certral aspetof prevailingin this compétive maket. Likewise ensuing highe
e cieng/ and qudity when sreaminglive use-geneated cortert is gill an aea
openfor vag improvemeris dong with exploring future pdertials based on new
networking paadgmstha promise highe seavice qudity and e ciengy in such
sevices While acknoiedgngthat this doman israpdly evolving, driven by a
large bod of acaderic and commecial intereg, this wak amsto proposedesgn,
implemen, and evaluate novel conceps dedcaedto each éthose aeastha will
provide atangbleimprovemern for use's d such gsemsin thetoday andin the
future.

®https://help.netflix.com/en/node/87
fhttps://wwvv.nasa.gov/mission%5C7pages/apol|o/missions/apolIoll.html

24 is also relates to the
discussion regarding net
neutrality.

3Caresponihgto 3 GBph
of transmitted data
according to Net ix°

“¢ e moon landing event
has been watched by an
estimated number of
530000000 people
worldwide. For today's
population, this
corresponds to
approximately 200 Thps
of capacity required for
transmitting this event in
HD de nition to
households of four. ¢ e
highest recorded request
volume of Akamai to date
is 60 Thps.

*While alternative
strategies exist, such as
P2P streaming and
multicast, they are not
widely used in OTT
streaming. Other
managed architectures,
such asPTV, depoy such
concepts.


https://help.netflix.com/en/node/87
https://www.nasa.gov/mission%5C_pages/apollo/missions/apollo11.html
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Figure 1Overview d Internet-based Q T-streaning achitedure componets usedn
MBS DASH and Fiure Neworksrelatedto chapers preseting novel reseech
in these areas in this dissertation.

Sdisfyingthe bdore-mertioned use demands bong with the expeded gowth
intra cvolume andrisng sgni cance dusea-certricvideo sreamngtrandates
to a s¢ of chdlengegha requre beéng invesigaed from multiple andes as
depicted in Figure.

Firg, more adranced méhods on howto measue andimprove use sdisfadion,
in ever more dynamic andvaried yystem achitedures is a coe chdlengeto
be addessedWith tha, reseech needgo invegigaethe dynamic aedion of
conten, as seein Use-GengaedVideg and explore mehodsto undestand
the compex naturefor the e ciert digtribution of video conglering unmanaged
(i. e, Over-;, e-Top) digtribution appoachesLag, making such sevicesviade
with theincreasng demandin thelongterm, new neéworking paadgms mg
better suit the need ba high and d/namic requesvolume bu require caeful
investigation for their suitability to adhere to the given service quéditael.

To this end this dssetation seekso tackethe cae quetionsin each dthese
areas andhus povide a muti-andedview onthe dscussed chienges afollows

E dengy inthe d/namic aedion and ddribution d use-geneatedvideo With
thevad amourt of continuoudy produced Use GengatedVideq the séec
tion and dstribution of relevant, high-qudity contert isvery chdlengng,
giventhe consraints on mohle dda udoad capaiiiti es shat individud
recadingtime d uses andvery heterogeneous quiy of mohile, live Use-
Gengated Cortert. ¢, us, the e ciert sdedion, compogtion, and udoad
of such content need to be addressed in research.

High user satisfaction for over-the-top video distribution weiiagtive streaming
over HTTP: For video dstribution ontheInternet, providersrely on un-
managed nevorksin theform of OTT sevice povisoning based onhe
HTTP Adaptive Streaming (HAS) paradigm.
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Giventhe dynamic naure d such néworks, providing consstent QoEis
very chdlengng; theinterdependence lieeen néwork's chaiaderistics
and con gurations hago be eploredto redize a conisternt high QoE
along with evolving use demandsespeilly in heterogeneous rnevork
conditions.

Integation d future néwarking concegfor adagivevideo sreamng Upcoming
network techndoges such as Namddata Neworking (NDN) promise ben
et sfor AdapiveVideo $reanming (AVS); redizingthis pdential requresto
verify ther apgicallity, invegigaeiderti ed chiengesand demongae
performance improvements.

1.2 Research Goals

¢ e overarching godof this dssetationisto evolve use-cerricvideo apfpicéions
by idenifying pdertialsin aosslayer con gurations andthe usage coext in
adagivevideo freaning y¥emsto meastably enhanc&oEin curert and Fuure
Internet architedures We dvide ou reseech oljediveinto thefollowing subgoks:

ResexhGod 1: Anayze andmprove QoEin MobileVideo Compogion (MVC)
whileredudngthe curertly prevalen high overheador requredlive udoad
of User-Generated Video to minimize costs for users.

Reseach God 2; Identify key in uencefadors and opimized con gurations
in adagive greaning scendosfor heterogeneous rgvorks usng OTT
service delivery.

Reseath Go&3: Apply and enhance auent adagive sreaning concepsto the
Future Internet architecure NDN to improvethereslience and e ciengy
of Video Streaming Systems (VSSs).

1.3 ¢esis Outline

We begn this dssetation with anintrodudion to relevant backgound concegs.
Here, we resemtherdevart areas oierted onthelnternet protocd stack starting
with PHY-Layer, So ware-De ned Radb (DR), and NDN networking concefs.
Wethen proceedo a dscusion of transpat protocds, in paticular, TCP Conges
tion Controls (CCs).

Moving onto the appicaion layer, we gresem push and pll-basedvideo
transpat protocds cerral to thisthess. Here wefocusin particular on DASH as
thisis one dthe cetral protocdsreseeachedin this dssetation. ¢, elag conceps
presemedin the backgound aerdatedto the Qudity of Sevice(QoS andQoE
of sysems pesemedin thisthegs asthisis qucia for the na performance
evaluation for the research conducted in this thesis.

¢, enweintroducerdaed wak carespondng to thethreereseech aeas(and
Chapers4to 6) preseted and narow downthereseech gapsn accodance vith
our speci ed goals that addressed by research in this thesis.
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Asthe r s reseechrestit in this dssetation (Chager 4), we andyze «isting
MBS and poceedo propose andealuae a nwel, context-based apppachto
idertify high QoE soucesfor live video compogion, along with a eld-study
based evaluation.

¢, e second camibutionin Chager 5introduces a new concefor alarge scde
evolution of DASH scendosthat allowsto explore an etended @aluaion space
andidertify sweespdsin the con guration of OTT DASH scendaostowads an
improved QoE.

¢, elad contribution in Chaper 6 then eplores such dededDASH mecha
nismsin NDN networks and poposes new adégion concepsrelatedto the
particular challenges in Content-Centric Networkings (CCNSs).

We dosethis dssetation with our overarching condusions and a éscusion of
future research areas.

1.4 Previously Published Material

¢ s dssetaion draws onlarge pats d previoudy published waok and writing
that have been rededjointly with several cdlabaators. We will i ndicaethis &
the beginning of each respective chapter.



2 Fundamentals and De nitions

Alongthelines dthereseech presetedin this dssetation, weintroducefun-
damerta networking conceps for this wak, begnning with an overview d
undelying néworking protocds relevant for sreamng appicdions i.e., the
Transmisgon Cortrol Protocd (TCP) and Use Datagam Rotocd (UDP). We
then cortinue with an overview d thetwo emeging néworking concepsrelevant
for futurevideo sreamng s/stems pesetedin this dssetation: So ware-De ned
Radio (SDR) and Named Data Networking (NDN).

With thisintrodudion on the fundamena networking chaaderisics we
descibe paticular protocdsfor video dgribution onthelnterneti n particular,
pushand pul-based apmaches as Vileasrelevant aspets o video encothg
related to this work.

Lad, we gve an averview d foundaionsfor peformance anysisin Internet-
basedvideo $reaning §ems(VSSE ¢i sincudes a éscusion of conten-
certricvideo qudity measwemern, followed ky network and use-orientedQuadlity
of Sevice(QoS andQuidlity of Experience(QoE) metricsin the cortext of HTTP
Adaptive Streaming (HAS) systems.

2.1 Networking Concepts

2.1.1 Networking Protocols

¢, elayered achitedure d theInternet, based orthe cae concepof sepaation
of concens’, is a cetral succesgador for itsreslience and aplpcablity i n het-

6 ¢isis what | mean by

erogeneous arironmerts and domins and utimately theindispualde success “focusing one’s attention

of thelnternet in geneal. It allowsthetrander of diverse apficdion daa, from
smpletext-based potocds(e. g., Tenet), to high-de nition multimeda cortert,
as dscusseih this dssetation, without changng the undelying transpat mech
anisms Whileroutingis handed usng IP , as an alisadion to the undelying
MACandPHYlayers, transpat protocds o er varying levels  functiondity for an
applications' data transmission requirements.

In this setion, the mos widdy usedtranspat protocds TCP and WDP ae
introducedwith an emphais on dtributesrelevart for daatransmsson in video
streaming applications.

Transmission Control Protocol

¢€ Transmission Control Protocol (TCP), as de ned by Postelds8], is:

upon some aspicit does
not mean ignoring the
other aspects, it is just
doing justice to the fact
that from this aspect's
point of view, the other is
irrelevant. It is being one-
and multiple-track
minded simultaneously.
Dijkstra[ Dij82]
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desgnedto opeaaterdialy over amog any transmsson medum regad-
less dtransmisson rate, dday, corruption, duplicaion, or readering of
segments.

Accading to this spet caion andits dated principles robug andre ned
versons d TCP aeimplemerniedin al relevant, network-capalbe syssems(e. g.,
Linux?); apdicaions carrely on absrad interfacedor daatransnisson travers-
ingin adequgerates béween hots acoss poertialy heterogeneousransmsson
architectures, Internet Service Provider networks, and continents.

Whilethe dscusin of al componetts, along with thevad reseach conduded
in this aeg goedar beyond the scope tthisthess, we will briey i ntroduce one
of the key componens o TCPtha alowsits succe$sl opeationin awderange
of systems Congetion Cortrol (CC). Consderingthefundamenal di erences
in the chaaderigics béween néworkedlinks, i. e, highly robug andfag trans
misgon in daa ceners compaedto ubiquitous 24 GHz WiFi-APs defpoyedin
househdtds with 0 enlowtransmsson rates high ddays, and packelossesan
endto-endlink mug bereguatedto caer to this widerange é requremerts.
Fundamemally, CCreguatesthe packe ow based on somiinction deived
from aninput of an obseved médric onthe curert connetion. Todays mos$
widely used TCP CC implementations include:

TCP Culic tha adudsthe congeson window $ze (cwnd) based on a cub
function for high bandwidth utilization.

TCP(New) Renobased orthe addtive increasemultiplicaive decease con
cept for cwnd control, adding the concept of fast recovery to its preceding
implementation TCP Tahoe.

TCPVegaswhich bulds on meastemerts d theroundtrip time (RTT) to adug
the cwnd.

TCP BBRby Goode[Ca+16], iderti es an ofimal opeating pant (i. e.,cwnd)
based orthe Bdtleneck Bandvdth and Roundtri p propagdéiontime(BBR.
¢, e proposed CC has been showmimprove QoE when defoyed for
daatransmsson in aDynamic Adagive Sreaning over HTTP (DASH)
architecture by YouTube.

Apatfrom owreguation, TCP ensuestha recéved dda(i. e, daatha is passed
on from thetranspat protocd stackto the appicaion layer) isfree d errors
as bah, heade and pgload areveri ed with a checksumdd spet¢ edin the
heade (see kgure 2). ¢, ese guanteesprovided by TCP, however, come &a cos.
In-order ddivery requrestha in case a packéslog or damagedit hasthe be
retransnitted bdore ddaafrom packeésfollowingin sequencera passetb uppe
layers. ¢i s process cainduceheadof-line dockng For theinteresedreade,
Cdlegai et al. [Cd+14 provide a d¢ailed dscussn of TCP conceps and CC
algorithms.

ghttps://github.com/torvalds/linux/blob/master/net/ipvzlltcp.c
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Figure 2:TCP Header

User Datagram Protocol
Given the description by PostéPps8(, UDP is implemented

to make @ailade a ddagam mode 6 packe-switched comptier commu
nicaionin the ervironmert of aninterconned¢ed sé of computer networks
[...] [and] provides a poceduefor apdicaion programsto send messages
to other programs with a minimum of protocd mecharnsm. ¢, e proto-
cd istransation oriented and ddivery and dudicae protedion are nd
guaranteed.

Itis, therefore, concening protocd overhead a maelightweght aternativeto
TCP providing a ligh degee d exibility for apdicaion layers bu saci cing
guaantees abouorder andrdiabeness bdaatransmisson, e. g., diminating the
problem if head-of-line blocking presentin TCP.

Bdorethe widespead use bHAS videotransmnisson protocds such as Réa
Time Sreamng Rrotocd (RTSP relied manly on UDP basedransnisson (how-
ever, thisis nd a mandaory requremen) asit o ersfad, low overheadtransnis
sion of video data.

Inrecenyeas, UDP dda has ganed anincreasng shaie d thetotal Internet
tra cdueto béng used as a meats encapslate highe layer protocds such as
QUIC [Lant+17; itis used g Goodein conjunction with the Chrome lrowse
and in the process of standardization by IETF.

2.1.2 So ware-De ned Radio

¢ eterm So ware-De ned Radb (SDR was r s introducedin 1992[Mit97. It
has snce become amidy used conceftha ganed new ggni cancen network
reseech dong with the succes§&o wareDe ned Neworking and mae capale
hardware such asigld Programmabe Gate Array (FPGA) andApplicaion Spet ¢

hhttps://datatracker.ietf.orglwg/quic/about/

8
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Integated Arcuits (ASCs [UIv1Q. Inits mos geneal de nition, PRis ary
rado interfacethat can berecon gured by means dupdaingits so ware [ Tut99].

Flow 1: Robust

AP P Flow 2: Normal

Flow 3: High Throughput

f Flow 1: FEC1, POW 20 !

MAC Flow 2: FEC3, POW 10 <@— App-Instructions =
Flow 3: FECO0, POW 15 |

: Send Flow 1 I

Wi F
P H Y G::;;(;T FEC Encoder  Send Flow 2
Send Flow 3

<¢—— Data Source -
)

Figure 3:SDR Layers

Onefadorfortherrecensuccesstha DR patforms now dowtore-program
routinestha were, inthe pas, only feagble whernimplemerted dredly in hardwae
in theform of ASCs We das#y these alisadions for the dscusnin this
dissetaion, into two aeasas showrnin Figure 3: First, alarge bod of reseechis
focussng on usng PR concepsto adus PHY-layer waveform modulaion, which
alowsfor new appicdion scendos such as cogfiverado. Here, transmsson
adudgs dynamicdly to dlow for context-awae adapetion of frequeny spaces
modulation, and Foward Error Carredion (FEQ dependng on ndase and 0oss
tra c. ¢ e secondigag which has beethefocus d reseech presemedin this
dissetation, isfor DR to provide Nath-boundinterfacedo the highe layers,
induding appicaions to recéve curen daatransmssonrequremers. ¢i s
approach maked feasbleto con gure PHY-layer attributes saha they idedly
support varying application needs.

Examgesfor DR paforms aethe WARP, relying on FFGAs, andthenexmon-
Projed [SWHL11, that provides anAPI to implemeri routines on Boadcom Raib
Interfaces reverse engineered on Nexus 5 (and other) devices.

2.1.3 Information Centric Networking

Information-centric Networks (ICNs) constitute a new paradigm in networking;
contert itsdf becomeshe cetral ertity while hoss aeidenti ed onrdemand ly
the nawork. Variousimplemenations d ICNs «ig, such a®DONA [Kop+07),
SAIL,) and GOMET.X In this wak we will focus on NDN asthis is the mos
reseeched and usednplemenation, that has é&so been usethroughou the
publicaions pesemedin this dssetation. For a compehengse dscusion of
ICNs, we refer to Xylomenos et akyl+14.

i https://warpproject.org/trac
] http://www.sail- project.eu/deliverables/
k http://www.comet-project.org/
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Named Data Networking

NDN is a competeimplemenation of the Cortert-Certric Networking (CCN)
architedure proposedn [Jact09] tha isfunded ty the US Fturelnternet Architec
ture program.' Its primary desgn gods aeto seve cortert locdion independen
and highly availalle while guaianteeéng sectity within a négwork. Commurnica
tionreies ontwo types @ packes: Intere$ packésrequessped ¢ dada oljeds
while Data packetsontain the content.

Any router corntaining the maching Data packéfor an incoming Intereg
sdis esit by consuning the Interes and senihg the Data packéto the use
Jr ee déa dructures divetheforwarding engnein every router in the nawork:
¢, € Fowading Information Bas€FIB), the Cortert Sore (CS andthe Pendhg
Intereg Tade (PIT). Forwarding, handed by the AB, relies on milticaging of
requessfor improved e ciengy. ¢ e goup o canddatesfor forwardingrelies on
identifying a matching hierarchical pre x, such as:

/tu-darmstadt.de/videos/bbb/mpd

¢, esdorwardedinteregs ae goredin the AT sotha, in case brepededrequets
forthe same da, they can beful Il ed without reissungthat requesto other nodes
Apart from diminating dugdicae and obshete ddarequets, the AT, represened
on every node aghelntereg requests route, providesthe backpropagéing route
tothe consumefor a paentialy following Datarey. Lag, the CS cacheggvious
Datarepies as speic ed bethe gven caclng dgarithms such as Fs-In-Firs-
Out or Leas Recetly Used However, giventha all paséng Data messagesea
sored the sorage mg |l up quickly. ¢ us interadion with CS nodes based on a
given dda prex may gill be necessg asthis provides sorage @ spe¢ ¢ daa on
alarge scde. Yet, in case bpacke loss and lghrequesfrequendes d Data, the
in-built CS may provide improved network performance and e ciency.

! http://www.nets-fia.net/


/tu-darmstadt.de/videos/bbb/mpd
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2.2 Over-the-Top Video Delivery

First Request for: Repository Entries:
[/tu-darmstadt.de/bbb/mpd/1 /tu-darmstadt.de/bbb/mpd/1

........... Interest t, ------p eeeeeeaeean..... Interestt.
<— Datay - Data t, v
. ”’E‘fes, e .
Subscriber Content Route ’ ‘A@ VUbllsher

Content Router

Second Request for: CS Entries: Repository Entries:
/tu-darmstadt.de/bbb/mpd/1 /tu-darmstadt.de/bbb/mpd/1 /tu-darmstadt.de/bbb/mpd/1

----------- Interestt%.-----y
<— Dataty <
Subscriber Content RON

Content Router

Publisher

Figure 4:NDN request architecture

2.2 Over-the-Top Video Delivery

Fdlowing the previousintrodudion of undelying néwork mechatsm (i. e.,
Undea-theTop of the appicaion-layer), we begn with anintrodudion of the
emeagence bvideo $reamning onthelnternet, class ed afOver-¢, e-Top (OTT)
sevices In contrag to OTT, managedtseaning sevices assuminat a provider,
such aPDeuscheTdekom hasfull cortrol of the (endto-end) network. While
this enales béter control and sevice guaanteesit lacksthe exibility of beng
usalbe in any network, regadless dthe sevice povider. Another important
di erenceistha, in cortrad to interadivevideo commumcaion whee ddays
under 100 msrerequred[SN%], OTT Video onDemand(VoD) has no had
realtime requirements.

We begn the andysis bdtom up, sarting with the encoihg o video ¢sreams

transpat sreams followed ty push-based noradagive-greaning, andlag pull-
based adaptive streaming.

2.2.1 Video Codecs

An integal part of the succesis Internet-basedvideo ddivery isthe ongang
improvemern of video codec ecieng tha alowsthe compes$on of video
cortert to a $zefeasble for trander while mantaining a igh degee d ddlity.
¢is compression is de ned by RichardsorHicl]las:

[...]the a¢ or process bcompating daainto a sméer numbe
of bits. [| Compresgon involves a comemenary par of sysems a
compresso (encode) and a decompesso (decode). ¢, e encode
convertsthe souice daainto a compessedorm occuypying areduced
numbe of bits, prior to transnisson or storage andthe decodecon
vertsthe compessedorm backinto arepresetietion of the aiginal

11
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video daa. ¢ e encodgdecode paris o en desdbed as a ODEC
(enCOder/DECoder)

For e ciengy, al codecs useth OTT dreaning relay on losy compres$on

asit grealy improvesthe pdential for | e $zeredudion compaedto losdess
compesson (e g., huffyuv ) whilevisud qudity for human obseversis man-
tained[CPWL11. ¢i sreationis, however, dependng on a mutitude d fadors

including compression level (target bitrate), resolution, frame rate anditihen
conert itsdf. An exampe d thisrdation, exemdi ed ontheformer two fadors,
is depicted in Figuré.

12

/ m Bit Rate, Mb/s,

10 / for MOS=4.5
1 / e Bit Rate, Mbrs,
» 8 for MOS=4
a /
o) Bit Rate, Mb/s,
D / // A for MOS=3.5
P >
g d L~ o Bit Rate, Mbrs,
A= / for MOS=3
m 4 A .
] | 7 A Bit Rate, Mbrs,
2 / ‘/ / — | o for MOS=2
g'/ L
/?/
0 S S w— —

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Horizontal Screen Resolution, Pixels

Figure 5:Relation between bitrate, resolution and subjective quality of videaisages
encoded in H.264 by ¢PW1]L

From an abtrad techricd perspetive, all mgor moden codecs emjpy sm-
ilar techriquesin encodng to achievethis. i) Exploiting dsaepandesin the
Human Visud Sysems(HVS9' capaliiti esto recogrize d erences \ith respet
to cdor and dructure; i) trandation to thefrequeng doman (e.g., by apgying a
Disaete Cosne Trandorm) and adagive quartizaion; iii) i nter- andintra-frame
predctionto e ciently reusevisud smilarity regons(i. e, indead dindepen
dertly compressng eachirame regonstha have a high smilarity are encoded
referendng prior encodedegons and encoithg only the ddta); iv) lag, geneal
(lossess compresson techriques based omproved encothg e ciengy (i.e.,
Variable-Length Codes) are employed to reduce the size of the data.

H.264/AVC

¢ e by far mog widdy used codetoday is H.264." It signi cartly improves e-
ciengy compaedthe previous sandadsleadngto this widespead adofion snce
its gandadizaion in May 30,2003. ¢, e codeds widdy suppotedin hardwae.
Espedly for mohilevideo apflicaions this hadwae suppat trandatesto less
powe usagedor both, de- and encoéhg. Chip vendas, such aQuacomm,™
AMD," andIntel,® provide APIsto expose H264 codecfunctiondlities as e cient

" https://developer.qualcomm.com/forums/hexagon-dsp-sdk/video
"http://developer.amd.com/wordpress/media/2013/06/2904_2_final.pdf
°https://so ware.intel.com/en-us/media-sdk

¢ e full name of the
codec is MPEG-4 Part 10,
Advanced Video Coding
(MPEG-4 AVC)


https://developer.qualcomm.com/forums/hexagon-dsp-sdk/video
http://developer.amd.com/wordpress/media/2013/06/2904_2_final.pdf
https://software.intel.com/en-us/media-sdk
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hardwareroutines ¢,i sreduces poweconsumpion compaedto thereguar
so ware compled usng Reducedingruction S¢ Compuer or Advanced RSC
Machineroutinesingruction sds. At the samdime, H.264 maintains goodevels
of visud qudlity in losy encodng. Lag, the codec has been bmizedfor vary-
ing use casemduding red-time encodhgto dlow minima time overheadfor
time-critical applications such as Mobile Video Broadcasting Services (MBSSs).

2.2.2 Scalable Video Coding

One d the mgor drawbacksn today's adapive video sreamng achiteduresis

thelarge degee d redundang when encoihgthe same caert in distinct layers

to modfy tempaal, spdial, or qudity attributesfor HAS sevices Genaally, the

origina cortent isthe samdor each dtheserepresenations andfundamenally

these Bnilarities cold be usedor more e cient encodng muchlike within and
beweenframedor independehrepreseiations ScéaldeVideo Codng (SVC)

descibesthis concepand amsto reducetheine ciengy of AdvancedVideo

Coding (AVC) by usng layer smilarities To this end a greamis dvidedto a

basdayer corntainingthelowes overall ddity in al used dmensons and one

or more enhancemenayers, eachimproving &tri butesthat provide addtiond

information for enhanéngtempaal, spdial, or qudity dimensons uponthe base

layer. Eventhough /Cis, in theay, a supeor concepto AVC, it has na been

widdy adopted as an@enson to the H.264 codec Whilethe undelying reasons

for this ae na ertirely evidert, SYC doesintroduce addiond compexity in

the encodhg and decothg process’ ¢i strandatesto a sé of so warefedures — ®'Worse is better"
required, and thus additional costs, that may hinder a wide usage. Gabriel [ Gab9l

2.2.3 Emerging Codecs

Sncetheincegion of H.264/AVC mary new sandads hare been dedoped e.g.,
H.266 by MPEG and VP9 by Goode. ¢, ese codecs gerally leveragethe same
principles as desibedin Subsetion 2.2.1but improve predction accuacy and
compresson e ciengy, yidding a lighe total degee d compresson and béter
visual delity.

Driven by the degeto arede aroyalty-free codec wh supeior performance
to H.265 (by MPEG) the Alliancefor Open Meda® hasformedto sandadizeAVL  °its members include
Ilts spet caion has beenndized on pocess’ While a dscusion of possble ~ Amazon, Apple, ARM,
newfeduresto beindudedin AV1 i beond the scope fthis wa'k, some noable gffp%r(;t?;’r?'i/’”gxb Intel
improvemerts ae maden theintra-frame pedction desciptors, the mdion  \ozila Netix, and
vedor codngtha canreference upto 7 framesand alarge s of block $zes(up  Nvidia

to 128 128 pixels).

2.2.4 Push-based Real-Time Streaming

With the emegence bconsumes' use d videotranspated over the Internet,
pushbased seaning such as oered by RTSP'° has beernitially the man  *°Adobes proprietary

technical driver behind video delivery. RTMP has been widely
used in early 2000 for
video dévery within ash
Phttps://aomediacodec.github.io/avi-spec/ containers
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Redtime greaning mechaisms as sandadized ty the RFCarerepresened
in multiple protocd spec caionstha can be usedh conjunction (i. e, RTSP
and RTP) and overlappng functionditi es(i. e, RTSPs and Rédime Corirol
Protocols (RTCPs) monitoring functionality). First, RTSFHL98is

[...] an appicaion-leve protocd for cortrol over the ddivery of
daa with red-time propeties RTSP povides an gtensbleframe
work to enalbe cortrolled on-demand dévery of red-time dda, such
as audb andvidea Souces ddaa caninclude bdh live ddafeeds
and gored dips ¢i s protocd isintendedto cortrol multiple dda de
livery sesmns provide a mean$or choo$ng ddivery channds such
as LDP, multicag UDP andTCR and provide a mean$or choosng
delivery mechanisms based upon RTP.

¢us, as a second component, RTP providézxh+9§

endto-end nework transpat functions siitadefor apgicdions
transnitti ng red-time dda, such as aui@, video o smulation daa,
over multicas or unicas network sevices RTP does nbaddess
resouceresevation and does nbguaartee qudity- of-sevicefor
real-time services.

as an &tenson of RTP, RTCP $andadizes addiond feedback andaus protocd
mechamsmsthat allow sever-side moritoring and coitrol of the dient's sessns
to allow for delay-critical applications.

Yet, this sever-sde conrol andview on sesen chaaderigticsinduces a fgh
compuation overheadit | acks sciahlity and cortext awaeness oithe diert. . e,
asgni cartlimitationisthat a dients context information hasto be ddivered
andinterpreted on a seniohg sever, indudng a déay of a leas one RI'T. With
large numbe's d cliens, the managemeroverhead onthe sever-sde becomes
critical.

2.2.5 Adaptive Streaming over HTTP

Driven by thelimitations d pushbased potocds, e. g., a high sever-sde manage
ment overhead and r ewdl traversd issuespull-based seamng appoaches eer
HTTP have a become a successful alternathgemembers of the class of HTTP
Adaptive Sreamng (HAS), many commaecia implemenations ist today, e. g.
Microso Smodh Sreaning (MSS, Adobe HT TP Dynamic Sreaning (HDS),
andApple HTTP Live Sreaming (HLS). A succedsll compditor to these comme
cia sdutionsisthe open &andad Dynamic Adaptive Sreamng over HTTP. ltis
widdy usedin produdive cortexts ontheInternet (seeDASH.J5 Goode Shaka
Player, Bitmovin Player), as wdl asthe defado sandad in reseech. Hence a
detailed dscus®n of DASHis gvenin thisthess, exemdifyingthe chaaderigtics
of HASfollowing a brief desciption of notale d erencesn commaercial players.

Dynamic Adaptive Streaming over HTTP

¢, €DASH protocd has been addpd by mog large $rearming providers such as
Net ix and YouTube(sinceTuesdg 27" Januay, 2015asthe ddaut [Mon+17),
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asit provides a teandadized potocd desgn with a high degee d exibility
for adaptive videotransmsson usngthe Hypertext Trander Protocd (HTTP).
Key chaaderigicsfor this exibility are a moduar desgntha relies on &isting
and commoninfradructure demeris usedn the Internet such ageguar Web
Severs and Ktengble Makup Languageas wdl as béng codec agnadi. In
summay, the key chaaderigics ae: i) Suppat for video hitr ate adapeation to
enalte usean diverse néwork scenaos i) a high desgn exibility for adapation

chaices so poviders can cter to spet ¢ cusomer requremerts and use cases

i) client-driven adapetion for fager readionto nework changes ih norequred
saver-sde gate;*'iv) can beully integatedinto existing HT TP-based dtribution
infragructuresincluding Cortert Delivery Networks (CDNs) and caches Y,
some dtawbacks st with regad to this high exibility, e.g.,a high encoding
overhead Eachlayer hasto be encoded sepaidly. Further, asDASHisintended
for use onthe TCPHTTP dack multiple, mutualy unawae corirol loops &ist.
Whereasvideo sreaming usng UDP-based potocds exhibits atifadsin case
of packe lossesin case bDASH, thereis a guaanteetha packés aerdiaby
re-transmittedin order. However, thisingead mg leadto galling dl following
packes ae ddayed urtil theretransmit was succefd. ¢ e e ed is cdledheadof-
line Hockng From the pespetive d aDASHAdapation Algarithm (AA) thisis
only observable as a lower bitrate.

From atechricd perspetive, DASHrdies on atandadized Meda Rresemation
Desciption (MPD) format, as showrin Listing 1. With regad to Fgure 6 the
main components of a DASH streaming system are:

— Web Server — DASH Client -]
(2
e .O)@o
Al g s \o’) ‘
E egmenﬂ[ egme“ﬂtsegmemj Adaptation Frame
< Algorithm Bu! er
g' [Segmentj[ Segmentj[ Segmentj g & T 9 > A
=t ; : <3 I \
@ . . . X !
ol - C |28 ! X !
S . ' ' ’% 2 [ MPD |
5 [Segmentj[ Segmenlj[ Segmentj 8 g. Network : Parser :
o Environment | / !
Time - Y L4 .
e I HTTP Ly Playback
. Access Bul er
| TCP Congestion Contro'

Figure 6:DASH architecture

Web sever Repogtory of video segmetis exposed ly HTTP protocd. Crucial
performance aspects include the TCP CC.

Video cotert Repesemation of corntert encodedn disaete layerstha may vary
aspets such as Conant Rae Fator (qudity aduged by quartizaion),
resdution, framerate. Other paramders may exist, dependng on the
selected codec.

qhttps://developer.mozilla.org/en—US/docs/Web/API/Networklnformation

1% is is, however, related
to how such
measurements are
oltained Segmetrreques
measurements become
only available a er each
nished download. An
exception is an approach
used by YouTube that
relies on byte range
requetss[Mon+17. Newe
web sandads such ashe
Network Information
APl 9 may allowimproved
feedback mechanismsin
the future.
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Listing 1:DASH MPD example

<?xml version="1.0" encoding="UTF-8"?>
<MPD xmlns : xsi ="http://www.w3.0rg/2001/XMLSchema-instance"
xmins ="urn:mpeg:dash:schema:mpd:2011"
xsi : schemalLocation ="urn:mpeg:dash:schema:mpd:2011 DASH-MPD.xsd"

type ="static"
mediaPresentationDuration ="PT654S"
minBufferTime ="PT2S"
profiles  ="urn:mpeg:dash:profile:isoff-on-demand:2011" >
<BaseURL>http://example.com/ondemand/</ BaseURL>
<Period >
<l--  English Audio ->
<AdaptationSet mimeType  ="audio/mp4" codecs ="mp4a.40.5" lang ="en"
subsegmentAlignment  ="true"  subsegmentStartsWithSAP ="1" >

<Representation id ="1" bandwidth ="64000" >
<BaseURL>ElephantsDream _AAC48K_064.mp4.dash</ BaseURL>
</ Representation >
</ AdaptationSet >

<l Video -->
<AdaptationSet mimeType  ="video/mp4" codecs ="avcl.42401E" subsegmentAlignment
="true"  subsegmentStartsWithSAP ~ ="1" >

<Representation id ="2" bandwidth ="100000" width ="480" height ="360" >
<BaseURL>ElephantsDream _H264BPL30-0100.264.dash</ BaseURL>

</ Representation >

<Representation id ="3" bandwidth ="175000" width ="480" height ="360" >
<BaseURL>ElephantsDream _H264BPL30-0175.264.dash</ BaseURL>

</ Representation >

<Representation id ="4" bandwidth ="250000" width ="480" height ="360" >
<BaseURL>ElephantsDream _H264BPL30_0250.264.dash</ BaseURL>

</ Representation >

<Representation id ="5" bandwidth ="500000" width ="480" height ="360" >
<BaseURL>ElephantsDream _H264BPL30-0500.264.dash</ BaseURL>

</ Representation >

</ AdaptationSet >
</ Period >
</ MPD

Netwark cortext Delivery medumin OTT streamingtha exhibitsvarying degees
of performance.

DASH diert High-levd clas$ caion of a so ware componehproviding dreant
based pyback d avideo daase, repgreseted by an MPD desciptor. Video
segmets aerequetedfrom a web sever, usngthe HT TP-protocd, aaoss
a gven nawork cortext to retrieve a sitabe video cottert asrequeted
by a use. ¢ e séedion of segmetsfor download depends on cuert AA
dedsions use input (i. e. seelkng, pause eens), andtargd bu er level.
Rdrievedvideo segmetis ae adered and wittento aframe bu er, e. g.,
via theMediaSource API " in case of browser-based playback in Chrome.

Adaptation dgaithm So ware componehresponiblefor sdeding a gvenvideo
represemation to download based on measemert inputs deived by the
HTTP Access componentpPlayback buffer , or other external input.

' https://developers.google.com/web/updates/2011/11/Stream-video-using-the-MediaSource-API
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MPD Pase Interpretation of availaevideo cortert based orthe MFD requeged
from the web server.

HTTP AccessSo ware componehproviding accest a gven web sever using
the HTTP protocd. Additiondly, it exposestigtics d download $ze and
duration.

2.3 User-Generated Video

¢ elad tenyeas have gvenriseto avag adagion of smatphones ther con
nedivity and capabiti es ¢i s has endled new use cases particular for video
recading and dstribution. Driven by this developmert, Use-GenegatedVideo
savices ae provided by mog largelnternet compares such as FacebopKkwitter,
andGoode. For thefollowing chapers d this wak, it isimportant to distinguish
betweenthevarying forms d those gstems alongthe aeas degtedin Figure 7
we di erentiate between ve forms of User-Generated Video systems:

MobileVideo Boadcasng Sevicesddiver a $ngle dream d use-geneatedvideo
inadred fashon, i.e, live, to requeingviewes. ¢, e ddivery may entail
reencodéhg and dgtribution geps dependng onthe ddivery requremerts
(e. g., number of viewers, delivery network, real-time requirements).

On-demand UseGenegated Videosdescibesthe udoad and torage ¢ video
seqguences uploaded by users for VoD delivery.

Live cdlabaative Use-GeneatedVideosdescibes an gtenson to Live-MBStha
alowsthe compotion of morethan one sotceto a sngle Use-Geneated
Video stream.

Pasondizedlive cdlabaative UGV extendsthe abae-mertioned appoach ly
composngthe Use-GenaatedVideo sreams spéaccdly to the demand b
single viewers.

Automaic remixing ygems provide cdlabaative video sreamsin an oi ne
fashon; di erernt sequencesfdJsa-GengatedVideo ae udoaded and
a e a de ned mnimum of video mderial is availabe, are andyzedto
be composeihto a snglevideo sequenceigributedto viewes asvoD
content.
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— User Genaated Video — — Viewers/Users—
Live Mobile Broadcasting System (MBSy————»

Storage for on-
demand retrieval
— On-Demand User-Genated Video (UGVy—> E ————— >

Collaborative
[ User Genaated Video |

D D —— Live Mobile Video Composition (MVE—————» '.‘

Storage for on-

demand retrieval
D D Automatic Video Remixing SystemHE ————— »

Figure 7:0verview of di erent User-Generated Video systems

2.4 Performance Evaluation

A prerequisite for improving QoEin aVSSisthe alility to derive an oledive
undegandng o the ystem. However, asQoEisfundamettaly de ned by usas
suljedive pecegion of a sevice(see Subséon 2.42), addtiond chdlenges e
involved in the objectivperformance evaluatiarf VSSs.

In tha regad, this setion begns with the backgound for performance gaua
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tion of video streaming services based on the fundamental networking ctincep

discussedh Setion 2.1. Here, we gve an werview d video qudity metrics and
then dscuss aspesrelatedto monitoringthe greaning qudity usng QoS mérics
incduding dday, bandwdth measuemen, jitter as wdl asvideo qudity metrics
Building uponthis dscusion, weintroducethe concepof QoE. Here, wein-
troduce a genal de nition of QOE andits rdation use studies(in particular
usng aowd-soucing). Next, weintroduce modés, asintroduced ly theITU, for
the deival of QOE marics usng QoS meastemens. It isimportant to notetha
the concefs dscussedh this setion building upon each ther, as dejctedin
Figure 8. For a dscusion of video peformance galuation conceps, focusng on
content cerira andysisfor Usa-GenegaedVideg werefer to a compehensre
overview by Wilk pVil16 Chapter 2 ].

T 1
User QoS (QoE)
Objective Metric: MOS

*

Application QoS
Objective Metrics: Mean Stalling, Playback Bitrate, Adaptations

*

Network QoS
Objective Metrics: Jitter, Bandwidth, Packet Loss

Figure 8:Q0S/QoE Overview
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2.4.1 Quality of Service

Di erent de nitions d QoS «igt, which ae, in case bsome sotces overlap-
ping with QoE concefs. As we coniler QoE as bilding uponQoS i.e.,alow
bandwdth in aVSS mg hinder adequée sevice ddivery; thereis, however, no
dired causéardation beaween a gigle QoS méric andQoE. ¢ us werefer to the
de nition of the IETF [Cra+9§ for a de nition of QoS as:

A sd of sevicerequremernsto be me by the neawork while
transporting a ow

In this sensgbased orthe exampe gven abwe, one d therequremernsin a
dreamng appicaion relatedto a su cient bandwidth in order to transpat a
sream d a gven hitrate. But, a dscusion of s@vice qudity, requiresto consder
other aspets d theVSSsuch aghe concete cortent ddivered ¢, us theQoS
concep does no diredly qudify thein uence éa gven mdric onthe uses
percegion. Y, di erernt areas 6 QoS mérics «ig, as dscussedyMok et al.
[MCC1]. ¢ ese m#icsrangein more absrad measuemerts, such agitter, to
apgicaion spec c onessuch aghe pgayback bitrate. Intuitively, thelatter metric
can mae eady berdaedto a uses percegion of avideo $reaning sevice
However, afundamena drawbackistha these meics do na takeinto accoun
the content itself. ¢ us, we also brie y introduce objective video qualitgtrics
in the following.

Network QoS

Packeloss ¢ e numbe of recéved packes, nP;, over al sert nP;, is de ned as
packé lossratein a ddatransmsson, givenL 100t ’r‘]—E; [XWPQ3]. ¢i s
loss ddaa canis éther diredly detedalle onthetranspaot | ayer, e g.,when
TCPis used and segmenumbe's ae availade. Whenlossis nd deteded
onthe appicaion layer, lossrecovery is gill possble onthe appicaion layer
(e.g.,by means 6 FEQ. Yet, in video $reamng appicaions espeily
with red timerequremerts, itis 0 en nd degrale ast canincrease dey
and jitter, i. e., by inducing head of line blockiniyIPF1§.

Jitter: descibes a mease d the variancein ddays beéween succes& pack
ets [XWPOQ3]. In videotransmisson, high negéive e eds d jitter are
usually mitigated by larger playback bu ers.

Bandwdth: is a measte d the average tili zation of alink for a gventime peiod
[Pro+03], e.g., thefradion of the used capdty of alink. In relaionto video
greaming, this measteis an uppelimit for the mean aclevalde payback
bitrate. If the mean bandwlth remans bdow the dayback litrate, the
playback bu er dedetest hus galling will occu. For abandvidthlarge than
the dayback litr ate, the bu er Il state willincrease¢, e bandvidth edimate
as c&ulated on dowroadedvideo segmets is used as a bissfor the
sdedion of futurevideo segmetrbitratein ¢,r oughpu-basedAdaptation
(TBA).



2.4 Performance Evaluation 20

Application Quality of Service

Salling One dthe mosdetrimertal e eds onthe uses experiencasdalling[Seu-13.
A video gayback sesenis consderedto bein a galing dateif, a erthe
playback hastarted the bu er becomedully dedeted beforethe end d
thevideo and as aesut playback musbeinterrupted ¢, e duation of the
video sall usudly lags urtil the bu er has beemell edto a mnimum de-
sred bu er Il eved (thisvalue 0 en depends otthe gvenimplemerniation
used. ¢, ere aetwo mdn galling mdrics Firg, the galingfrequeny o
and secongthe galling duration Ds wherethetotal stalling duration of a
video isP Ds for all stalling events>S.

Initial Dday: Unlike galling, theinitial dday descibesthetime urtil theinitial
playback sarts a er the dayer islaunched Here, genealy, a smdler value
is degralde aslong wating times mg leadto churn of useas. However,
thislow initial waiting timerequresto sart with alowe videorepresera-
tion, asthese segmeés ae usudly smdlerin | e-size andeadto a highe
gartup dday [Bd+12]. ¢, us for acHeving a igh payback litr ate, further
adaptation steps become necessary.

Playback Btrate: A key metricin adagive sreamngisthe dayback btrate. It
provides an appximae measte d the dayback qudity a any giventime
t;R or the mean lirate g, of ases®n £ £ P{ (R [Sew13. However,
somdimitations i inthis mdric. ¢, ereationto qudity srongy depends
onthe used codec arits paamders, the coriert as wé astherespetive
sequencefdhe encoded cdent. As mos modan codecssuch as FH2&4,
peform bes usng adapive htrate encodhg, thus usng mare hytesfor
compex scenes antewe bytesfor smpler scenes as arstegy to increase
to overall percaved quadity of avideo sequencéhe atud size d segmets
can dsovary widdy (see kgure9) [WRZ16]. As aresut, the mean birate
usudly spe¢ es an appoximation of the atud tranderred bytes and can
vary dependng on which segmetslayers have been dededfor each gven
segment and its corresponding size.

Adaptations As galling andthe mean payback hitr ate can be gpressed as ars-
ple ogimizaion problem, i. e., maximizethe mean jpayback lhitr ate unde
the condtionthat stalling 0. However, it is dsoimportant to consder the
e ed of adapationsin adapive greaning. It descibes a mease d the
switches bawveenlayers. Rodriguez ¢al. [Rod+14 examinedthe e ed of
Video Repesemation Swtcheg(VRS showngtha thefrequeng of repre-
sentation switches impacts the viewers' subjective perception signiycant
A related mdricisthe magitude d these swcheqZin+03]. ¢ elarge
thejump, the mae pecdavalle a svitchisto the use It can be showrhat
mary switches vith alow magntude ae bdter than a sngle switch with a
high magnitude, such as described by Wilk, Stohr, eb&SE1p

For a further discussion of the QoS concepts, we refeGttH0B
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Segment Video
Bitrate (Mbit/s)
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Figure 9:Variation of segmensizesfor the Bg Buck Bunly video sequence encodéed
2-second segmés usng H.264. Respetive shapemdicaerepesemations
Inner black boxesrepresen medan andIQR, with extending linesindicaing
thefull distribution span Further, the Hue aeasndicaethis dstribution as a
kernel density estimate.

Video Quality Metrics

Objedive video qudity assessmércan be ceegaizedinto three aieas 1) no-
reference, 2) reducedeference, 3) and full reference andyss, as dejctedin

Figure 10 Each appoach comes ith spe¢ ¢ advartages and idad/antageshat

promatether usein spe¢ ¢ scendos We will briey discusghesehree aeas 6
video quédity assessmeralong with the mos prominent conceps presetedin

research.

Full Rderencevideo Mérics ¢ e mos widdy used concefdo evaluaethe ddity
of videos sequencesedull reference méics Geneally, these meics
work by diredly compaingthe aiginal video(or signd) to the degaded
signal. ¢ e most fundamental concept here is Mean Squared Error (MSR).
It diredly evaluatesthe mean 6the abstute dstance bewveen eachigel in
each channén ther carrespondnglocdion. Based orthis concepPeak
Sgnd to Noise Réo wasintroduced ly Sathak [ Sal]l whichis deived
from the MSRto expressto reative ndsein avideo sgnd in dB. ¢ e
Sructura Smilarity Index (S$M) extendsthe bagc appoach ty including
chaaderigtics d the HVS thus poviding a béter careation beweenthe
metric andthe evaluaion by human obsevers[Wan+04]. One o the mo$
recemn approachesha extendsthisidea developed by Net ix [ Li+16], is
cdledVideoQudity Modd with Variade FrameDéay (VMAF). It appies
machineleaning concepsto derive a measte with improved carelation
beweenvarious atifadsin avideo sequence aritieresdtingin uence
on the subjective experience of a human observer.

Reduced RerenceVideo Mérics Whereadull reference méicsrely onthe aigi-
nal video souce whichin mary cases has a cddsrale | e $ze reduced
reference méics use somtorm of derivedinformation based orthe aigi-
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Figure 100verview of objective video quality assessment

nal corntent as annput for their evaluaion function (see kgure 100)). ¢, e
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main advantage here is that this derived information can be much smaller

thanthe aigina contert (e g., a basc numeic desdptor or scdar per
frame andthus makeshis ogtion feagble for usage scemias wee the
transmission and access of the original video content is not an option.

No RéerenceVideo Mérics In corntrad to the appoachesntroduced abee, no-
reference mérics wak independetly of the aiginal video conent [VWWM 08].
Tradtiondly the evaluaion of cortent  ddity has beewery chdlengngin as
thereis noreferenceto the aigina cortert that can be used as a compson
to evaluaetheloss @ ddity. However, recertadvancesn mactineleaning
providethe meango derive appoximations d avideo sequencegidity by
incarporating moddsthat relaeto the human pecegion (e. g., [Kant+14).

2.4.2 Quality of Experience

¢, e gened idea d measuing human stisfadion with a gven sevicet heQoE

andthus poviding a measte bgyond pure yyssem paformance andncluding
humans peceive, has beendcussedincel990 and emeged as dundamerally
morereevant concep compaedto QoS As a geneal de nition, Brunngrém
et al. Bru+13describe QoE as:

"[...]the degee d ddight or annoyance dthe use of an appicaion
or sevice Itresdtsfromtheful | ment of his a her expedations
with respetto the uility and/ or erjoymen of the appicéion or
service in the light of the user's personality and current state."
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¢i sis by no meanghe only existinginterpretation of this concep A multitude
of dightly varying and &olving de nitions can béound (e. g., by thelnternationd
Telecommunication Union (ITU) [TU08]).*?

Based orthe previous dscusin of how QoErdatesto uses and pecedng
sysem-orierted meastes we aguethat for Use-Ceriric Video &eaning, QoEis
afundamenal concep andtherefore d highrelevance vithin this dssetation.
Here, in paticular for OTT HAS QoOE aiened assessmehecame a cedral
targe for gudies $ncethe dreaning processtsdf has animpad on the peceaved
quality.

Mean Opinion Score

¢ € gdd gandad for the assessmeaf QOE ae use gudies ¢ e mos widdy
used conceffor the evaluaion isthe Sngle Simulus ConinuousQuality Scée
(SS@9 scde, asrecommendedpthelTU. ¢i s corinuous scke, as dejcted by
an exkamgein Figure 11is usedo gaher feedback onhe suljediveimpresson
for eachindependehuse ¢, e MOSis deived by cdculaingthe aithmeic mean
over allN assessments for each subjedfss¢oresy;;; of a given videg :

1 N
MOS N Q ri;j D)
i1
A dedailed dscusmn dof other gepsinvolved, e. g., daainspedion and namaiza

tion, we refer to ITU-T [TU13.
Newe concepsin conduding use sudies hae been moe adopedrecertly

12; is QoE concept can
nowadays be found in a
wide range of use cases
and disciplines such as
Web designHloy+11
Iba+09 and mobile
Networking ELCO7
Zhe+1&

that reduce the overhead required for these experiments. In crowd-sourced user

sudies ted suljeds aerecauited usng online paforms e g., Amazon Mechaicd
TurkS *3Microwarkers!, and Growdeé. ¢i s mehod hasthe adiantagetha more
paticipans can baeachedo dlow highe gatigicd con dence and can be
initiated adhoc, usudly with far less nandal resouces Drawbacks do hower
exigt as in conduding experimerts, externa fadors such ashe ystem and deice
sdup ae much haderto cortrol, andvariationin resutsis o en highe [Hoy+144).

Just Noticeable Di erence

Asvariancegiventheinherertindividud di erencesn humans andher changng
menal sates is commorny highin MOS basedQoE assessmgran dternative
concepis an @aluaion onthe gounds d a dred compaison béween sequences
theus Noticealbe Di erence(IND). ¢i s concepis dso usedn corjunction
with VSS tudiesto ohtain a datemeri regading the preferencereativeto two
stimuli.

Quiality of Experience in HTTP Adaptive Streaming

A criti cd chdlengefor QoEin HASisto deive modésthat incorporate QoS
fadors as wh asther interdependence ith regad to a measte for QoEtha

Shttps://www.mturk.com/
thttps://ttv.microworkers.com/index/template
uhttps://wwvv.crowdee.de/en/

13;is name refers to the
rst arti cial chess player,
albeit this was in fact
operated by a human
chess player hiding in the
apparatus.


https://www.mturk.com/
https://ttv.microworkers.com/index/template
https://www.crowdee.de/en/

2.4 Performance Evaluation

_— @ ==
Bad Poor Fair  Good Excellent

Figure 11Exampefor an SSQS sceimplemerted as annteradive web componetito
be used within user studie’s.

provides aight bdance beween lhas andrariance Hence measuedQoS depends
onthereation of the useto the curent video sequencéowerer, therin uence
on QoE can be gemndizedto some degee Far examge, low-bitr ate pdaybackis
lessrelevant to a usefor alow gructure scengsuch avideo cedts, as compeed
to high structure scenes.

Giventha QoEisthe utimate measte o peformancein HAS robug egi-
mation of MOSfrom QoS méricsis animportant reseechtopic. Here, itisthe
mog common méhod to derive such modiks with machineleaning conceps
such asegesson-based modéng. One d the kegy in uencefadorsfor deriving
QoE etimaesis galling. A galing-basedQoE mdric was pubshedin [Hoy+13],
feauring duration andfrequeng asinput for aregesson modd. Likewise the
percepua modds by thelTU [P1213] use salling duration, frequeng, andthe
initial dday to deive a MOS sciedbu er-rdated pecepual QoE mdric. In order
to quartify galling e eds duing playback Hoyfeld, Schaz, et al. [Hoy+13]
introduced a modeo esimate MOSfrom the galling frequeny and average
duration based on user studies for YouTube.

QoE modés based onlayback qudity exigt, but they adively depend on man
fadors such asherdation of the compes$on method (its con guration), resdu-
tion, the numbes o qudity layers, as wdl asthe corent itsdf. Hoyfeld, Sedert,
et a. [Hoy+14] quarti edtheimpad of VRS ¢, e athorsfoundthat thetime
spert on the highes represemation layer has a moe sgni cart impad on the
MOSthanthefrequeng of switches andntroduce &QoE modé based orther

ndings.

Whttps://gist.github.com/577c522a3O8faa969767e8d492a57093
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3 Related Work

We dructuretherdated wak alongthethree man reseech aeas éthis wak,
namdy mohilevideo ugoad as wdl asinterdependenies anduture neworking
concepts in Dynamic Adaptive Streaming over HT TP services.

3.1 Mobile Video Upload, Distribution, and Composition

Firg, this setion descibesreated wak with afocus oninvegigaing the moble
video ddribution, upload and compot#ion of Use-Genegated Video(UGV).
Begdnning with an overview d work andyzing MohileVideo Boadcasng Sevices
as wédl asLive-Video $reaning §stems weintroduce concefsthat incarporate
aspets o Qudlity of Sevice(QoS andQudlity of Experience(QoE) evaluation
within Mobile Video Udoad and Molile Video Composion (MVC) systemsfor
livevideo compoiion that correspondo theideas pesemedin this dssetation.

3.1.1 Mobile Video Broadcasting Services

A detailed andysis o TCP andthe behaior on the dreaming ses®ns has been
conduded by Alcock ¢ al. [AN1]. ¢ ey andyzed $reamng sesensfor YouTube
and Ne ix mohile dientsin WiF connetions Regading ddatrander, YouTube
Android dients do usudly download aninitial amourt of data rangng from
4 =8 MBytestarting with aninitial burst phase bdaatrander. Asthe urregricted
downloadng o video segmesin fag mobile néworks codd resut in a wase d
datavolumein casdhe segsnis sopped peemgively, longON-OFFtransnisson
paterns have been obseed, reguarly ssopping ddatrander andthus shamg
the dowrload speed whethe bu er reaches aigenthreshadd. Here, in contrad
to Android, iOS de/ices hae only shat ON-OFFpaterns, usng maethan one
TCP connection Alcock et alAN1].

Ramos-Muioz et al. Ram+1}linvestigated usage characteristics for YouTube
on Android andiOS devicesin 3G cdlular networks. Here, the apps use HTP
rangerequessfor DASH andApple HTTP Live Sreaning (HLS) respetively and
egalish mutiple TCP connetionsin a sesen. Eventhoughthey mainly use
one connetion for over 90%of ther download having multiple TCP connetions
increase$aut tolerance Accesgo videosis conrolled by YouTub€esvideo web
seversin a wg that they allow aninitial burst phaseo dowroadvideo segmets
at full speedfollowingthethrottling of thetransmsson speed oncthe bu er has
beenll ed Regadingthe encodhg, & thetimethis andyss was conduedin 2014,
H.264/AVC was manly usedin these sevices Looking & morerecen studies

25



3.1 Mobile Video Upload, Distribution, and Composition 26

such as condued by [Zhat17 in 2017other more e cient codecsincluding
VP9, are also used now.

In Finamae & al. [Fin+1]the néwork tra c of use's accesag YouTube over
WiFi is andyzed ¢, e Transnisson Cortrol Protocd (TCP) connetions ae used
for aninitial burst phasdan whichlong ON-OFFtransmsson pdterns have been
obseved which aereguarly sopping daatrander andthus ae dso shamgthe
download speedAN1]. Regading use chaaderigtics they havefoundtha a
high pecertage d clierts abat the greaning ses®n bdorethe end dthevidea

Arecen dd gudy of YouTubetra c[Seu17invegigaes molie device app
use d Android uses. Overadl the gudy revedsthe dstribution of connetions
typesas dejctedin Figure 12, tha indicaestha mog uses gill use pedoninartly
3G connetions With regad to QoE aspets, it is showntha abou 35 percent
of al seswns eperience sometdlling duingther playback Furthermore, a
geneally low amouri of adaptation gepsindicaes a moe consevative Adaptation
Algorithm (AA).

47 % 18%
GSM/EDGE
UMTS/HSDPA
LTE

35%

Figure 12¥ouTubetra c by devicetype based on da oltainedfrom the YoMoAPP
study [Seu+1J7

3.1.2 Live Video Streaming Services

C.Zhang ¢ d. [ZL1jinvegigaed howvideo $reams &e accessed andgruced
in the case bTwitchty, alive greamng platform for video game tomadcats.
Twitch.tv uses Rdalime Messagg Rrotocd (RTMP) to greamvideofrom
the lroadcasrsto the severs andthentranscodeghevideofor an HLS based
digribution. ¢ e auhorsrepat tha Twitch.tv has in peak guaions upto 12 000
padld video sreams An endto-end duation beéweenrecading and wching
avideois onthe ajerage 2seconds¢i s can be seen as a modeto alowvalue
for HTTP-based divery of video over a Cortert Ddivery Network (CDN). ¢, e
popuarity of cortert shaedfollows an &tremdy skewed #pf distribution in
which around 0.5% of the broadcast streams account for 70% of the views.
Pires @ al. [PSLg explore Twitch.tv and datetha usage peaks gerate dda
tra c o 1 Tbps Further, they compae Twitch.tv with YouTubeLive, anaher
live-sreaning sevice and show aigni cartly lowe popularity in compaison
to Twitch.tv; whereasTwitch.tv seemgo ddiver a any time mae than 6000
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channég/live greams YouTubeLive does accousfor around 30 to 700channds
(this study was conducted in 2015).

Regadingthe defgn o Live Video Boadcaing Sevices the wak of El Essdi
et a. [El +15 invegigaesthe udoadng o video unde the assumtion tha the
resouce dlocdion in the used_TE ndwork can be apuged ¢ ey propose a
certralized qudity-oriented deésion for the ugdink transnisson of the dient-side
video.

A queueawae schedling scheméor improved QoSin mohile udoads was
proposed g Rizk & al. [RFI6]. ¢i s appoach can adve lowe overal queue
lenghs and déaysfor, e.g., live video ugoads as demongatedin smulative
emulations.

Seo ed. [SCZ2] discuss hoviDASH can be usefibr the udoad d meda by
leveragngthe Hypertext Tranger Protocd (HTTP) POSTrequess, in cortrag to
reguar DASH whee dientsfetch segmets usng GETrequess, to cortinuoudy
uploadvideo segmets. ¢, e roposed gstemis aldeto transcode antransnit
video with areditution of up the480p, andinitials ddays o appoximately one
segment duration.

Johansen tal. [Joh+09] propose aygtem deggnedto geneate video segmes
and udoadthemimmedately in order to geneate alow-dday video sreamning
expeience ¢i s concepincudesthe adapetion of video htrates duing the
streaming session to handle variations in the network conditions.

To leverage b#er scdallity and e ciengy onthe encodhg gep a /stem by
Sekkinen, Masda, and Kamaainen[ SMKI6] acheves a bter uplink utili zaion
usng Scéale Video Codng (SVC) andthus adaging to changng neéwork con
ditions Smilarly, a yystem based on\&C cortert is proposed l Richazhagen
Wulfheide, et a. [Ric+16]. Here, the auhors propose a concegor souce se
ledionin cdlabaativevideo ugoad usng dda onthe dients' context, i.e., the
measued neéwork bandwdth. For the udoad d video on skeded dreaning
souces they suggesnetwork resouce shang béween neeby clierntsto addess
stuaions wheethe ugdoad capaity isinsu cient for thetransmsson of the
desredvideo souce ¢, eaicd limits o such cdlabaative udoads hae been
shownin [Khu+18]. ¢ e yystem's peformance 6[Ric+16], has beenwsluaed
in a smulation, showngtha with SYC encodedtseam a cotinuous payback
for low-bandwdth Stuaions can be adkved, alsoin cases wire dred upload
strategies are not feasible.

Lag, anaher recen approachfor mohilevideo ugoad based on\C has been
proposed g [SMN17. ¢ e auhors de ne and @auate, uing a $mulation ap
proach, a DASH-based video scheduling heuristic for SVC encoded segments.

3.1.3 Video Composition

Along with the caegaizedview on Use GeneatedVideo compoisi on, shownin
Table], the following section gives an overview of related work in thisare
One d the r & video compoiion sysems has beenrpposed §y Enggrom
et a. [EB)(8], consdering video qudity to compose &ideo mix. However, itis a
semi-automatic system and therefore out of scope in this dissertation.
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MoviMash[Sa+12] introduces an ailomaic compo#ion, comlining avideo
qudity metric with an andysis d videorecading degaddions ¢, elatter descibes
phenomena commoin Use-Genegated Videqg caused B thelack d skills o
therecading use or techricd limitations d therecading device ¢, ervideo
composition algorithm combines video streams from di erent sources, analyze
them and neglects the views in which recording degradations occur.

A formalized atomaic compo#ion sysemisintroduced ly Shregha € al.
[Sh+1(Q, o ering an dgarithm based on an gbdive quadity function. It maxi-
mizesthe qudity of muscvideo dips integatingthe competeness bthe com
posedvideq sutale cuting padnts, lengh of theindividud shds, and dversity
of the views.

Inthe wak by Cricri et a. [Cri+12] a r & concepfor redadng compuationdly
expensvevideo andysisis shown ¢, ey proposeto leverage d erent senseos o
the recording devices to compose the video based on this information.

Table 1Overview of Video Composition Systems

System Composi- Switch Analysis Methodology Evaluation System
tion Delay
MoViBR1) oline Content: social device grouping; expertcontrol
light intensity; view similarity; acous-
tic;
Context: Pol
Pulse Bao+13 Content:: n/a expert control

Context: face tracking; lip tracking;
blink-detection; sound; accelerome-
ter; gyroscope; device interaction

Cricrietal. oline Content:: n/a precision/recall/F-
[Cri+12 Context: compass; GPS; accelerome- measure: manually
ter annotated vs
classification by
system
MoVi- online Content: blurriness; blockiness; con- user study (expert
Mash Bai+1} trast; illumination; views diversity; oc- composition
clusion; control)

Context: tilt angle; shakiness; gyro-
scope; accelerometer

Liviu online 20 Content: shakiness, misalignment, user study

[WE14a seconds  harmful occlusions (corwdsourced, lab)

WE14E Context: shakiness (accelerometer, with dataset
compass) [Sai+13B

Con- online 5 Content: n/a user study (random

textNot- Context: accelerometer, network composition

Content probing, location, user actions control)

[Sto+16¢

Sto+17h

A morerecen work followingthis sensebased appachfor video compogi on
istheAutomdicVideo Reixing §¥emby Mate @ a. [MC117. Itresembesthe gen
eral concep of incorporating senspinformation for Use-GenegatedVideo com
postion presemedin our previous wak [So+16¢, So+1h]. Whilethe presered
work alsoincludes smple corient andysis such astightnessconten-aligned
sensoinformation such as act@ation andGPSbased pdsions aerecadedfor
singlerecading uses. Further, thisinformation provides tues onthe Pd based
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on cdlabaative dda andysis conduted cettrally. Here, the séedion of avideo
dreamisre-assessed cinuoudy consdering fadors such asideo qudity or
diversity of the nal composition.

Lag, with the Live Video Upoad §gem(LiViU) by Wilk and E elsbeg[WE14;
WEL4Z] provides a ggtemfor liverecading and upoad d video sreamsrom
mohile devices Itsfunctionditi esincudethe orlinecompoiti onand lroadcasng
using video content analysis for streamed live video content.

3.1.4 Discussion

With Cricri et a. [Cri+12] a r & septowardsredadng tradtiond video cotert
andysis with mechaismsthat leverage sengs dtherecading devicego compose
the video wasntroduced ¢, e auhors desdbethe man advantageto be a
signi cartly reduced pocesigtime. However, Cricri et a. [Cri+12] sdey
inspect the camera movement for composition decisions. ¢,us, network-related
aspects and higher level context features are not considered.

¢, eAutomdicVideo Renxing §2emby Mate @ a. [MC17 has beenwduaed
with afocus on d erert evert contexts. Yet, the a¢ual thelive compogion of
User-Generated Video is note considered as part of this work.

Lag, while LiViU by Wilk, Zimmermann, et al. [WZEI6] suppats video
compodgtion based on caent andysis we ae only building uponthis genea
functiondity in LiViU addng sensobased compason concepsintroducedin
this work.

3.2 Network Interdependencies in OTT Video Streaming

In thefollowing, we provide an werview d related wak for the andysis d Over-
¢, eTop (OTT) Video $reaning Systems We begn with a dscusion of work
invegigaing DASHAA, followed ty work tha conduds aosslayer andlarge scde
parameter space studies.

3.2.1 Overview of DASH Adaptation Algorithms

An overview d the dscussed\Asis gvenin Tabe 2. We cdegaizerdated wak

for DASHAAsIn three man areasnamdy: ¢r oughpu-basedAdapation (TBA),
Bu er-basedAdaptation (BBA) and aher concepsthat rely on external input. In

each ctegay, we presemthe mos notewathy appgroachegha have been useth

the compaative gudies condutedin this dssetation. We do nd aim to provide
an exhaudive overview d work on AAs asthis wodd go beond the scope b
relevant rated wak. A recen survey tha provides a compgeheng/e overviewin

this eld was published by Kua et alKRB117.

¢roughput-based Adaptation (TBA)

¢ oughpu-basedor rae-basedl Adapation Algarithm rely on the esmation of
the curently availade neawork bandwdth for dedsions onfuturevideolayers
ratesL. ¢, ey compuethethroughpu of the resem connedtion usng afunction
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Table 2:A sdedion of signi cart publicaions onAA in DASH. Highlightedrows ae
invegigaedin the cortext of thisthess (TBA is¢r oughpu-basedAdaptation
and BBA is Bu er-based Adaptation).

Algorithm Year Type Bu ersize QOE Metric  Comparison  Evaluation

Scenarios
BBA-X 2014 BBA 240s no Smooth- Netflix A/B
[Hua+13 Streaming Testing
FESTIVE 2014 TBA 30s no Smooth- Multiclient
[Jsz1% Streaming
PANDA 2014 TBA min. 26s yes FESTIVE, Multiclient
[Li+14 Smooth-

Streaming
BOLA 2016 BBA 25s yes ELASTIC, Mobiletraces
[SUS1p PANDA
VAS 2016 External+ VQM [Mil+12 Mobile traces
[WSE1p (Hybrid, ([PWO04) ([Eit+19)
BBA, TBA)

SQUAD 2016  Hybrid 30s yes VLC, SARA, longrun TCP,
[WRZ1p BBA over Internet

(US-GER)
PENSIVE 2017  Hybrid, 60s [susip BOLA, LTE, Traces,
[MNA1Y External Yin+1p FESTIVE,

BBA-1

YouTube's 2017 BBA 70s n/a n/a n/a
AA ([Afio+19)
[Mon+17

f"R's;1*; iR s n*e onthe measted RaéesR execued a er the dowrload
of a segmeng consdering a diding window d the n previous meastemern
periods Accadingto the eimated bandvidth, the qudity level is aguded In a
sampli edview the beschdcefor the qudity leve isthe Highesvideo bit raetha
t s competely within the esimated bandvidth. Idedly, the bandvidth esimation
function deeds changem bandwdth fag enoughfor the dgarithm to read¢ and
adug the qudity level (i. e., before galing everts occut whenthe bandvidth drops
heavily) while na introdudng adagation hygeria (i. e., frequet change$n the
playback hitrate) caused pshat-term bandwdth uctuaions One nadalde exam
ple o such an &gaithmin reseachisPANDA [Li+14. It uses @robe andAdapt
schemen referenceto TCPsAdditive Increase Mitiplicdive Deaease finciple,
to predct the bandvidth andto avoid an urfair shae d bandwdth a network
bottlenecksApproaches useih pradice e. g.,asimplemeniedin Googe's Shaka
Player, rely on an exponertialy weighted moving average(EWMA)* over the
egimatedthroughpu measuemerts and adapwhen de ned up and downthresh
olds ae aossed Until recenly TBA was éso usedn the DASH.IF sreference
playerDASH.JS:

*https://github.com/google/shaka-player/blob/v2.3.5/lib/abrlewma.js
Yhttps:/igithub.com/google/shaka-player/blob/v2.3.5/lib/abr/simple_abr_manager.js
Zhttps://github.com/Dash-Industry-Forum/dash.js/blob/v2.1.1/src/streaming/rules/abr/ThroughputRule.js
3ttps://github.com/Dash- Industry-Forum/dash.js/releases/tag/v2.6.0

YAs of versior.6.0 @
DASH.JS switches the
Adaptation Algorithm
mechanisms dynamically
between BOLA and TBA


https://github.com/google/shaka-player/blob/v2.3.5/lib/abr/ewma.js
https://github.com/google/shaka-player/blob/v2.3.5/lib/abr/simple_abr_manager.js
https://github.com/Dash-Industry-Forum/dash.js/blob/v2.1.1/src/streaming/rules/abr/ThroughputRule.js
https://github.com/Dash-Industry-Forum/dash.js/releases/tag/v2.6.0
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Bu er-based Adaptation (BBA)

Bu er-based adajon dgaithms use measemeris o the DASH-players bu er
asinput to deivethe litrate d a segmetto dowrloadin thefuture hencethey
arebu er-basedGeneally, a consstently growing bu er leve is anindicdion
that the curent playback htrate is lowe than wha coud be suppaedto be
transnittedthroughthe nawork. If the bu er leve falls, the dayback bitrate
istoo high consdering the ndwork condtions and musbereducedo avoid
galling. ¢ evideo hitrateis appopriate whenthe bu er valueis bdancedi. e,
it remadns consart within a gven magin of uctuation. ¢i s appoach hasr ¢
been destbed ty [Hua+14 as pat of Net ix' s commecially used adagation
strategy.

In this wak, it was showrihat, a thetime d writi ng, this appoach ouper-
formed TBA approaches a er the startup-phase of the playbaclphased.

A morerecen BBA cdled BOLA, published ly [SUS6] useghe bu er sate as
aninput for aLyapunor optimizéion to cdculatethe besjoint utility t hat actieves
a minimum of rebu ering along with a maximized video quality.

Other Adaptation Algorithm Concepts

A multitude d Adapation Algarithms «igt, tha do nat diredly fall into ether of
thetwo cdegaies metioned abee. One appoachisthe comlination of both
approachedo a hybrid concepthat uses a bandwth esimation function as wé
asthe bu er Il eve. ¢ us it captaizes onthe adrantagedrom bah types d
adapation along with disadrantages bboth. One exampe d a widdy cited
hybrid AA apgroachis Spetrum-basedQuality Adapation for DASH (SQUAD),
proposed g C. Wang ¢ al. [WRZ16]. ¢, e achitedure d SQUAD is based on
a deg¢don tree for the sartup phase ocriticdly low bu er levels, throughpu
measuemeris ae used Otherwise bitrate adapetion dedsions ae based on
obtained meastemerns o a das$ caion onthespetrum of TCP meastemeris.
Ji s gepis conduted with the undelying assumpon tha, dependng onthe
video segmersize TCPthroughptt varies*°It isimportant to note that SQUAD,
unlike aher adapation conceps, assumes knoledge éall individud segmets
sizes. ¢is is generally hard to achieve in live streaming scenéftios

Mondd et al. [Mon+17, by means éreverse engneeing, invedigae YouTubées
curert AA. ¢ er ndingsindicaetha YouTube usespmarily a BBA adagation
schemebut, in cortrag to other approachesadayts bah thevideo hitrate andthe
segmenlengh of video chunks¢, elatter is used as drstegy to avoid gallings
in case sudden bandth (i. e., throughpu) drop stuaions occu. Alsg for
adapation gepsincreasng the Ltrate, YouTubées dgarithm oppatunigicdly
requets badh, the curent bitrate andthetargd bitrate segmets, for loweing
the bandvidth only thetarge bitrateisrequeged, thusfully utili zing the dready
bu ered video segments for playback.

Other concepts that fall in this third category rely on an integrated ansbyfs
sever and dient-sde mdricstha derive decsons usng machneleaning modds.
One such appach has beerecettly introduced ly Mao & a. [MNA17. It uses
reinforcemen leaningto train a neua network modd for bitrate séedion on

15;is also relates to
similar reasoning
described in the
downward spiraling e ect
discussed by Huang,
Handigol, et al. Hua+12
as presented in
Subsectiof8.2.2

®Unless overall encoding
e ciency is sacri ced by
using xed bitrate
encoihg ¢i sis genelly
discouraged.

the client. While the training and inference take place on the server, the systems
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input are dient-sde meastemeristha include the curent bu er occupany,
rebu eringtime chunk dowrloadtime, size d the net chunk(at all bitrateg, and
the numbe of remaning chunksin thevidea [MNA17. Using aQoE cettric
evaluaion function, the auhors show a lea performanceimprovemern over
other approachedike BOLA as wdl as edy BBA [Hua+14 and TBA [JSZ14
concepts.

Lad, anaher sever-suppated concept husredying on external input for
clien-sde deisons has beenwposed lg Wilk [Wil16]. ¢ e genea premise ¢
this wak is novel asin tha, ingead d followingtheindired god to improve QoS
fadors, i.e., maximize bt-r ate while minimizing swtches andtslling, [Wil16]
suggetsthat QoEwithregadtothe spdccvideo sequencgthe dred optimizaion
god. Tothis endan ecterna sevice povides e cient full-referencevideo andyss
for deriving a cortent-awae opimal adagation planthat is usedo improvethe
overal QoEin adapaion deg¢sons gven curernt bandwdth congraints obseved
by the player.

3.2.2 Network Interdependency E ects in DASH

In cortrad to gudies compeng the peformance ® DASH in a x ed s¢ of
condtions e. g., a sngle bandvidth trace vith varying DASHAA, this setion
presems wak on the yystemdic peformance assessnteof DASH unde the
variation of multi ple system condtions including those unddyingthe DASH
apdicdionitsdf. Werefer to this as anyzing nework interdependeniesin DASH.

A r & study ontheinteradion of DASH greaming and ddivery networks has
been pulished ly Huang Handigd, et al. [Hua+12]. Here, the auhors dscuss
theinteradion of DASH with TCP, which, in the case onetwork bandwdth
drops e.g.,dueto compding diens, leadgo an e ed cdleddownwad spraling
It descibes an ongimg deceasen playback hitrate a er a sngle bandvidth
drop dueto the dow gart behaviour of TCP combned with requeting smaler
segmets szes ly the dayer. Far two novel TCP mecharsms newCW/, and
newCW -padng, Nazr et al. [Naz+14 have examinedtheir peformancein cross
tra cand noncrosstra c scendos showngtha newCW/ -padngimproves
performance compared to TCP NewReno in DASH streaming scenarios.

As pat of awak proposng a pedction-basedAA for mohile DASH greaning
seswns Evensen gal. [Evet+14 andyzethein uence 6 TCP Congeson Cortrols
(CC9 onthe numbe of packe drops as wdl asthein uence 6the segmeinsize
on the congestion window.

Next, Maki et a. [MVA16] relate DASH dayback sesens QoSfadorsto a sé
of con guration paameers, induding segmenlenghs andtarge bu er sizes
while adapingthe néwork ervironmert usng variationsin bandwdth and packe
loss Based orthe conduted experimerts, the auhors propose a modeo deive
stalling events' relation to QoE using linear regression.

A recett andyss ontheinteradion of DASH with network throughptt is gven
by [WMW 17 showing that throughptt can be desthed as atechasic mode of
requesdurationsin dynamicdly szedDASH segmetrequessfor Wik networks.
¢, € ndings aeveri edin ared-world WiF tegbed usngtwo DASH dayers,
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DASH.J andTAPAS De +14, andthus provide a new apmachfor geneating
workloads in DASH network experiments.

A study published ly Samén et al. [San¥17 evaluaesthe peformance @
DASHAA in the conexts d TCP/I P andinformation-certric Nawork (ICN) (see
Subsetion 3.3.]). Here, the auhors congder three ¢assesfoAAs. BBA, TBA and
a hybrid AA, eachrepresened by therecen AA, i.e., BOLA PANDAandAdapTech ,
respetively. Far their evaluaion, each égarithm has beefmplemeried within
thelibdash framework.

Apat from wark focusng only on the undelying neéwork mechamsms a sudy
with afocus oninterdependenies ¢ DASH dayers andthe néwork cortext was
conduded ly Zalkrovskiy et a. [Zabt+17. ¢ e preseted wak proposego andyze
and compae Shaka Ryer, DASH.J as wi as a viderange & other players
focusing on QOE measures.

3.2.3 Discussion

Along with the overview providedin Tale 2 andthe precedng discusion of
wdl-acdaimedAA in reseech andindudry, it can be deducetha marny possble
approaches and dations «igt, providing oljedively measued and demortsated
performanceimprovemensy e, a consensus on whdrategy isthebesis na
trivial to deduce from such studies.

We proposehefollowingreasongor this mismdch: First, an ojedive measte
of when an &arithm is peforming bes is na clealy de ned While there
are mary accepedindicaors, e.g., saling, playback hitr ate, and adapetions
a universd comhined measteisitsdf suljed to reseach and depends othe
usage scemi (for the dscusion of this see Subsion 2.4 2). Such scenaos
vary widdy andrequrethe congderation of a mutitude d fadors by sevice
providers with regad to the ervironmert-context (e. g., bandwdth, dday, los9,
the execuion-context of the AA (i. e, DASH-player, device), and nally use
expedations Itistherefore na surprisngtha evaludaion scenaosvary widdy
beween tudies § DASHAdapation Algarithms andfocus on d erert objedive
aspects for improvement.

Lad, giventha many di erent algarithms andther extensve evaluaionin
the gven con guration space i@ very time and cokintensve. For exampe,
researchers may choose between a high level of abstraction in simglatives
or mimickingred-world usagen use-studies as anleernétive. ¢ eformer can
quickly evaluae alarge con guration space bumay not adequigy carrespondo
red-world usage and afironmert scenaos ¢ elatter, however, isvery cosly

and time-consuming and thus limits the evaluation space itsélf. YA practice used in
industry is A/B Testing,

. . . desdbed ly Netix " and
A tradeo between boh options ae emudative appoachesWhilethey are has 4so been enyedfor

auomated and do norequre dred use interadion, they utili zethe sameystems ¢ 5yations in flua+14
for evaluaion as usedn ared-world sdting. Yet, network properties can be cen

traly cortrolled andrepededto achieve a highleve of control and con dencefor

compadtive gudies In contrag to an event-based inulative appoach scaability

abhttps://medium.com/netﬂix»techblog/a—b—testing—a\nd—beyond—improving—the—netﬂix—streaming—experienc
e-with-experimentation-and-data-5b0ae9295bdf


https://medium.com/netflix-techblog/a-b-testing-and-beyond-improving-the-netflix-streaming-experience-with-experimentation-and-data-5b0ae9295bdf
https://medium.com/netflix-techblog/a-b-testing-and-beyond-improving-the-netflix-streaming-experience-with-experimentation-and-data-5b0ae9295bdf
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is hader to acheve; giventha the yyssems &ecuein red-time, execuion of
a sngle DASH dreanming experiment usudly takes seeral minutes Here, the
cloud compuing paadgm dlowsto exibility actieve a high degee d pardldiza
tion andthus enaldesto achevelarge scde experimentation while mantaining
adequéeruntime. In the dudies pesemedin this dssetation, the largescae
emulationconcept has been adopted throughout the conducted evaluations.

3.3 Video Streaming in Novel Network Architectures

We cdegaize ou discussn onredated wak that apdies nael networking con
cepts and architectures féaptive Video StreamingVvS) in three areas: First,
studiesrdatedto Information-certric Nework (ICN), in particular concening
the Namedata Neworking (NDN) spec¢ caion, are preseed Here, we dscuss
reseach on DASH AA used @er NDNSs, including wak tha invegigaesthe
in uence of caching as well as forwarding and mobility schemes.

Secongwe presemtheinteradion of PHY layer cortrol for improved AVS
performancein wireless navorking, in particular focusng on So ware-De ned
Radio (SDR) concepts related to the transfer of SVC streams.

Lag, we provide avery brief overview onrecert developmertsin DASHreseech
using Quick UDP Internet Connedions(QUIC) and Multipah-TCP(MPTCP) as
extensions or replacement for current TCP-based OTT video transmission.

3.3.1 NDN-based DASH

Regadingthe use 61CN as an unddying ndwork mechamsmfor DASH, the r &
publicaionsrelatedto thistopic were experimertal sudies dvideo $reamng over
Contert-Certric Networking (CCN) such as condued by Awiphan g al. [Awi+13]
andLiu et a. [Liu+13]. Whilethose tudies &plore howvarying con gurations
and paamders, e. g., the overlay path, the chunk &ze and cacing drateges aed
the bandvidth usageén DASH, they are na certral to the dscussnin this wak
given our focus on NDN as opposed to the similar CCN.

Here, one d the r & studies was condued by Grand et a. [GSWI3] inves
tigaed cacingin DASH over NDN. ¢, eir ndingsindicae that in-network
caching o enleadgo video quédity osdllations becauseith gandad DASH a
cache It will beinterpreted as anmprovemeri in nework condtions whichis
consequentially followed by an adaptation to a higher video qualitys glhange
canthenresut in cache nssesf the next segmenis na availlade da the cache
followed ty an adapation backto the lowe video qudity. ¢ us, the auhors
propose ann-network mechamsm, i. e, in every cache oty the segmetnwith the
highes bitrateis sored mearing tha lowe bitrate segmets aeredaced Alsg a
transcoding mecharsmis dtachedo the cache stha every intereg requeting
the same palowe bitrate can be d&s ed by, if necessy, transcodng the highe
bitrate to the requested bitrate.

A systemdic compaison d DASH over NDN or TCP has been puished ly
Saman et a. [Sant17 (also see Subsien 32.2). ¢, e presetedresutsindicae
that the basc verson of an NDN |leadgo reduced pgormance compeed with
TCP when usedn the corext of DASH. ¢, erefore, Saman et al. [Sam+17]
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propose anxtenson for NDNs for in-network lossrecovery (i. e, wirelesdoss
detedion andrecovery) tha peforms d the samdevel asTCP. With aload
bdandng mechamsmfor NDN in addtion to the doremertionedin-network loss
recovery, itis showrntha NDN can ouperform TCPin terms o measued QoE
metricsin DASH. Furthermore, the adhors empoy atechriquefor a ner-grained
bandwidth estimation in DASH on the NDN chunk level.

Ancther approachfor a beter interplay betweenDASH and NDN isthe use 6
SVC as suggéesd by Raner et al. [RPHI6]. 9nce ¥C layers ae bulding upon
each oher, the cacing problemin NDN becomesgess hamful. All clients mug
requesat leasthe baséayer whichincreaseshelikdiness écache fits. However,
it is wath mertioning that in the dscussed case lyrnthree d erent qudlity
levels ae provided wtichis dgtinctly lesshanin sandad AVS use caseg us
cache nissedor enhancemetiayers ae gill li kely, espetly whenincreasngthe
number of representations.

Another prominert areain NDN reseech focusses onnadicd chdlengedor
DASH greaming by leveragng aJavaScipt compdible verson of NDN, cdled
ndn.js®°

Here, Muto & a. [MKK 15 introducedthe r & implemernation of a JavaScipt-
based NDN DASH Rayer to suppat mobile dreaming; they evaluated atrain
commuing scendao, wherevideo éemeris ae prefetched ugng NDN to severs
locdedinrallway sations ¢, e wakwasmplemeried on avirtudizedLXCtegbed
In afollow-up wark by Kand et a. [Kan+19 the ystemthen was eauaedin a
red-world scena o by dedoying the proposed pefetching infragructurein train
gations and ortrains. ¢, e devdlopedDASH fdayer wasteded on molile devices

Lag, a gudy by Ishizu & a. [Ish+19 proposedo improvethe e ciengy of
NDN requess by implemerting interes aggegdion and evaluaingthein uence
of di erert playback bu er sizesfor aDASH dreaning scengdo. ¢, e adhors
implemertedfunctiondity for fetching DASH segmets based omdn.js, however,
they did not integrate an adaptive bitrate streaming.

3.3.2 SDR-based Adaptive Video Streaming

Most work ontheinteradion of PHY-Layer width AVSfocused on moibe ne-
works, e.g. [Fu+13] tha proposeQoE awae schedling of sreamscorresponding
to the S/C layers based onxdensons povidedin LTE. Regading WiFi net-
works, an early work investigates the use of Multiple-Input and gt Output
awae schedling for layeredvideotransmsson [ JE08] with afocus on enegy
consumpion. Lag, work ontheinteradion of adagively apdying Faward Error
Correction (FEC) schemes for SVC layers has been publishedHby(7].

3.3.3 New Transport Protocols for Dynamic Adaptive Streaming

While not directly studied in this dissertation, we brie y present relateatkvto
DASH dreaning based on ned transpat protocd conceps, namdy QUIC and
MPTCP.

&https://github.com/named-data/ndn-js
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Firg, giventhe szealbe degee d dired cortrol on the dient- and sever-side
network endpants by Googe®® *2a wide depoymert of QUIC for DASH dream
ingin YouTube has beeredized In [Lar+17 the auhors and engnee's shae
their obsevations usngthis depoyment. Most notably, they repat that QUIC
reducesebu er rates d YouTube daybacks ly 18.0% br deskop uses and
153% for mobile uses [Lant+17. ¢ e adhors hint a sev/eral possble reasongor
this peformanceimprovemen, e.g., 0 RTT sesBn re-initi ation, multiplexing
without headof-line docking beéween appcaions ows andimproved RTT
measurements. Other work on QUIC includésRZ1Y.

¢, elag areato be dscussed as ptaof evolving transpat protocdsis MPTCP.
Here, [Hant+16] descibe one dthe r s implemertations d aDASH-optimized
MPTCP schedler as an g&tenson to theLinux kernd. ¢ e auhorsrepatthat, in
conunction with the ¢r oughpu-basedAdagation (TBA) FESTIVE by Jiang ¢ al.
[J5Z14 and Bu er-basedAdapation (BBA) BBAby Huang Dbhai, et a. [Hua+14
(for a dscusson of thoseAAs see Subston 3.2.7) that mohile-network resouces
can be seed when aplying the proposed MACP schedlersin varying néwork
conditions.

A more genec appoachfor MPTCP, tha usesthe concepof a dedcaed
programming mode, has been pposed andeduaed by Frémmgen Rizk, et al.
[Fro+17. ¢i s opetty availabe framewak, cdled ProgMP*© alowsthe rapd
spet caion of e den schedlers, execuitedin kernd spacetha can be apled
for use cases such as DASH, as discussed by the authors.

3.3.4 Discussion

Giventhis lrief introdudion of related wak on novel network architedures and
transpat protocds usedn DASH drearning two, geneal obsevations can be
made r &, awidevariety of conceps ae curertly bang explored smultaneouty,
e.g., NDN, DR, QUIC, and MPTCP. Seconty, the evolvemert andtimeto
market are very rapd, as seernn the ekamde o QUIC tha has been vddy
defdoyed bdoreits nal spe¢ caion by thelETFE. ¢, erefore, thefocusin this wak
liesin morelongterm devdopmertsin the Internet by invegdigaing pradicd
chdlengedor DASHin NDN. While mog work on NDN has been condued
usng smulative appoachege. g., [Bha+15 JSCL7 Pos-14 Ra+17 RPHI6]) or
in architedures wvith limited pradicd topdogy sze(e. g., [Sam+17) one go&in
this wak isto explore peformance é DASHin NDN and addesdimitations
of current Adagation Algarithmsfor NDN. To suppat these eauaions we
predominartly usetwo evaluaion framewaks. Firg, a cortainer-basedegbedin
emulation environments, and second, a real-world wireless testbed.

adhttp://gs.statcounter.com/browser— market-share
aehttps://progmp.net/

18as of Wednesday'11
April, 2018 Google holds
57.69% of the browser
market share with
Chrome.
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4 Mobile User-Generated Video Com-
position and Distribution

¢ € r & cortribution presetedin this dssetation is a navel approachfor the
red-time compogion of Usa-GeneaedVideo(UGV) sreamsn mohile and
dynamic scenarios.

To begn with, an andyss o use behaior in Mobile Video Boadcasng
Sevices(MBS3 is preseted, with a dealledinvegigaion of further aspets, such
asvideo qudity for thelarges platform a thetime Y ouNow: In this gudy, we show
criticd aspetsin the déivery componen of Use-GeneaedVideo compoiion
systems with regaid to mohilevideo up and downstreamning; for examgde, as a
resut of this qudy, we see aided rdationship baween aedudionin the qudity of
video sreams andher origin from mohle desices and nevorks. ¢i s mdivates
reseech o live-Usa-GenegatedVideoin chdlengng and d/namic condtions
commonin mohile néworks andlarge cowds Smilarly, relevant work shows
that the extensve coverage @ events by credors o live-Usa-Genegated Video
poses a cHeengefor viewes[Wil16]; idertifying and svitching béweenrelevart,
high-qudity viewsis a nontrivi a task espetly with anincreasen the supgy of
live views to select from.

We deducehat a cucial gepfor maintaining a Hgh use sdisfadionin the
compodtion and déivery of live-Use-GeneatedVideoisto idertify at the souce
(i. e.,onthe udoadng device), whichviews aerdevarn and dlowto achieve a
highresuting Qudity of Experience(QoE) when séededin compodtions Here,
our corntributionisto develop e cient mechamsmstha can adomaticadly sded
such souces vith alow overheadin terms d device and nework resouces As
discussedh Subsetton 3.1.1this has noyet been addessed ypreseech, asthe
focus has been on a ctamt-certric andyss o video sreams wichinduces a
high overhead on networks and mobile devices.

¢ us based onthe deivedtechricd requremeris and chiengedor live
UGV, we popose an apmachfor the e cient compodtion of multiple live
Use-GengatedVideo sequencetakinginto accoumvideo qudity, and néwork
and device cortext information. A prototype d this appoach wasmplemered
and evaluated usng a cowd-sourced use study showngthat this concepallows
for alow-overheadandlow-dday compodtion of mohilevideo andmproved QoE
Further, we xperimertaly validate the red-time appicablity as aQuality of
Service (QoS) attribute of this approach.

¢1 schaper descibesdeasconceps, andresuts presemedin our pee-reviewed
publications Bto+15a5to+16gSto+17hSWE 1}

37
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4.1 Analysis of YouNow

¢, efollowing setion usesfouNow as aepresemeive exampe dtechricd andyss
of an MBS To mativate this chace we begn with an overview d YouNow,
compaeit to other plaiforms, and corinue with details onYouNow's achitedure.
Based orthis, wethen resemnaspets o use behaior alongthelines d workload
content popularity, and system characteristics.

4.2 YouNow vs. other Mobile Video Broadcasting Services

Ji s setion highlights key charaderistics d MBSs based on tiatha has been
sampedfrom the datforms Bambuse', uSreant? Meeka®" and YouNow?
between Fiday 26" June, 2015and¢, ursday 2 duly, 2015 For the andysis o
the ystems we peiodicdly (ca every 5minuteg requesed ddafromthe APls,
in the same waasthey would have been used whevisting the webge. ¢i s
primary andysisisfollowed ty a mare ddailedinvegigaion of YouNow based on
opeationd daa samped béweenthe Sundg 18" March, 2015and¢, ursday 9
April, 2015, presented in the following sections.

In Figure 13 we showthe popuarity paternsfrom two pespedtives i) the
broadcasting sid#) and the viewer side.

On average the dscussed lptforms hare beweend42and2687live lroadcats,
where a soadcater atraded aound 9 viewesfor YouNow, 20for Meekat, 20
for uSream and71for Bambuse ¢ e gatforms Meekat and Bambusehad
fewesbroadcaters with lesghan75in thetime measted However, their content
remans popuar, with up to 18 00Goncurert viewsfor Bambuseand27 000
for uStream. Meerkat, which has ceased its operations on Frid&gaptember,
205, has beent#rading ardatively low numbe of uploads(up to 180ive video
sream$, achieving béween194 and5996viewe's. YouNowisthe mo$ promising
platform, asit attraded mos viewe's andrecadersin 2015with a peak numbie
of 697 Ibroadcaters and90 59%viewe's waching video sreaman paralld a peak
times.

Regadless é6theindividud paterns o video ugoads al streaming platforms
achieved high udoadto viewing ratiosin compaisonto Video $reanming Sisem
(VSS such asfouTube[Chat07]. ¢i sis because MBSsdadcatx's orly compde
for viewe's d other live gsreams and nothefull history of prerecadedvideo dips
tha is sgni cartly large. As aresut, the chancdor a new useto dtrad viewes
is signi cantly higher.

As showrin Figure 13, YouNow wasat thetime wherthe andysis was condued,
the mos succedsl MBS amongheinvegsigaed datforms. We acknovedge
that today the market in MBS has changed signi cantly, with companiehk as
YouTube and Facebook nowsm providing live Use-Genegated Video sevices

ahambuser.com
8ustream.tv

M meerkatapp.co
3y ounow.com


bambuser.com
ustream.tv
meerkatapp.co
younow.com
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(b) Concurrent Viewers

Figure 130verview numbes o availabe dreams andriewe's o four popular MBS
platforms. Bambuse Meeakat, uSream andYouNow a) ¢, ey-axis depcts
the numbe of concurent broadcaters, b) they-axisrepresensthe numbe of
concurrent viewers.

4.2.1 YouNow Architecture

¢ € man souce d thevideos aalade onthe YouNow gdatform isthe udoad
from mohile devices such as smt@hones andalets. ¢ us YouNow provides
dedcaed sreaning appicaionsfor the moble patformsAndroid® andiOS™
¢, € mantask d those appcaionsisto dlow usesto dreamther content and
watch streams provided by other users.

¢, esefunctionditi es can Bo be accessed dbuNowss webpage;,i s webite
uses a Rapsetationd Sate Trander (RES) API providing JavaScipt Objed
Notation formatedresponsethat build the dda bassfor the web useinterface
An overview d the xiging RES resoucesislisedin Tabe 3. Whenviewe's
or broadcasrs ae vidting the webie, requess to those Uriform Resouce
Locaors ae semandthereturned dda andis usedor rendeingthe page \th

the JavaScript-based Mobile Video Composition (MVC) framework AngufarJS

For video payback a ash comainer is geneated and embeddeih the webie

a https://play.google.com/store/apps/details?id=younow.live
akhttps://itunes.appIe.com/us/app/younow—broadcast—chat—watch/id47l3474l3
alhttps://anguIarjs.org/
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URL Name Description

http://www.younow.com/php/api/youno trendin-  Lists broadcasters ranked by their trending status
w/trendingUsers/numberOfRecords=10 gUsers

http://cdn2.younow.com/php/api/broadc play- Data for generating the RTMP playback URL given
ast/playData/channelld=<channelld Data achannelld

http://www.younow.com/php/api/broadca  info Detailed user information given a username
st/info/user=<usernameé\

http://cdn2.younow.com/php/api/channel/  on- Data about viewers currently watching a
onlineUsers/channelld=<channeli lineUsers broadcast session

Table 3:URLs and description of the YouNow REST API used for data collection.

tha alowsvideo gayback usng RTMP. ¢ evideo $reams & encoded usg
H.264/AVC and ddivered usngthe Wowza &eaning Engne®™ viathe Akama
Content Delivery Network (CDN).

Apat from daareevant for rendeing the webie and peseting information
diredly defictedto viewes, interna repating daaisincudedin therequets
responsesit has been usefibr andysisin this pape An overview d all eds
avalabefor andysisis gvenin Tabe4. ¢,i s dda cortainsinformation regading
theinterna repating sysem o broadcatng uses such as dace and connetoon
types d broadcatrs, addtiond use prol einformation, and sream qudity
indicators.

4.2.2 Broadcasting and Viewing Workload

¢, e wakload d an MBS such asfouNow, is déermined by multiplefadors, as
pointed ot in[ZL1Y. ¢ e numbe of concuren broadcasxs andviewesis one
suchfador. ¢,i s propety plays a kg rolein chaaderizingthe usage fgterns dthe
YouNow seviceto improveits scéablity. To undestandthe dynamic behaiors

of the number of users of the YouNow video service, including broadcasters and
viewas, we court thetotal numbe of unique broadcatersfor every hour within

one weekfrom Wednesdgp 6" May, 2015 b Tuesdg 2" May, 2015 Figure 14
showsthe daly access fterns o the numbe of broadcatersfrom dl courtries

the US and the UK.

Figure 14showsthe daly workload pdternsregading the numbe of broadcats
ersfrom dl courtries as wdl asthe shae d broadcasrsfromthe US andhe
UK. ¢ ese coutnies constutethe maority of broadcasersin YouNow It shows
tha broadcaterstendto uploadvideos mo#ly in the evening andthe numbe of
broadcaters peaks@und mid-night of GMT. Broadcaters gadudly leavethe
YouNowyvideo sevicein the ealy mornings andoin broadcasng ses®nsin the
a ernoons ltisinteregingto seehat the peak numbeof broadcass aound
midnight of Friday 8" May, 2015and Saurday 9" May, 2015 $ highe than on
other days. ¢, elowes numbe of broadcagers on Sturday 9" May, 2015and
Sundy 1" May, 2015are dso Hghe than on dher days posibly dueto beng
weekend days.

aMhttp:/Avww.wowza.com/streaming/live-video-streaming
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Figure 14Plot of thetotal numbe of broadcaters onthe YouNow patform for the peiod
between May 06 to May 13, 2015.

Di ererttime zones cause riiple peaksn the numbe of broadcaters within
one dg. However, thelarges peaks can be mialy accounedto the 70%of broad
casersfromthe USas dejctedin Figure 14 Condderingthetime d erences
beween US an@GMT timezonesthe numbe of broadcatersfromthe USreaches
the peakin thelate a ernoon o ther locd time. Smilarly, by examining the

Name Fields

trendingUsers  userld, viewers, likes, tags, broadcastld, username, userlevel,
profile, locale, shares, fans, totalFans, lastPosition, position,

total
playData serverTime, channelld, copy, length, shares, quality (bitrate, fps,
kfr, percent, desc, high) dynamicPricedGoodies (PROPOSAL —RING,

50_LIKES, FANMAIL, CHATCOOLDOWN), stickersMultiplier, queues,
positions, broadcastld, nextRefresh, nextRefreshMobile

info userld, youtubeStart, giftsValue, lastTopFanAnnounceNew,
display _viewers, lastBelowVideoGift, broadcasterBoostLevel,
state, media, topFansCount, lastMonitorCheck, dateCreated,
coins, mirror, friendsReq, referrals, origCountry, mviewers,
username, partner, broadcastld, points, maxTUScore, locale,
stateCopy, topFanNew, userlevel, minChatLevel, title, platform,
origSettings (bitrate, fps, kf, tcp, videoSize), location, quality,
geolocale, likes, maxConcurrentViewers, brScore, barsEarned,
reconnects, stickersMultiplier, shares, totalFans, followersStart,
monitorDisconnect, vip, settingsld, dateMonitorDisconnect,
lastQuiality (bitrate, fps, kfr, percent, desc), facebookld,
facebookOption, facebookUrl, twitterHandle, googleHandle, userLevel,
description, firstName, lastName, totalFans, youTubeUserName,
youTubeChannelld, youTubeTitle, viewers, broadcasterinfo,
featuredTime, acceptLanguage, qualitySamples, fbPublish, country,
dateStarted, profile, language, broadcastsCount, premiere,
maxLikesInBroadcast, twPublish, likePercent, serverTime, length,
comments

onlineUsers users, nextRefresh, totalUsers

Table 4:Data elds provided by the YouNow REST API.
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access fiterns d broadcatersfrom the UK, thereis a peaKor video ugoads
from 300PM to the evening hous d ther locd time. Smilar to the andysis

Live Viewers
-+
1

. . . . .
06 07 08 09 10 11 12 13
May
2015

Figure 15Plot of thetotal number of viewe's onthe YouNow patform for the peiod
between May 6 to May 13, 2015.

performed onthe access pi@rn of broadcasers, we dso show an agegaedview
of the numbe of concuren onlineviewesfor the same pgodin Figure15 ¢ e
access ptern of viewe's ae dso srondy time-dependen It peakdo over 8000
around mid-nights andfalls back beow 1000t noon. ¢, us we can conleidetha
theviewe's o YouNow dsotendto watch marevideosin the esenings(GMT).
Lag, the geogaphicd digtribution of unique lroadcasxs waldwideis depcted

USA: 852880 Great Britain: 133699 Canada: 41186 Germany: 3911 Madagasc¢

Figure 16 Number of unique broadcasters per country.

in Figure 16. ¢, e USA hasthe dea dominancein terms d broadcaters, followed
by the European countries UK and Germany.
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4.2.3 Session Duration and Online Time of Broadcasters

A broadcatng ses®nis de ned aghe duaion a useremansin alive gream
For al logged sessns we showthe Empricd Cumulative Densty Fundion
(ECDF) of these durations in Figufie!

L

ECDF
=
|

o:fT —

I I I [ [ |
te o e foo fte
Broadcasting sessions length (Minute)

Figure 17Empiricd Cumulative Densty Fundion of sesin duration andthe total
online time of broadcasters.

Like the andyss peformed onthe numbe of broadcatrs andvieweasin
Subsetton 4.2.2, this andysisis based othe dda cdlededfrom May 06 to May
12, 2015.

About 93% of the lroadcasng ses®nslag lessthan 100minutes and oy
14%of the lroadcasng ses®nslag longe than one hou[ZL1§. ¢ e dudtion
of broadcasng ses®ns onYouNow ae genedly shater thanthose on ther
similar broadcating sevices like Twitch.tv, where %of the sedsnslag more
thanfour hours. A possblereasorfor thisistha alarge shae o broadcasng
seswns aiginate from mokle devices and moibe néworks (see Subséon 4.2.5,
Subsetion 4 .2.6), whichimposedimits onthe duaion in terms d daa cortrads
and battery time compared to streaming from stationary clients.

ot

ECDF
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|
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1 10 100 1000 10000
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Figure 18CDF of the number of broadcasting sessions initiated by users.

¢, e ddribution of the numbe of seswnsinitiated by broadcasers within one
weekis pottedin Figure 18. ¢i s gure showshat over 20%of the lroadcas
ersinitiated orly one lroadcasng ses®n and aboti 25%of the lroadcaters
creaed maethanten lroadcagng ses®ns wthin the congdered week ¢i s
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demongratestha there exists a goup o higHy adive broadcatersthat is willing
to broadcast several times daily.

4.2.4 Broadcaster Popularity

¢ € popuarity of broadcatersis animportant fador for viewe's, broadcaters
andthe YouNow patform itsdf. Viewes ma/ wart to know aboti mog popu-
lar broadcatersto followintereging pasond showswhile YouNow promotes
revenue modés and shees pot s with popuar broadcaters dtrading alarge
amount of viewers'

Based ortheinformation of viewasin relaion to each boadcate, we hare
andyzed sedens d 859 broadcatersto invedigaetherdationshp beween
the overal numbe of viewes andthe gatform'stop broadcats. Herethetop 10%
of broadcats aeresponglefor morethan 8%of all views On the aher hand
as dejctedin Figure 19, more than5%percernt of broadcaters do nd attrad any
viewers.

ECDF (Total Viewers)
—+
|

I I I [ [ 1
teo o e foo fte
Rank of Broadcaster

Figure 19Relation between the share of total views and top-ranked viewers.

¢i s showsha mog of the datform load canndeed be accouadto a smé#
fradion of broadcaters. At the saméime, alarge shee d the bandvidth used
for recéving sreamss spehwithout ganing ary addtiond viewes andthus
revenue.

4.2.5 Device Usage

Giventhe dda abou the devicetypes used ypbroadcaters, we haveranked 8
devices according to their frequency as presented in Table

As shown heg, thereis a ¢tea dominance & Apple devicesfor video roadcats
ing, having a shae o amog 70%o0f al devices usedrdlowingtha, thereis a
large diversity of devices using the Android system.

¢, e US maket shae d Apple andAndroid smatphones wa$4% and45%
respetively, in 2015%° ¢, erefore, thereis a ¢ea shi t owadsthe doninance
Apple devices usetb broadcasvideo $reamsn the YouNow patform in cortrag
to the distribution of the US market.

&http://www.younow.com/partners
aohttp://gs.:statcounter.(:om/os— market-share/mobile/united-states-of-america/2015
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Device type % of devices
iPhone5 14.38
iPhone6 10.56
iPhone7 9.79
iPad2 9.78
iPod5 7.00
iPhone4 5.91
iPad4 4.01
iPhone3 3.59
iPad3 2.94
iPad5 0.65
LGE LG-D415 0.62
samsung SM-T230NU 0.58
LGE LGMS323 0.56
samsung SCH-1545 0.54
samsung SM-G386T 0.42
Others 28.24

Table 5:Peacertage drepated devicetypesfor each lboadcassesion asrepated by the
YouNow API.

Connectiontype % of connections

4G 3.0458
3G 1.4307
2G 0.0035
WiFi 29.8915
Undefined 65.6264

Table 6:Pacertage ¢ occurences bbroadcassesmon connetion daafor di erert
connection types as reported by the YouNow API.

4.2.6 Broadcasting Quality

Giventhe ddaincludedin YouNow sinternal sreamng qudity repating system,
we hae andyzedtherdation beweervideo encothg paameers andthe nework
used for broadcasting streams. ¢ e data classi es di erent network typgsch
alow distinguishing beéween upoads oiginating from molle provider networks
and WF. Further, there aethreetypes d undass abe dda(entriestagged
Unknownand without any value which we hae omitted gventheir respetive
small size of instances) atthde ned

¢, edaais pottedin Figure 20 for thevideo litr ate and kgure 21for the Fames
per SecondFPS. ¢, evideo hitrateis dependenhon thetype d network used
for the udoad Here, when compang 25 and 35/4G networks, the udoadng
bitr ate for thelatter is ighe in amog al casesWiFi connetions show a lgh
bitr ate variance with valuesin the 5th and 75h percertiles werlappng with
bitrates of 3G/4G connections.



4.2 YouNow vs. other Mobile Video Broadcasting Service46

A possble explandion for thisisthat the access meorksfor the WiFi connee
tions aevery diverse and caudarge d erencesn up- and dowroad bandvidths
for this connetion typerepated by the ystem Based orthe obsevabderanges b
bitratesfor di erert network connedion types thereis evidencefor the istence
of an adapive lroadcasupload déerminingthe hitrateto be usedether based
on the network type or bandwidth measurements.

Alsqg for the Unde nedconnetion caegay, given the shape tthe kend
dengty egimate depctedfor bath bitrate and FPS gures two dealy sepaated
clugers can bederti edin each ¢ us it can bereasonedha this caegay
represenstwo diginct connedion types However, we can nofurther judge on
the connection types represented by these clusters.

* %0 —

o:f —

o:f —

e I [ [
3G 4G

WiFi

Bitrate (MBit/s)

I
Undefined 2G
Connection Type

Figure 20:Violinplots d the udoadedvideos bitr atesfor di erent connedion types
showng the medan and dstri bution by connedion type Inner black boes
represem medan andIQR, with extendng linesindicaing the full distri-
bution span Further, the geen @aeasindicaethis dtribution as a kend
densty edimate, with therespetive width represeting thereative numbe
of observations.

Looking & the FPS bthevideo sream shownn Figure 21, thereis dso sgni -
cant di erence between 2G and other connections. However, for most cases, the
FPS does not reach a value higher than 15, independent of the connection type.

Analysis Summary

In this setion, weinvegigaedthe encoéhg paameers o videoin MBSs and
iderti edtha bitrates framerates andresdutions d video sreams genetedfor
live mohle ugoad ehibit li mited qudity. Overall, bitr etes aelow compaedto
Video onDemand(VoD) providers with up to 1 Mbpsandframerates ae béow
15 fames pesecond ¢i s, aong with mogly shat sessns duations negaively
impads QoE, which qudi esthe needo improve udoad and skedionin Mobile
Video Compodion, tha fundamenally depend on such Upadsto e ciertly
and swly i dertify relevant sreamgo acheve an onging, high QoE greamfor
viewers.
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HRR 2

Undefined 2G
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Figure 21Violinplots dthe udoadedvideos FPS showngthe dstri bution by connedion
type Inner black baesrepresen medan andIQR, with extendng lines
indicaing thefull distribution span Further, the geen aeasindicae this
digtribution as a kend densty edimate, with therespetive width represeting
the relative number of observations.

4.3 Context-Based Mobile Video Composition Support

¢, € key god of cortext-based Mobe Video Compotiionisto provide a méhod
forthe e cient measwemer and cdledion of cliert and néwork datato ad the
sdedion, upload and compotion of live Use-GengatedVideo sreamsor MVC
systems An overview d the proposed pocesss dejictedin Figure 22 Ultimately,
the motivation for aiding the decision processes of MVC, as proposed Isdre, i
enhanceQoEfor vieweas d cdlabaative live reams ando diminatethe udoad
of unused streams thus reducing costs for users uploading video.

We begn with a dscusion of our appgroach with the caegaizaion of indicaors
andrespetive mdricsthat congitute one dthe cae novdties d our approach ly
incduding the devices sensoinformation as a basfor theview séedion. Next,
we desdbe how a comimedindicaor for alater compostion, cdledReceding
Scoeis geneated ¢,i sisfollowed ly details onthe overall architedureto suppat
the collection of metrics.

— Event/Point of Interest — Recording Score
Metrics -
. | Activity
Devie 1
Select Uploading Device Network
. ) - Content-Relevance
Device 2 Device 3

D D Select best Stream
v

Upload Live Stream (e.qg., LiViU)
> Compose Stream

.
v

Video Composition

H | Device 2 Stream | Device 3 Streaml Device 1 Stream | Device 3 Streari\

Figure 22:Architedural overview d live MVC suppat approach based on dgce meric
collection and derived recording scores.
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4.3.1 Context-Based Metrics and Data Collection

On ahighleve, the roposed mthodrdies onthe cdledion of metricsin four cae-
garies as a basfor deriving a cominedindicaor for the xpededQoE d recaded
dreams ¢ ese ee i) Satic paameers such as cama propeaties ctleded and
transmitted onceat thetime when a sesm isinitiated ii) adivity-related dy-
namic paameers, including shake gamation and adivity recogiition based on
device sensoinformation; iii) network properties measted and compeed with
an esimation of the ugoad bandvidth; iv) measues on cotent relevancefor a
given Pont of Intereg (Pd) based ortherecadinglocaion. In thefollowing,
we r & descibe undelying merics usedo deive aRecoding Scoeindicaor
detailed in the next section.

Metrics

Firg, for locdion retrieval, the dient usesAndroid's API Cliert to obtain the
exad locdion. As usud thelocdizaion is based othe GPS sengoor on visible
WiF and moble access pots. ¢, e shake dedion dgarithm isimplemened
usng daafromthelinea accéeromeer of the device Vauesfrom the senspare
recaded dong with atimegamp and ae peiodicdly serito a shake dedor which
edimaes whéher thereis shakng based on angde nedthreshdd for the dlowed
deviation values If shakngis ddeded its ampitude velodty, and duation are
cdculated Information abou the curert use behavior, which paentialy impads
the quadity of therecading, is based omhe agivity detedionimplemerted usng
Goode Hay Sevices™ ¢, e deeded dtributes can béoundin Talde 7. For the
network connedion, the r & paramder tha isrecadedisthetype d network
the device usesDevices conndedto WiFi or LTE ndworks ae preferred over
those uing a $owe connedion, assuningtha these nawvorks provide a supgor
sreamng qudity (seeTalde 7). Lag, the a¢ud availabe bandwvidth for the ugdoad
of live-videois esimaed usng adive probing (this process i befurther detailed
in thefollowing subseitons). Redrieving néwork satusinformation ugngthis
egimationtechriqueinduces dar less mobe ddaa usagehantranderringthe
video sreamitsdf. ¢ eresluts ae usedo cdculate whch devices aailaldefor
uploadngther streamsful [l t heregured bandvidth condtions In this way
switching to devices that do not allow continuous live upload is avoided.

Recording Score

Based orthe ab@e-descibed mérics we cortinuoudy derive an averall recading
scaetha buildsthe bassfor thelater explainedlive-compogtion. ¢, e paamders
can befadored with di erert coe cierts. ¢, ey have beerinitialy sd to represen
edimates d ther relativeimportance based on obsetions when dedoping the
discussed appach An overview d the paamders andtheir weighting fadorsis
given in Tabler.

For many multi- gream eens, the dstance beveentherecading device and
the Pd hasamgorin uence ortheQoEfortheviewes, examdesincdude conces

#Phttps://developers.google.com/android/guides/overview
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Table 7:Recording score parameters

Indicator  Weight  Attributes Value
Activity 0.5 Still, Walking, Tilting, In vehiclepther 54,3,2,1
Shaking 0.5 Yes/No 1,5
Distance 1 X Meters foxe  0:05 3:7
Network 1 X Bandwidth fox;ye x~yi¥5

y Video Bitrate
Network 1 WiFi, LTE, HSPAP, 3G, UMTS 5,5,3,2,1

or paliticd demongrations ¢, e esimator acceps alocaion (Pd) and arequred
bitr ate adniti alizaion paameers. ¢, ey are usedo asggning scaesfor al devices
currertly connectedto the yyssem. For the cdculation of thedevicelocdion scoe,
the dgtance beweenthe device(based orits GPSlocaion) andthe de ned Pad

is deived In casehis dstanceis béween5 and50m, thelinea formula for

the esert venueis usedas speic edin Tade 7 [WE14)]. Fo large and smédler

distances, 1 and 5 are assigned as scores, respectively.

For thedevice ativity scoe, we conglder theresutsfrom the shake ésnation
and adivity detedion. If shakngis ddeded the minima scae d 1 staken
otherwise the maimal scae d 5is used¢, e adivity detedion dgarithm asggns
a maima scaeto Sill devicesand a mnimal scae whenthe ddeded adivity is
Runring On bicydeor In Vehide For Walkingavalue d 3is asgned andOn fod
avalue of 4. ¢ e average of the two indicators is the ovedaNice activity scare

Next, thedevice néwark scoe measuesthe curent network's capabiti es ty
assesngtwo pos#ble scendos It useshe hitrate d thevideorecading and
assgns a maimal scoe to devicestha have an aalalde bandwdth equa or
highe to therequred one For lowe values the scoeislinealy scded baweenl
and5. In case aecern bandwdth esimate cannd be deived(eg., dueto high
channé uctudtion), or thelag esimateis dder than @ secondsthe scoeis
based orthe ndwork cortext. If the devices ae conneted by WiFi or LTE, a scoe
of 5 is asighed while lowe scaes aie asggnedto dowea network techndoges
¢, €sum dthe weghted paamdersis dvided ty the sum dweaghts, resutingin
a score in the range of 1 to 5.

Bandwidth Estimation

Astheframewak only descibestheinterfacefor edimaingthe availade ugoad
bandwdth, various eimation appoaches can bienplemeried At this pdnt, we
providetwo esimation techriquestha havethe go&to provide a highleve of
estimation delity while keeping the data overhead low.

Firgt, as a badine, a ndveimplemenation was bilt. It r st recadsthetime
onthe dient before gartingthe senthg of packes, sends a numyeof maximum-
szed Use Datagam Rrotocd (UDP) packes (45 by defaut), and checkshe
recepion time onthe sever. Asthere might be a ¢ock skew beveenthe dient
andthe sever, Network Time Rotocd is usedor deerminingthe d erence
betweenthe docks and cleulating thered transnisson time o the packes. In
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the end the numbe of transnitted bytesis dvided ly thetimethetransmsson
took in order to calculate the average bitrate.

In addtion to this nave appoach a mae ad/anced appoach was lsoim-
plemernied ¢ ewBest algarithm proposed l Li, Claypod, et a. [LCKO08] was
sdeded asit providesfag andlow-overhead esmatesin a mokle coriext. wBest
r s sends peis o packesto deerminethe e edive capaity C.. ¢ e packe
par techriquefor egimating the width of the narowes link in a pah is usudly
credtedto Jacobsorfac88§ and Kesha [Kes%)], it wasfurther andyzed ty Hu
et a. [HS02]. It examinesthe behaior of the ndwork whentwo packés ae sem
backto-back ¢ e eploitedfedureistha whenthelink is wide enoughthe
space bieveenthetwo packésis preseved whereas pasagthrough a narow
link causes a gap tveeenthetwo packés. ¢i s packedispesion can be used
to esimate the width of the narowes link, and with it, the e edive capaity
C. of the erntire pah. Next, several trains d packés ae sem at therate d the
egimated e edive capaity. ¢, e concepof sendng andrecévinglarge sequences
of packésis usudly attributedto Jin et al. [JR84. It can be usedo edimate
the aclievade throughpu on a pah. WBest usesthisfedure to cdculate the
dispesion of the packesin eachtrain andtakingthe mean as an 8mae. ¢, e
achevale throughpu Risthen cdculated based onhe numbe of bytesin a
packe divided by the packedispasion. Usingthis dda ontheredizedthroughpu,
i. e, the concete measte d the aclieved ddarate, the aclevaldde bandvidth A
isthen compued asA Cg"2 C¢~Re. Here, the availade bandvidth descibes
the xpeded measte d redizabethroughpu. For a ddailed desdption of the
algorithm, we refer to the authors' original publication@GK0§.

4.3.2 Protocol and Architecture

We will now introducethe yystem's achitedure and componets, begnning with
the employed messaging protocol.

For messaing, an agnchronous diert-saver patern®dwasimplemened usng
JeroMQ. ¢, e process begahllishing a moritoring ses®n, as showrin Figure 54,
is explainedin thefollowing. First, the diernt sends doininfo  messageo the
saver, whichindudes &atic information abou the device such agthe modé and
camea chaaderigics(megajixds, image gakli zaion capaliti es etc.), along
with dynamic paamders, induding the curent locdion. ¢ e sever redies
with aJoininfoAck  messagavhich acknovledgegherecept of the Joininfo
message. It also speci es an update interval at which the device willddeaity
sendinformation abou the QoS paamders. A er that, the diernt prepaes and
sends such messagesich include podion information, shakerelated dda,
presumed divity tha the hdder of the deviceis curertly performing, and
network information. ¢, e sever may alsorequesanimmedate updae if up-
to-date ddaisrequred At the end d avideo sreaning ses®n, the diert can
gracefully quit by sendingleeavelnfo message.

In addtionto this messagg protocd, the sever checkghetime o arrival of
Updatelnfo messagesom each ative device If the maimum time baween

&http://zguide.zeromg.org/pace:all/#toc76
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updéaeintervalsis exceededthe sever assumesha the node has goneione,
and removes it as a potential stream provider.

Joininfo ——

<«— JoinAck

[ 1
Updatelnfo———>

<+— UpdateAck
| ]

Leavelnfo———>

Figure 23:Messaging protocol for the monitoring framework

Data Storage

¢ erdevant data abou the expededvideo qudity andthe desices chosefor
upload ae saedin aPostgreSQL daabaseo dlow later andysis.® Fird, at the
bednning o a sedsn, thefadors o al measwed paameers (shake network
information, etc.) arerecaded ¢, en dl Joininfo  andUpdateinfo  are saed as
they arrive. Bath, theJoininfo andUpdateinfo messagesontain the device
ID provided ty the mandadurer, which can be usetb retri eveinformation abou
a particular device of interest.

¢, € etimaed bandvidth for every device as wd asthe amoun of addtiond
network overhead ceded by the bandvidth egimation, is dsorecaded Inthe
end, the uséulness sae o al devices andhe device pckedfor ther upload ae
also saved.

Integration of the Monitoring Framework

¢, e dient-ddefunctiondity is packaged as @mndroid sevicetha can be trted
and goppedvia anintert. ¢, einformation cdleded and anb/zed ty the moritor-
ingframewak is exposed ly the sever via mehods as wdl asthrough a RE®
API. ¢, us theframewak can eaity be used P other compodtion sysems ¢, e
information tha can beretrievedincludesthelateg Joininfo  andUpdateinfo
messagesom the conneted devices Furthermore, therecading scoe o these
devices and the best upload device selection are also stored.

4.3.3 ¢e Video Recording Application: LiViU

¢, eliveVideo Udoad §ysem(LiViU) [WKE1jis anadagive molilevideo upoad
gydemthat can be useth conjunction with TCP a UDP Itis qudity-adapive ast
suppatsthetranscodng o multiplevideorepresetationsin parald on Android
mobhile derices Alsq it enaldes adatationsin the schedling mechaismsin
order to dlow avideo compoti on sysemto requesvideo chunksBath conceps
are depicted in Figuré4.

& http://www.hsgldb.org/
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Figure 24:0Overview onthe conceps and mechaisms d LiViU. ¢, e uppe pat of the
gure showghetwo greaning mechaisms suppaed by LiViU: push and
pull-based upload. ¢ e lower part of the gure depicts the encoding process
on Android that suppatsthelive geneation of adagive qudity streamlayers.

Local Socket

Adaptive Video Upload

LiViU alowsthe aedion of multiple videorepresemeationsin red-time By gene-
aingd erent bitrateversons d avideq it can enstetha the availabde bandvidth
for an udoadis uili zed ogimally. LiViU extendsthe medarecading Applicaion
Programming Interface orAndroid phonedo sa up di erent encodngthreads
¢ € hadware encodhg availade on curent smatphones can b&everagedfor
transcodhg videos Eachrawvideoframeretrieved by the cameais handed wver
tothevideo encothgthread ¢, e gaphcsrendeing APl of Android is usedo
run thetranscodhng onthe GPU o the device ¢, erawframeis corvertedinto a
two-dimengond texture, whichisrepresemed as dahreedimengond textureif a
sd of framesds availalle. To accesthe GPU, the OpenGLESlibrary for mohbile
devicesis used; which dlows a gicck maripulation of theresdution andframe
rate. Each encoihg thread opeates on a cop of the texture and maipulates
it accading to the degedframerate andresdution. ¢ e na sep handghe
texture bu er over to the respetive video encothg unit which leverageshe
built-i n hardwareto encodeherepresetiion a the deged hitrate. ¢, eresuting
H.264/AVC videorepresemations ae consectively writtento the devices man
memory.

A red-time capalevideo pasing sevice andyzesthe consectively written
videoframes and oersthemto LiViU for transmisson. ¢, e compexity of unde-
gandng when a svtch can be condued without visud imparmert (i. e, artifads
dueto switchesin encodng) onthereceaver sdeis hidden wthin the pasing

ashttps://source.android.com/devices/g raphics/arch-egl-opengl.html
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savice Video chunks bthe séededrepresemation are handed wver to theLiViU
transmission using a local socket on the mobile device.

Adaptive Scheduling

LiViU can adapbeweentwo di erent schedling schemespushbased and
pull-based devery (see Fgure 24). In this wak, LiViU uses a pustbased divery
to dlow alow-dday sreaning with minimal overhead Yet, a swtch béweenthe
two schemes can ligggeed by the sever. ¢, e pul-based diévery of chunksis
controlled by the appicdion ontherecever sde which can déermine whento
request which media chunk.

4.3.4 Composition

Video compotion can be pgormed as aindependetcomponen of the ap
plicaion. In this wak, we empoy two appoachedor compodtion: oi ne and
online.

LiViU savesthe geneated sreams\ith a gvendevicelD andsessionlD as

| es onthe sever. ¢ einformation from the moritoring syssemis saedin a
database and catthus dso be usefor oi ne procesmg. ¢ e saedinformation
incdludes d messagescehanged i the devices andhe sever, as wd asthetime
of ther sendng. ¢ us al the paamdersreevan to thevideo qudity can be
extraded and anlyzed For the oi ne compodion, a Python-based gstem usng
the moviePylibrary® is employed, as detailed below in the Sectioh

In addtion, an orline compodtion sysem wasmplemenredin Ja, usng
OpenCQv/? It geneates and ispdaystheresuting compodtion with avery low
overheadin red-time. It was usedor the ystem's evaluaionin Subsetion 4.43.

Foarmally, the process tvideo compoti on of video sreamsecadedin-paralld
Sy, can be destbed adollows ¢, e composed diput video congsts o a s¢ of
video shis &, where eaclvideo shorepresems an urinterr upted sequencefo
frames from one video stream uf.

In line with the adomatic compodion as poposed iy, e g., Shregha « al.
[Shr+1( thaincludes alt ering 4ep and a compadgon gep we adapthis It ering
by sdedion of uploadng devices ¢, us we re-sded video sreams wirch hae a
certain minimum video qualityQmin-

¢, € na dedson whichinput video sream shoid be showrin the composed
video sreamisthen based othe Q" Ve, i.e, theRecoding Scre, and a dversty
scae which ensuesthat al input videos hae a chancéo be pat of the na
compodgtion & some pontin time. ¢i s dvergty scae dlows in our proposed
approach to asggn addtiond requremerisfor thevideo quéity assessmeisuch
as a penlty for recenly sdededinput video sreams ¢,i sisto minimizether
likdinesgo be skededfor compodtionin the upconing compogion dedsions
thus increasing shot diversity in the nal composed video outfgt

athttp://zulko.github.io/moviepy/
&http://docs.opencv.org/
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4.4 Evaluation

¢, € proposed apmach andhe carespondng s/sem wee evaluaed with the
god to compaethe paformance évideo compoiion uingthe coriext-based
MVC approach to unsupported, i. e., naive video composition.

Tothisendina €dteg, werecadedvideos & v elocdions with v e molile
devices and ve users. ¢ e recordings were stored for o ine processing on both,
the device andthe sever. ¢, elatter casei. e, livetransmsson of videq therefore
capures 4l potertid e eds by the ngwork whentransnitti ng videofrom mobkile
devices umgLiViU. For each dtherecadinglocaions two composedideos
were aeded one usngtherecading scae Q" V,* and dversity requremerns as
the bassfor compodtion, and one vith arandom sédion of shdsinsead d a
recading scaoe based dedion, yet, maintaining dversty requremerns béween
the ve streams.

In a secondtep wethen empoyed use studiesto deive use sdisfadion
(i. e, MeanOpinion Scoe (MOS andug Noticeatbe Di erence(IND)) for the
composediideo sequencetad, we andyzedthelive dreamng capabiti es d
our system in an online scenario.

4.4.1 Evaluation Setup

As merioned in the r & part of our evaluaion we empoyed a ed study for
the aedion of v evideo sequencegitchingthetransnitted sequencasgeher
oi ne ¢ evideo sequences wesmultaneouly recaded with v e Nexus5
smatphonesin v e neaby locdionsin a pak, each ceied by anindividud use.
¢, ePd was déermined dthe begnning o each sessn, as depctedin Figure 252"
by arrows.

Each deice was opeted by therecading use for a duration of a leasthree
minutes Monitoring daa was cbeded by the prototypeimplemertation of our
the context-based compason syssem andtransmttedto the sever to be soredin
aPostgreSQL  daabasealong with the dsreamedvideo sequenceBath sevices
were hosed on anUbuntu 16.04 seaver connectedto the university network with
a bandwdth of 1 Gbps¢, e néawork connetions d therecading devices wee
con gured satha a widerange ¢ connedion dtributes was adbved asfollows
two devices wee usng a WFi network with a mohle access pot, connet¢ed
viaLTE to the Internet with a macimum upload bandvidth of 50 Mbps Two
other devices used.TE dredly with up to 7.2 Mbpsand 50 Mbpsbandwidth,
respetively. ¢ elag device used a@ connec¢ion with up to 7.2 Mbps Each
device mantainedthe n@work sdtings whlethe useingructions weerotated
for each location. An overview of the setup is given in Table

We de nedthe greamng qudity in LiViU to have a htrate o 3 Mbpswith
30 FPS avideoresdution of 1280 720pixels, encoded vwth H.264. During
recading, LiViU adafedthe hitrate d therecading dynamicdly beween3 Mbps
and 1.5 Mbpdased on bandidth measwemeris provided by the moritoring
framework.

@nttp://maps.stamen.com/toner’#16/49.8769/8.6539
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Location

Device (Network)

Movement

Shaking

Panning

(0: none; +: some; ++: intensive)

Location 1

1 (LTE 7.2 Mbps)
2 (3G 7.2 Mbps)
3 (WiFi 50 Mbps)
4 (WiFi 50 Mbps)
5 (LTE 50 Mbps)

+ 0 + + o

o]
++

+

o ©

O+Ooo

Location 2

1 (LTE 7.2 Mbps)
2 (3G 7.2 Mbps)
3 (WiFi 50 Mbps)
4 (WiFi 50 Mbps)
5 (LTE 50 Mbps)

+ 0 + o 4

© o o 4

o

o © o +

Location 3

1(LTE 7.2 Mbps)
2 (3G 7.2 Mbps)
3 (WiFi 50 Mbps)
4 (WiFi 50 Mbps)
5 (LTE 50 Mbps)

o + + o 4

+Oooo

Location 4

1 (LTE 7.2 Mbps)
2 (3G 7.2 Mbps)
3 (WiFi 50 Mbps)
4 (WiFi 50 Mbps)
5 (LTE 50 Mbps)

o + o + 4

O O O +

+
o o ° o

Location 5

1 (LTE 7.2 Mbps)
2 (3G 7.2 Mbps)
3 (WiFi 50 Mbps)
4 (WiFi 50 Mbps)
5 (LTE 50 Mbps)

+ + 0o + o

o

++

o o © o +

Table 8:Device context based on location

A errecading, thetranderredvideo sequences weusedo geneate compao

stions d di erent sreams acaaling to the cdleded scoes Here, each geneted

sequence had a dation of 30 secondswhee switching beéween sreams was

alowed @ mog every 5 secondsFor eachb-secondvideo segmenthe device

with the highes$ achieved scoe was seded ashevideo souce Figure 26 shows

a gill i magefrom eachrecaded $reamin locdion 4, wherethe r s imageis
based on the recording of device three, having an average scafiof 3

For compaison we composed ariber video sequencd the saméotal duration
randonly sdeding one d the availabe viewsin 5-secondntervals. Giventhe

dightly di erert garttime d therecading ses®ns we namalizedthetime based

onthe ariva time o a dream onthe sever. ¢, eten geneated sequencdsv e
scae-based verandom) werethen evaluaedin a aowd-soucing gudy usng

the Growdeé" savice as shownn Figure 27. Bath dassesfgeneaed sequences

were dsgdayedto uses on moble devices gahering a sulpedive ognion scae
(i. e,MOY9 usng a corinuous $ider beéweenland5, thus evaluaing the overall

https://www.crowdee.de/
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Figure 26:Example screenshots for location

qudity of each sequence pandependetly. ¢ e wakers dd not know which of
thetwo sequences ocespondo the coriext basedecading-scae compogion.

A er each pa of video sequences was shoterthe wakers, aforcedchace
expeaimert was apped askng which sequencthey preferred In alag quesion,
the waokers wee askedo idertify objedsin thevideosto verify a saisfadory
level of attention during the test.

A second galuaion was conduied on a smber scde, usng two Samsung
Galaxy S7 Edge driceswith thefocusto obsevethe switching beh&ior dday
during livevideo compottion (see Subséon 4.4 3). Here, each deicerecaded
a certral visud disgay clock Switching wasnduced béwveenthetwo recaded
sreams wihle addtiondly recadingthe overal sysem behaior with a gationary
camera.
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=] N T .476%# 09:04

< Video Composition Study

3% Quality of Video 1

Please rate the video quality of first Video:

Videoquality

1 (Bad quality) 5 (Good quality)

IEEEEN (TR

Figure 27:Saeenshoof the use study in the GrowdeeApp presetedto uses. Playback
was efforced onfull sceen and eachiideo sequence had be wachedin full
length. Content was prefetched to ensure uninterrupted playback.

4.4.2 Crowd-sourced User Study on Quality of Experience

¢ € use study was conduted with 20 individuds, with an aserage agef®7 yeas
(12 mde, 8femde). Each sufed passed a cdert recogiition-basedvalidaion
test, and all results were found to be usable by manual screening.

Location 5 - Score
Location 5 - Random
Location 4 - Score
Location 4 - Random
Location 3 - Score
Location 3 - Random
Location 2 - Score
Location 2 - Random
Location 1 - Score
Location 1 - Random

MOS
Figure 28:MOS by recording location as shown in Figuzé
In Figure 28 MOSs ae shownfor each dthe v erecadinglocdions ¢ e

ertire spetrum of MOSs can be obeeed indicaing a héerogeneous quiy and
di erent use preferencesn both random and sce-based compasons For each
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All Locatiors -Score

All Locatiors -Random

MOS

Figure 29:Combined MOS for all locations and users.

locaion, the MOSvaluefor scae-based compadtons oupeformedtherandom

compodtions However, the overall di erencein meanvalues srondgy depends
ontherecadinglocdion. For locaions 3 andt the con dencentervasindicae a
wide spetrum of reslts, and no satigticdly sgni cart preferencefor scae-based
over randomnly sdeded compodions can be seeriet, thereis a sgni cartly

better score for locations 1, 2 and 5.

A smilar trend can be obseedfor the summaizedresutsfor al recading
locaions as shownn Figure 29. Here, the scoe-based compasons show a
higher mean, with both indicators showing a high standard deviatioroaghly
0:50nthe MOS scée, indicaing a hgh suljedivevariancein the preferences ©
users, with a signi cant preference of the score-based compositions.

¢, eresutsforthe ND-basedorcedchadce expeimertsin Tale9, as poposed
by Watson ¢ a. [WKO01, showtha three ou of v e scoe-based compdsons ae
signi cartly better. ;i sresutveri esthetrend seen géer for the MOSbased

Video ID % Score % Random  JND unit

Location 1 88.9 111 17
Location 2 90 10 1.77
Location 3 66.7 33.3 0.65
Location 4 66.7 33.3 0.65
Location 5 78.9 211 1.18

Table 9:ug Noticealbe Di erence &perimert resuts by recading locaion as showrin
Figure25

resuts. Next, in Figure 30 we showthe dtribution of theresuts usedor the
scae-based/ideo compotion. It can be obswedtha the overall weighted scoe
has a meanfo3.5 wherelarge di erencedn the sngleindicdors «ist. ¢, e
network scaeis never lowe than 3, showng tha resutsfrom the peformed
adive meastemerns exceedtherequred hitratefor video ugoad ¢, e dstance
scae showsrery low values werdl, indicaingin some casespredselocaion
esgimates o a high dgance dthe devicesfromthe Pd. Lag, the adivity scae
shows a\der spedrum of values which was gpeded gventherange ddisruptive
actions performed by the recording users, as shown in Table
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Weighted I— ———— —
Network e =
Distancdmm
Activity!— — — T — & —ee——

10 15 20 25 3.0 35 4.0 45 50
Shot Quality Score

Figure 30:Comparison of generated scores for video selection.

4.4.3 Real-time Composition Capability

LiViU alowsthered-time compot#ion of thevideo $reams ugthe moritoring
framewak to deaerminethe devicestha o er the besvideo quidity. ¢, e sever
can usehisinformation to play thevideofrom the devicetha hasthe highes
score.

In order to minimizethelive dayback di and a padertial stalling beéween
switches, the server always retrieves the video streams from the thvaehaes.
¢ e packesfromthe r & device ae payed coninuoudy, andin casdhe gream
stops the sever falls backo the devicetha hasthe second lghes scae. To ana
lyzethe e ciencgy of this appoach this evaluaion scendo inspetsthereadion
time for users under lab conditions.

Giventhefocus onidertifying the switching dday as wd asthelive payback
dri , t hefadorsfor al parameers excef the adivity scae wee séto zeo. For
the updaeintervals, in whichthe devicestransnit the curent adivity satusto
the sever, therange bewveen2 and5 seconds watededin onesecond g&ps ¢, e
readion timefor switching beéweenthe 4reams when shakg one d thetwo
devices was angzed(see Fgure 31@)). To accuately measuethe use adions as
wel asthe switching pant, a certral clock wagecaded andater andyzed based
on an eternal videorecading, as showrin Figure 31L0). ¢, eresutsindicaethat

S i
T
AR
o
@
fa H | —
- —
| I I I
f t %o
O sets

(a) Digtribution of the deday betweentrigge- (b) Recording test setup

ing a svitch by shakng andthe adual
update time for the composition

Figure 31Process for generating end-to-end switch delay and distribution of results.
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very low swtching ddays can be adleved with high updderates although shoter
updaeintervals dso mantain an accefaldelevel of the overall switching dday.
Regadingtherequred ddafor updaes each message hasiaesd appoximately
380 Bytes In addtion, the bandvidth measuemen usesl31 KBytesniti ated
independetly every 15seconds¢, us, evenfor very shat updaeintervals o
2 secondseach deice does nbtrander morethan22.62 KByteper minute for
eachupdateMesssage plus an aditiond 524 KByte$or bandwdth measuemen,
including the compete se of indicaors (al parameers have beertranderredto
the server but only the activity score was used for the switching).

4.5 Conclusions

Ji s chaper presemed an anlysis d use behavior andvideo qudity in thelive-
MBS YouNow and poposed a ned concep for the adomatic geneation of high
QoE compositions of live User-Generated Video.

Based ortheinitial andyss, we deivedtha sreaning qudity is geneally low
andindividud ses®ntimes @ae o enshatin live MBS dueo chdlengng nework
and device chaaderigics d uploadng from smatphones ¢, us, low-overhead
sdedion of relevart contert (i. e, high qudity) is a cucial congderation for the
live composition of User-Generated Video.

Motivated by these obswations we roposed aystemfor live udoad and
compodtion of UGV based on measingthe coriext data o therecading devices
We have resened a pototypeimplemenation of our approachtha was eauaed
in a dowd-souced use sudy. In paticular, adivity recogtition and ative
bandwdth edimation weeincluded as ned concepsto suppat mohilelive
video ugoadfrom multiple souces Usingthe ageded ddase, we hare showrthat
a highe meanQoE, asrepreseted by the MOS andIND resuts, can be acleved
when séeding video sreams based on t&ork-, adivity-, andlocdion-based
indicdors, withou andyzingthevideo cotert diredly. ¢i s dlowsthe adivation
of only those deicesthat are usedor the nal viewin a composedideo sream
minimizingthe overall daatha needdo be upoaded ¢, efad that we do nd
perform video conert andyss enalbes usto cary out the meastemert and
sdedion of devices as sagesfor the comlinedlive greamin red-time with a
very low endto-end deay. We have shownthat the geneation of a combned
sreamisfeasble in red-time with very low ddatrander overhead wiile gill
allowing for quick switches between device streams.

Lag, comhkning a cottiext-based deice séedion with cortert andysis may
provide highimprovemert potertialsin thefuture. Here, in a r & sep a subse
of canddate devices can bedenti edfor video upoad usng cortext indicaors,
whiletradtiond content-based qulity andysis can be usefbr detailedinspetion
of those reams ¢, us only a subseof devicesthat arelikely to provide a hgh-
qudity stream needso upload while cortent andysis guaanteeshat feaures
only visblein the coriert andyss ae na disregaded ¢i s woudd dlow usto use
most advantages of both approaches while resulting in a higher o@uéll
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5 NetworkInterdependenciesinHTTP
Adaptive Streaming

Whilethe previous chaper discussed chingesegading the ugoad d live-Use-
GenegaedVideg we now mave ou atertion to the aher end o the dstribution
chan of today's Video $reanming Systems(VSSk Here, in the ddivery of high-
qudity videq the Over-¢, e-Top (OTT) concep has becoméhe cetral mode
of digributing Video onDemand cotert to uses, while this provides ged
exibility, achHeving consstent Qudity of Experience(QoE) is chdlengng gven
the heterogeneity of underlying networks used in Internet-based delivery.

In particular, theinterdependence ltereen néwork chaaderigtics and cong-
urations poses agni cart chdlenge wherryingto idertify the causesfdow
QoE For example, if the gven séedion of bitr ates ty the Adaptation Algorithm
(AA) in a sesensleadgo an undes ale experiencefor the use (e. g., thevideo
galls, the qudity islow or 0 en drops $gni cartly) thisleadso the quetion of
wha isthe undelying reasorfor thisinsu ciert perfformance Here, thereseech
focus has been amvegigaing the AA andthe undelying deé¢son modd it sef.
However, giventhe layered achitedure d Dynamic Adaptive Sreamng over
HTTP (DASH), we aguethat thereis su ciernt reasorto further invegigaethe
network and con guraion space bgond AAs, e. g., how canthe AAs peformance
be explained in the full system context

¢ e undelying, crucial obsevation hereisthat to consder the paformance 6
DASH sessions, all interdependent system components including players, Con-
gestion Control (CC), and execution environment in uence the performance.

With the wak presemedin thefollowing chaper, we addesghese chihenges b
invegigaing DASH unde redistic assumponstowads aclieving atangble (and
measurable) increase in user satisfaction QoE in today's prevalent DASH-
basedV/SS iy conduding and andyzing large scde, regrodudble experimertsin
a controlled test environment.

To this endwe r & add-esshe undelying maivation and ch#lengesnvolved
with alarge scde andyss d DASH. Wethen poceedo ddail the appoachthat
allows investigating a large-scale evaluation space to identify such con guration
tradeo stha we cdl sweespds In thefollowing evaluation, weinvedigae such
conaeterdations béeweenQuality of Sevice(QoS andQudity of Experience
(QoE) indicaors with the nework ervironmert and con guration spacéor DASH.
Based orthis lroadrange ® DASH con gurations andtradeo s, wethenfocus
on learning approaches to identify the best context-dependent set of such con g-
urations ly sdedion of players, AAs, and CCdor a gven ervironmert cortext.

61



5.1 Extensive Emulations for DASH 62

¢ e pesemed andyssis based on auprevioudy published wak in [So+16b;
Sto+17h

5.1 Extensive Emulations for DASH

Our certra reseech daim istha theviewes QoE depends othe con guration
of the appicaion andthe néwork condtionsin a compex, non-trivi a fashon.
¢ Us we proposeto evaluate DASH appicaions theimpad of ther con guration
andthe ndéwork condtions onQoE médricsin large scde emuations Giventhe
gated mdivation, thisrequresto cover an extensve evaluaion spaceo explore
DASH con gurations andthe e ed of combinations d con guations as wdl as
a yystemdic appoachto makéngthe scée d such eperimensfeasble. In the
process bfollowing this god, a geneal network experimentation framewak
cdledmad emagedtha is coveredin deail in Frommgen Sohr, Koldehde, et al.
[Fro+18]. Aspets d this yystemaic apgoach aetheresut of the r & part of our
DASH gudies[So+16b]; in Sohr, Frommgen Rizk, et al. [So+14] mad wasthe
framework used to conduct experiments.

We begn this setion with an ouline d the achitedure d mad tha suppats
thislarge scde emuation and experimert desgn. We then desdbethe degyn o
encapslated DASH emuations usng Mininet , followed ty a dscusin of the
emuation cortext, e g., with regad to the ervironmert andthe con guration
space.

5.1.1 Evaluation Framework Architecture

,_WLYPTLU[ +LAUP[P ,_WLYPTLU[ ,_LJ\[PMU Analysis
EnvirVUTLU[ Experiment Data
EnvirVUTLU[ JHYPHISLZ X

* A N -
*VUAN\YH[PVUI]H e VUAN\YH[PVU (UHS ZPZ -YHTL
,_WLYPTLU[ KLZPNU [ Experiment Instance U|| m

LN ,* +VJ

Figure 32:Extensive emulations with real applications on multiple network condition

¢, € pesemed appoach was delopedin cornjunction with mag by Frommgen
Sohr, Koldehde, et al. [Fro+18]. Itis anintegated extengve emudation erviron-
mernt for conduding neworking experimernts, aong with spe¢ ¢ componetsfor
DASH gudies By usngthis appoach weintendto overcome sgeral chdlenges
usudly facedn conduding neworking experimerts. 1)increasng compexity;
2) increasng innovation speed3) the needor extensve experimernts; 4) and
limitedresouce aailallity . Figure 33showsthe achitedure usedo emuate
the Catesan produd of comhinaions d ervironmert and con guration vari-
albes(seeTalde 10 for the DASH gudiesin this wak (1).On a highleve, the
sysem conssts o three componets. First, a webbasednterface dows de ning
experiments in an abstract form by selecting the desired set of environment and
con guration variadesthat can beingantiated within a concete experimert
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desgnfor the gven use cas@). ¢ esdngances eethen schedled giventhe

availaderesouces in parald (3), as concete experiment ingancesHere, ary

virtudizaion concep, such awirtua machines @ container-basedsirtudization,
may be usedo execuethe de ned xperimert (4). Reslts geneated by these
experimens aethen cdleded and aggegadedfor further andysis a er which

the can be used as a =for re nemern of theinitial experimen paramders

interadively. ¢i slag componen usesnteradive Jupyter Notebooks  andthe

SciPy ervironmert for exible dda andyss. For a deailed desdption of this

concep, werefer to [Fro+17 Fro+18]. In the conext of this wak, we developed
a cusom execuion ervironmert for DASH eperimerts, as desgbedin the

following.

MACI Research  Create Simulation ~ Simulation List ~ Framework ~ Workers  Worker Hosts  Export

Store/Load Simulation Template
dashsimulationbuffer Store
Store/Load Templage Configuration
largeconfig v Load @
largeconfig Store
Parameters

Simulate each configuration 1 time(s) with

1 different seeds.

Each simulation instance provides corresponding
seed, simid and siminstanceld parameters.

Expected number of simulation instances:¥20

Environment
Variables

Figure 33:EExample screenshot of the experiment de nition interface.

5.1.2 DASH Emulation Environment

Driven by the godto compaie DASH payersin areprodudble seéup, we buld a
player execution ervironmert tha provides gplayer abgradion for auomaticadly
loadng, con guring and moritoring, JvaScipt, as wél as Bithon-based fayers,
asillugratedin Figure 34. ¢, e r & sdup layer of the experiment is built usng
Python andréies onMininet [Han+12] to con gure avirtua network seup
consggting of a sever, a dient and one @ multiple bdtlenecklinks sepeated
by switches and shapedith respetto the curent network ervironmert con
guration. ¢i s enalesfuture expansgon of the experimental sdup to arbitrary
topologies and more complex networking conditions.
Onthe sever-side aweb sever islaunched usigthe NodeBShttp-sever #* pack
age o Apachewhilethe dient sarts axvib # sesion to dlow for the execttion

aXhttps://www.npmjs.com/package/http-server
Hhttps://www.x.org/archive/X11R7.6/doc/man/man1/Xvfb.1.xhtml


https://www.npmjs.com/package/http-server
https://www.x.org/archive/X11R7.6/doc/man/man1/Xvfb.1.xhtml

5.1 Extensive Emulations for DASH 64

of the Frefox 52 browse that suppats Meda Souce Extensons® Further, the

Geckodiver " sgvice povides cotrol of the lrowse by Séenium-AP! cdlsfrom

the Rython experimert desciption code®™ For the JvaScipt-basedDASH  “Now there is also the
players (DASH Band Shaka Iayer), the experimert isloadedinto the lrowse  option to use

by requesting the web page containing the DASH player's JavaScrljutzjom ;:‘é?r:';‘;;gegdt'ﬁzs asan
a er the seup of the DASH payer execuion ervironmert. Here, the Webpack® .« hased approach.
loading system is employed to dynamically instantiate the sel&x&H player

based orthe con guration paameers. For each payer, aloadng scipt was

implemenedtha mapsiniti alization routines and st ngs such as bier levels,

the Meda Rresemation Desciption (MPD), and Adaptation Algaithmsto care-

spondngfunction cdls. SnceASream in cortrag to DASH.J and ShakalByer,

is bult ertirdly in Python anddoes nbplay out thevideq it is dredly cdled with

the corresponding experiment parameters without browser interaction.

| Experiment Description (Python) |
4

VM with Mininet

| Monitoring Module| | Webdriver |

Server
4—‘AStream Xvib |
DASH Firefox Monitoring
Dataset < DASH Players- Module
DASH.JS/Shaka

Figure 34:Experiment instance as represented by one virtual machine.

Monitoring Performance Metrics

Toretrieve and anlyzethe ystem events and déa gructures whchvary dependng
onthe séeded dayer, weimplemened amoritoring modde. It mapsthe dayers
monitoring evertsto a seé of cdlbackfunctions and cedes a uiversd daa
sructure saed as aavaScipt array. We provide moduesfor the JavaScipt and
Python based players respectively.

We séthe day out duration for each &perimertto 120 seconds and cdimuousy
monitor the daytime. ¢i sisto ensuetha, evenif salling everts occu, players
are compaed on a paybacktimeingead ¢ an experiment time bass. A erthe
given experiment time, we collect and process the experiment metrics.

In this wak, we congder two mdric typesto assesthe peformance é DASH
Players 1)targe metricsthat are dredly measuved 2) and aggegde mericsthat
are derived from target metrics.

#http://caniuse.com/#search=mse
balhttps://github.com/mozilla/geckodriver/
bbhttps://deveIopers.googIe.(;om/web/updattes/2017/04/headIess—chrome
BChttps:/iwebpack.js.org/
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5.2 Cross Layer Environment and Con gurations

Anaogto the abae-given mdivation of alarge scde emudation apgroach we
sdeded a wderange 6 paamdersthat are presemedin a bdtom-up fashon, as
speci ed in TablelQ In the following, we provide details for each category.

5.2.1 Network Conditions

Asthe chace d a widerange éredigtic ngwork condtionsisfundamernal for
allowingingghtsinto the dependeries béween congurations we congder two
synergistic apgoachesi) synthdic condionsas a modkto deive arandom
(but reprodudble by a gven seefibandwidth and déay ditribution spec¢ ed by
mean andvariance and, ii) dynamicred-warld bandwdth tracesdlededfrom
mobile deviceg[Rii+13], andrefday these usg atc tra c shape We aguethat
meaningful insights require both approaches.

¢, € addtiond rangetha can be acleved by synthetic digributions dlows a
systemdic compaisonin extreme(e. g., low mean bandwdth, highvariancg and
more gatic condtions(e. g., low bandwdth variancg, whereasecaded dynamic
bandwdth traces bhowto andyzetheimpad of uctuaing bandwdth condtions
asthey are experiencedn redity. For all bandwidth tracetypes wefurther spedfy
additional variations in the delay and loss.

5.2.2 Transport Protocol

AsDASH uses HTP andTCR the TCP congeson cortrol algarithm in uences
the aclievale throughpu andinterads with DASH's adapetion loop. We in-
vegigaethreeTCP congeson cortrol algarithms First, weincdude TCP Cubc
that adudsthe congeson window sze(cwnd) based on a cub function for
high bandwidth utilization. In contrast, TCP New Reno is based on the additiv
increasemultiplicaive decease concejbor cwnd corirol, addngthe concepof
fag recosery toits precedng implemenation TCP Tahoe Lag, weincdude TCP
Vegas becaudd s seniiveto changesftheroundtrip time(RTT) and aduss
the cwnd ly deteding changeé the RTT. From the séedion of these conete
CCs we gped varyingin uence orthe paeformance gventher fundamenally
di erent desgn principles A more déailed dscusin of Transnisson Cortrol
Protocol (TCP) CC is given in Sectiagnl

5.2.3 Adaptation Algorithms

Giventha DASHis a sandad for client-drivenvideo sreaning with multiple
meda qudity represetations the diernt player requres dogc (o en dended as
Adagation Algaithm (AA)) to deéde ontherequeted meda htrate and quiity.
¢, €eDASHAA can be tas$ edintothree man caegaiesi) ¢r oughpu-based
Adapation (TBA), ii) Bu er-basedAdapation (BBA), iii) and Hybrid Approaches
We discuss these AAs concepts in detail in Subseétipri

In this preseted sudy, approachesn the r & two cdegaies aeimplemeried
by the usedDASH dayers. Here, DASH.J5 andASreamimplemeri the BBA
Bu e Occupang based.yapunor Algarithm [SUS6]. Further, TBA is provided
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Zone/Layer Configu- Instantiations #Mechanisms
ration

Configura- Video Segment 1,2,4,6,10,15 5
tion Represen- Size [s]

Variables tation

DASH Buer Default, 5, 10, 20 4
Player Size
Execution DASH.JS, Google Shaka-Player, AStream 3
Enviro-
ment
Adapta- TBA, TBAo, TBA, BOLA, 2
tion
Algorithm

Trans- Conges-  Vegas, Cubic, Reno 3
port tion
Protocol Control

Environ- Band- Dynamic: Bus, Cariii+13 3
ment width
Variables

Generated (based on seed, mean and 20

variance) gw0:8;2;5; 7:5; 10bps],
20; 0:8; 2; FMbps]

Latency 10, 20, 35, 50, 100, 150 6
[ms]

Packet 0,05,1.0,2.0,5.0 5
loss [%]

Hops 1,2 2

Table 10in two sepaate gudies we gplore an etensve se¢ of combnationsin the
con guration and environment space of DASH.

by DASH.J and ShakalByer. In case b Shaka Ryer, weinvegigae varying
con guraions d'the dgarithm by modifyingthe congdered meastemertinterval.
By induding bah conceps, asrepresemedin di erert players, weinvegigae
speci ¢ characteristics of TBA and BBA as these algorithms may conmtirese
en aggestvenesi ther qudity adapation. For exampe, cautious adapetion
agaithmsthat try to avoid galling everts choose conseatively low quditi esin
the downsching diredion, i. e, when choog alowe qudity thanthe previoudy
requetedvideo segmetn ¢, e same conseatism hddsin the upschng dredion,
i. e, whenincreasng the quadity for one d therequested segmets. Derivations
of the deails and mechaisms wthin TBA and BBA algarithms usudly resat to
modeling assumptions in players that we discuss in the following.

5.2.4 DASH Players

In thefollowing, we lriey discusghe opensouceDASH dayerstha we andyze
and compaein this wak. While mary other DASH fdayers i, such aghe ones
used ly Net ix andYouTube thelack d an openAPI preventsther dired use
in the conext of this wak. Other commecia playerstha provide anAPI, such
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as Btmovin'sHTMLS5 Player °“ coud be conieredin our work, but have been
omitted due to licensing reasons.

DASH.JE isthereferenceimplemeriation by the DASH Indudry Forum. ¢ e
releases2.3.0, usedin our experimens, fedurestwo types ¢ AAs. TBA
(defaut) and BBA. ¢, e TBA uses ahroughputRule  tha maintains an
up-to-daelig of the greviousfour throughpu andlatengy measuemen
peiodstha determine upconing adapation deésions ty pasengthem
onto aswitchRequest class ¢, e BBA agarithm embeddedn DASH.JS
featuresBOLAas introduced in Subsectidh2.1
Con guation: DASH.J5 compises conguration paameersfor both BOLA
and TBA tha incdudethetarge bu er levels depenthg onthe curent play-
back sate. If the dayer sdededthetop qudity, atarge bu er sze d 30
SeCONd$BUFFER TIME_AT_TOPR-QUALITY) is usedOtherwise a smdler
targd bu er sze d 12 second¢dended DEFAULT-MIN_BUFFER.TIME) ap-
plies.

Shaka layer that is deseloped ly Googe feaures aTBA agarithm that conse-
vatively useghe minimum of two exponenialy weighted moving average
(EWMA) variabes deivedfrom throughpu measuemens within a peiod
of two and v e secondgespetively. ¢i s dams & afager downscéingin
case bbandwdth drops and alewe upscding with increasng bandwdth
measurements.

Con guation: To evaluaethe defggn dedéson for Shaka Ryer'sAA, we
addediwo EWMA-basedAdaptation Algarithm (AA) to the ddaut con
guration, which only relies onthree(TBAg3) or ten(TBA;g) segmetsfor
cdculation. Further, two aher core sdtings coitrol the dayback bu ers
in the Shaka Ryer. Firg, the rebufferingGoal , Whichis s&to 2 see
onds providesthe minima bu eredvideo duation beforethe dayback
is garted Secondthe bufferingGoal of 10seconds povidesthe ma-
imum bu er leve that isloadedin advance With the godto compae
fag as wdl asvery consevative adapation dedsions in addtionto the de
fault AA sdtings we mod ed paameersin the SimpleAbrManager -class
MIN_SWITCH.INTERVAL=5, default 30; MIN_EVAL_INTERVAL=1, default 3)
to allow for faster adaptation, given the 120-second test sequences.

ASream is aheadessPython-based fayer tha isintroducedin [JTM 16] to Sm-
ulate DASH payers, i.e, it is na aleto naively play out therequesed
video segmeis. ASream seved as aapd prototyping ervironmert for
multiple TBA and BBA Adapation Algarithms such agJT™M 16; WRZ16].
In this work, we consider an implementation of BOLA within AStream
compaisonto the BOLA implemertation within DASH.XB ¢, erationde
behnd this compaisonisto illugratetheimpad of the dayer ervironmernt
while keeping the AA xed.

Con guation: As with the dher introduced payers, ASreamBOLA has a
prede ned ddaut targd bufferlevel |, hereitis séto 15secondsASream

n

bUIhttps://bitmovin.com/htmIS—pIayer/
behttps://github.com/googIe/shaka—pIayer/reIeases/t(':lg/v2.0.6
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also compises adiliond con guration paameersfor which werefer to
the source codel[TM1§.

5.2.5 Video Content

¢ evideo conert in our tegsis based othe open meie Teas d Sed” provided
in a daase prepaed by [LMT12]. It consgs o nine H.264-AVC encoded/ideo
represemation layers having hbitrates béween0.253 and10 Mbpswith resdutions
betweend80 270and1920 1@O0 pixelsin 2s andlG segmeinsize con guraions
0 ering smilar resdutions and litr ates as useih pradice ty YouTube Net ix
and Apple Kre+1§.

Table 11DASH dataset representations

Resulution Bitrate (Mbps) FPS

1920 1080  10.0,6.0,4.0,3.0 24
1280 720 24,15 24
480 270 0.807,0.505,0.253 24

5.2.6 QoS and QoE Metrics

First, we conglder the s¢ of thefollowing diredly measwalde QoS mérics i) the
initial playback déay, i) thetotal saling duration, iii) theinitial playback bitr ate,
iv) the average payback hitr ate, v) the aserage numbeof adagations vi) the down
load duétion andlengh of requeted segmets, andvii) the aserage amfitude d
adapations ¢, eseQoS mérics dso buld the bassfor aggegae paformance
measues(i. e., QoEindicaors). Here, we empoy a mode introduced ly Hoyfed,
Schaz, et d. [Hoy+13] to deaive a MearOpinion Scae (MOS) scae based on
galingfrequeng andlengh, dended adMOSgy,. Next, as a meant® evauaethe
video qudity, we apy the modé preseted by Hoyfeld, Sedert, et al. [Hoy+14],
providing a MOS based otthe pation during whichthe sessn sayedin the
highes qudity represemation. We will r efer to this metric asMOSzep. Asthe
proposed modis ae based on@seconded sequencesve deivethe average @
four independenscaesfor each B-secondragmert of our 120steg intervals. For
reproduability, we usethe same dasé as aiginaly usedto derivethe MOSgep.
modd in [Hoy+13] (c.f. Subsetion 52.5). Unlikethe aigina work preseting
this mode, we dsoinclude qudity represemations exceedng 0.807 Mbpghaving
aresdution of 640 360 pixels), clas$ ed as gh-qudity layers, to explorethe
potertial for high-bandwidth con gurations For a deailed dscusion of these
metrics, see Sectich4

5.3 Evaluation Concept for DASH

Ji s setion presems evaluations usng our proposedQoE-driven extengve em
ulation apgoachfor DASH. Here, werely on two ddasés. ¢ e r & daase

bfhttps://mango.blender.org/
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Playback Initiation Bitrate MOS Stalling MOS by
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= g 5l 3 §- ? (5| Downloading Time Playback Bitrate vs. Stalli/ng II\/IOS by
SIEE . i Loss/Dela
G % § g >||o 3 Stalling Stalling MOS y
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g[8 S|Is||8|  Playback Bitrate Adaptations vs. Bitrate MOS by
2|2 S ° Stalling MOS Loss/Delay
é Adaptations
BitrateMOS vs.
Stalling MOS
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Datasd 1: Dataset
[126] [128]

Figure 35:0verview d the evaluations conduted by metric dongthe ais o environment
conditions considered.

addressef[S0+174)), in paticular, thein uence 6 DASH payers, by examde d

DASH.J and ShakalByer, and consders avag array of recaded and gnthetic

dynamictracedo emphaizethe paticular in uence éplayers bu ers andAAs
whilereduéngthefocus onvery low-qudity network behavior with ddays and
losses¢, e second dasé ([ So+16b]) emphaizesthe e ed of TCP CCin dy-
namictraces andncludes pati cularly detrimental ddays andlossesas paertially

experiencedn mohile scendos whleredudng dimensondity by consdering a
sngle payer. Nonethdesseach déasé¢ isindependetly covering an extensve
array of combinations spanning all relevant layers, as shown in Téable

In Figure 35, we showthe caegaizaion of this andysisin di erent areaswe
begn with apdicaion-certric QoSfadorstha showthe undelying d erences
in performance and behaor of cortext and con guration paameers as gposed
by our datase. We then coninueto explore such pegormance aspés based on
exising QOE modéstha mapthe bdore-mertioned sevice dtri butesto concete
measuesregadingther sgni cance orthe sevice quéity for uses. In paticular,
we empoy two MOS modés, onerdatedto playbackinterruptions andthe cher
one concerning the bitrate quality.

Using this undelying undesandng o the e eds o such mecharsms includ-
ingtheirin uence on uss, i. e, conaete aosslayer con gurations we &tend
our ndings ly preseting themin a compaative QOE andysis, consdering a
diverse set of network conditions to point out performance a nities.

¢ sandyssis extendedo presehMOStradeo s by idertifying Paeto optimal
con gurations d conaete DASH muti- mecharmsms Lag, we deive modésfor
QoE-based con gurations based on environment conditions.

5.3.1 ¢e Case for an Emulation-based Evaluation of DASH

As a perequstefor thefollowing caseweintroduce kg undelying assumpons
in DASHAdapation Algaithms Geneally, these fgaithmstake néwork cor-
nedion measwvemeris andinternal player information to de¢deon video segmein
requessto optimize payback qudity. In its mos geneal form, this adapetion (or

69
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dedsion) problem can be moded as atechasic cortrol problemthat is, however,
cumbersome to formulate let alone to solve online.

Adapation Algarithmsthat fall into the TBA or BBA classes uslig adopt
assumtions onthe behaior of the nawork andthe meda payer that alow ana
lyticd optimizaions or a leasthe desdopmert of online heuistics A common
assumtionis a sationary random pocesgor the neawork behavior, e. g., regad-
ingthe availade bandvidth processhat governsthe greanming connetion. For
exampe, giventhis assumion, BOLA provides appoximately optimal dedsions
onthe segmetrequess with respetto aQokE uility metric. A further assumgion
tha is o en adopedistha network obsevations ae (conditiondly) indepen
den of the néwork date, i.e., the meastemer sampes @atimei for segmen
n~ng St ie,ae na dependenon previous néwork states™ ny St @ie. (i S
con nesthe needor modding ndwork carrdations however, this may be a frong
assumpion, espeialy in the presencefoburgty tra c. Giventhis assumfion,
heuigics can be déved, eg., empoying Kdmar/particle It er types d cortrol
for TBA algorithms. A basic example of such control is the EWMA employed in
the Shaka Player.

Itis, however, important to notetha moddsfor AA do nat caguretheimpad of
player-spe¢ ¢ componets, e.g., addtiond procesing ddays andthe mehod of
measuemert by the dayer itsdf. AAs assume a cgin gatisticd qudity of these
network measurements. However, the quality of the network measurements ca
be drongy a eded by the wg the dayer requets newideo segmets [WRZ16].
A griking exkamgdeis gven by the smulative DASH pdayer ASream aiginally

ECDF

—— Player: APlayer, AA: BOLA

) Player: DASH.JS, AA: BOLA
s —— Player: DASH.JS, AA: TBA
—— Player: Shaka, AA: TBA

I I I I
.1 L. .t Tre
Mean Playback Bitrate [MBit/s]

Figure 36:Cumulative distribution over mean litr ate o ertire ses®nsin a compaison
betweenkvaScipt-based payers(DASH.J and ShakalByer) andASreamfor
a gven ervironmert bandwdth of 5 Mbps(variance 0.8 MByte3y. ASream
shows a dtinctly di erent distribution giventhe wronginterpretation of
segment sizes in adaptation decisions.

incdudedin our work. Figure 36 showstha, for a mogly static ervironmert,
thereis avag di erencein the mean payback litr ate béweenthe JavaScipt-
based yers DASH.J and ShakalByer, and ASream Whiletheformer two
players show a isnilar distribution in mean sesens htrates béween3 Mbps
and3.5 Mbpsgiventhe ervironmert bandwdth of 5 Mbps(variance 0.8 Mbps,
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ASream has an uredigicdly high mean sessn hitr ate for mog sessns with

rougHy 10 %beng even highe thanthe ervironmerts htrate. Giventhe measted

inconsstendes d theresuts obsevedfor ASream &so resenin initial dday and

gallings(cf. [So+174)], Tade 16), wereasorthat the absencef@n ad¢ud playback

bu er??in smulative daybackleadsto patertialy unredistic assumpionsin  ?%such as the
ASreanis peformance For examge, animmedate start of thevideo dayback MedieSourceExtentions
onceany stream componetisfetchedin ASream can bexplained by the way A:;' %%ldkl,:getrhiﬁ ‘\:\'IZEO
theinit segmenis processedDependng onthe ddase, themp4 init segmeh Erof,/vsers
cortainsthemoov”? demen tha descibes ream méa-data, but does nocontan

videoframes It shoud not leadto playale cortert beconing availadeto the

player. However, in our tegs, fetching these segmes dd leadto anincrease

in ASreanis bu er level.”" Given that theseinit segmets ae respetively

smdlin | e sze compeaedto segmets cortaining frames asrepresemned by

m4s segmets, the bu er isfalsdy assumedo be Il edvery fag wheninitiating

the dream ¢i s obscues segmerdownloads andmpads initial adapation

dedsons aghe(fals@ high bu er lli ngleadgo undesed upadapations as

wdl as saling & the dayback begn. In cortrag, both JS dayers exhibit the

expeded behaiour and begn playout a er the r s m4s segmehtis dowrloaded
Giventhesenconsgsendes we hare excludedASreamin other andyses 6this

evaluation.

5.3.2 DASH QoS: Cross-Layer Performance Characteristics

¢ er g pat of our evaluaion covers andysis based oiQoS mérics as anindica
tor of conaete peformance d erences bieveen congurations Far an overall
reference dthe dobd resuts acossthefull respetive ddase for both smulation
classeswve presemthe usedndicaorsin Talde 16. Here, the mean andtandad
deviation ae naedfor each payer and AA comblnation acoss d QoS mérics

Table 120verall comparison of adaptation, video quality, and stalling metrics.

Dataset 1 Dataset 2

DASH.JS DASH.JS Shaka  AStream Shaka  Shaka  Shaka
TBA BOLA  Player BOLA Player  Player  Player
TBA TBA TBA TBAo

Init. Rep. [Mbps] 0.8 0.0 08 00 03 0.0 03 Q008 00 08 00 08 0.0
Init Delay [sec] 16 24 16 23 07 07 01 |03 55 35 6.2 33 57
Adaptations[#] 86 85 86 85 48 28 182 13727 20 29 20 23 15
Amplitude [level] 13 10 13 10 17 19 17|24

Stallingsum[sec] 8.8 149 8.9 15.0 8.3 13.8 18.0 b@R3 41.6 28.6 46.7 28.7 46.0
Stalling avg. [sec] 1.2 18 12 18 11 18 41| 113 16.3 12.0 28.1 123 279
Stalling[#] 41 38 41 38 37 35 35 [.®8B4 55 17 18 17 18

bghttp://I.web.umkc.edu/lizhu/teaching/20165p.video—communication/ref/mp4.|odf
bhhttps://github.com/pari685/AStream/bIob/masterldist/client/dash_buffer. #L129
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5.3.2.1 Initial Delay

¢ einitia dday, i.e., thetime urtil rendeging the r & frame is animportant
peformanceindicaor for DASH dreaning sesens sncelonge initial ddays
are knownto have a negaveimpad on theviewe's engagemerf Dob+13]. Yet,
minimizing these diays usudly caresponddo alowe initia playback quéity.
¢us, itis crucial for players to strike a balance between these oppdsictrs.

Segmentsize: 2, AA: DASH.JS, BOLA
Segmentsize: 2, AA: DASH.JS, standard
—— Segmentsize: 2, AA: Shaka, standard
—— Segmentsize: 10, AA: DASH.JS, BOLA
—— Segmentsize: 10, AA: DASH.JS, standard
—— Segmentsize: 10, AA: Shaka, standard

I I I I I I 1
oo ot L. ) fie fi wi® ) L.
Initial Delay [s]

ECDF

(a) Initial delay for default bu er setting

Segmentsize: 2, AA: DASH.JS, BOLA
Segmentsize: 2, AA: DASH.JS, standard
—— Segmentsize: 2, AA: Shaka, standard
—— Segmentsize: 10, AA: DASH.JS, BOLA
—— Segmentsize: 10, AA: DASH.JS, standard
—— Segmentsize: 10, AA: Shaka, standard

I I I I I I 1
it , e ot fie fit wie o1 L.
Initial Delay [s]

ECDF

(b) Initial delay for 20s bu er setting

Figure 37 einitial dday depends orthe segmetlengh andthe used fayer. Neither
the bu er size na the Adaptation Algarithm severely in uencegheinitial
delay.

Figures37 and38giveindghtsinto these ddgn chdces ly showing the emyiricd
digtribution function of theinitial playback déay vs. di erent comhkinations d
players, adapation dgorithms bu er szessegmehlenghs andthe undelying
TCP CC Hereitis evidert tha three man fadorsimpad theinitial dday: i) the
segmehlengh, i) the used fayer, iii) andthe CC Begdnning with the segmein
lengh, the dstributions onthe Empricd Cumulative Densty Fundion (ECDF)
show smilar trends dongthe segmetiengh sdting, i.e., for 2-second segmes
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Segment size: 2.0, CC: cubic
Segment size: 10.0, CC: cubic
Segment size: 2.0, CC: reno
—— Segment size: 10.0, CC: reno
—— Segment size: 2.0, CC: vegas
—— Segment size: 10.0, CC: vegas

ECDF

Initial delay (s)

Figure 38:For very diverse néwork conditi ons including highlosses and day, there
is alongtail of highinitial ddays. However, TCP culic reduceghe overall
initial delay.

the ddributions ae dugered aound0.5seconds wheaslOsecond segmésiae
distributed widey beween0.5and4 seconds¢, eimpad of the dayer is appaent
when compang DASH.J resuts with Shaka Ryer whereinitial ddays vary
independetly of Adaptation Algarithms. Our andysisindicaesthat the bu er
size does not impact the initial delay. ¢ is is expected since the targetrtsize
is usudly usedto gaugehe sead/-state adapation behaior of the dayer while
many players have only minimal bu er level requirements to start plakbac

A fundamenal chaaderigic tha drivesthe d erencesn the obsevedinitial
playback déays is the séededinitia represemation. Foar exampge, DASH. B
consgertly sdedsthethird lowes$ represemation, while Shaka Ryer begns
playback wth the lowes represemation, leadng to smdler download szesfor
theinitial segmets. ¢,i sisre ededinthe r & tworows d Tale 16. However,
accefinglonge initia ddays dlowsfor a highe initi al playback hitr ate asndicaed
in Tabde 16. ¢, us thisrepreselts a deigyn chace d the dayer asto whichlayer's
segmehnisto be downoadedn the begnning bdore ary measuemeris ae passed
to the AA.

Lad, as shownn Figure 38 for more varied néwork cortexts with highlosses
and deays, initial ddays aein case b Shaka Ryer extremdy long gventhelow
network qudity in some se$sns Ye, thereis a ¢ea trend, that over all sesgns
TCP Cubc has dowe initia dday, indicaingthat beyondthe chace d the dayer,
TCP CC in uences initial delays.

5.3.2.2 Stalling

Figure39depctsthe (DF andyss d thetotal stalling duration duringthe dayback
of the 120-secondvideofor di erert players, Adapation Algarithms andtarge
bu er sizes across all network bandwidths environments.

¢, € payers show a titinct and consstent patern wherethe con gured segmein
size pedoninartly in uenceghetota galling duration sotha smdler segmets
signi cantly reduce the stalling duration.
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Configuration:

(Player, AA, Seg. Size)
—— DASH.JS,BOLA, 2

DASH.JS, BOLA, 10

—— DASH.JS, TBA, 2
—— DASH.JS, TBA, 10
—— Shaka, TBA, 2
—— Shaka, TBA, 10

Inverse Log ECDF

-
\Hl

I I I I I I 1
K 1 fe ft
Stalling Duration Sum [s]

.

-+
N

i

(a) Using the ddault bu er con guration for therespetive payers acoss 8 ervironmert
conditions.

Configuration:
(Player, AA, Seg. Size)

—— DASH.JS, BOLA, 2
DASH.JS, BOLA, 10
—— DASH.JS, TBA, 2
—— DASH.JS, TBA, 10
—— Shaka, TBA, 2
—— Shaka, TBA, 10

Inverse Log ECDF

.
—
\HI

.
—+ —

" . fe ft T
Stalling Duration Sum [s]

(b) Increasing the bu er size to 20s across all environment conditions.

Figure 39:Impad of the bu er size onthetotal stalling duration. Players d er signi -
cartly while Adaptation Algarithms show a snlbin uence Large bu ers,
i. e, 20 secondsreducestslling in hdf for 80 %of the sedsns with large
segment sizes.

Further, we see the in uence of the bu er size, in particular, when comparing
the50percert percertile béween kgure 39a) and Fgure 39b); this caresponds
to roughy 3 and5 seconds batallingtimerespetively. In geneal, Shaka Riyer
outpaformsthe aher aternatives with nealy no galling evertsfor large bu ers
and smdl segmets $zes Suprisingly, we ndetha the Adapation Algarithm
has a ninor impad on the overall saling duration when compeedto thetarget
bu er size.

Regadingthe CC we agin see an eeral beter distribution, in terms o less
stalling time, for all con gurations using TCP Cubic, as shown in Figlte
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Configuration:
(CC, Seg. Size)
—— Cubic, 2
*F Cubic, 10
—— Reno, 2
—— Reno, 10
— Vegas, 2
*f —— Vegas, 10

ECDF

I I I I I I I
fe .o e J60° i fe
Stalling Duration Sum [s]

Figure 40:Impact of the CC on the total stalling duration.

5.3.2.3 Downloading Behavior and the Relation with Segment Size aeBu

Figure41lcompaesthe ddribution of bu er 11 evels acoss d con gurations
between 2s and® segmeinsizes In both casesthe bu er Il gateis grongy
cumuated doseto zao, whichisto be expeded gventha alarge pat of the
teged nework sdtingsleadto 9gni cart galling, eg., when bandwdths aelow
or the packelossrateis high. A second bend can be sefam the 2s segmén
con guration caused ypthe dayer havingloaded &adly one segmetfrom the
initial or bu er unde-run gate. For full bu ers, thereis a ¢ea digribution

1.0 Segment size: 2, Loss: 0.0%
08 — Segment size: 2, Loss: 1.0%
' —— Segment size: 10, Loss: 0.0%
—— Segment size: 10, Loss: 1.0%
[T 0.6 —
[a)
O
YWo4—
0.2 —
0.0 —
I I I I I I
0 5 10 15 20 25
Bu er size [s]

Figure 41Distribution of the DASH player bu er level depending on the segment size

di erence pasthe 8%densty between 2s and & con gurations having the
range dbu er Il gates spead olin thel® case wheas 2s segmenhave a
high cumdation rate aoundthe x ed1% uppe& boundfor the bu er leve in the
Shaka Ryer. For 136 segmetsthis d erence can bexplained based other
highe segmenlengh compaedto 2s segmesin relaion to thetotal bu er sze
of 15, which dlowsthemto over It he dayers bu er. However, the medan bu er
level is still higher for 2s segments which is somewhat counter-intuitive.
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Regading obsevations maddrom daasé 1,we ndethat if thetarge bu er
szeis smél the dayer o en withholdsrequess dueto afull bu er. DASH dayers
are knownfor an ON-OFF behaior while dowrloadng video segmetis which
arises dudo adapation dgarithms ¢i s behaior isreinforced ty a consstertly
Il ed bu er dueto asmd# bu er szerdativeto the segmerduraionlengh. ¢ us
the dayer is Hockedfrom requeting new segmes whchis evidert in Figure 42,
wheethe dayer downloadng date exceedsl00seconddor alargetarget bu er
sze p@red with 2-second segmés In cortrag, the dayer hasagyni cartly lower
mean dowmoadngtime, i.e., 75secondgor alowtarge bu er size pared with 15
secondong segmets. However, potertially unlimited bu ers can hae a negave

segmentsize =2 segmentsize = 10

g m | 0"

DASH.JS Shaka DASH.JS DASH.JS Shaka DASH.JS
TBA TBA BOLA TBA TBA BOLA

Player / Adaptation Algorithm Player / Adaptation Algorithm

X
|

Downloading Time [s]

X
|

Figure 42:Impad of the bu er and segmetiengh onthetotal time spemin downloadng
state. Respetive shapes shothe medan and dstri bution by player, AAs, and
bu er size Inner black baesrepresemn medan andlQR, with extendng lines
indicaing thefull digtribution span Further, the surounding aeasndicae
this distribution as a KDE.

in uence orthe dayback qudity. In case bhigh bu er levels, the ertire bu ered
contert is dayed ou, and maetime ma pass util the qudity is aguged i.e.,
whenthe bandvidth increasesigni  cartly mid-sesin. Alternatively, segmets
that have dread/ beenfetchedto the bu er may aso be dscaded’ leadngto a
potertialy high wasage ébu ered cortert. Espetaly in a mokile cortext, where
data caps are still prevalent, this translates to high costs for users.

Snce ligha-qudity segmets possedsrge | e $zes we dedudia thetime
usedfor fetching segmets in the second condlaion has a igh probablity
of exceedngthe duation of thevideo coent tha is curertly bu ered ¢ us
this consdlation of smdl targe bu er szesin comlination with relatively long
segmehlenghs caneadto more galing events, as shownn the previous setion.

5.3.2.4 Playback Bitrate

Sofar, we congdered dalling peformance méics and buer distributionsthat
indicae how wd players mitigae such aderse e eds by aligningtherequeted
video quiditi es wth the nework and dayer condtions ¢, ese adajations dredly
impad the (mean playback htrate, an importarnt fador for QOE.  Note that
the aclievadle mean payback htr ate depends idedly on the availade nework

2% is characteristic of
re-requesting segments in
higher bitrates is, e. g.,
implemented in
YouTube's DASH player,
as described byvon+17
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bandwidth andthe availabdevideorepresemations onthe sever. Figure43provides

x
8

+

Player | AA| Segments | Bu er
'DASH.JS! 'BOLA, 1, 2(
'DASH.JS, 'TBA, 1, 20
‘Shaka, 'TBA, 1, 20

-

Mean Playback Bitrate [Mbps]

f t %o
Available Bandwidth [Mbps]

(a) All variance environments with 1-second segment length

/'
+
Player | AA| Segments | Bu er

v «  'DASH.JS!'BOLA; 15, 2(
f 'DASH.JS! 'TBA 15, 20

—— ‘Shaka, 'TBA, 15, 20

Mean Playback Bitrate [Mbps]

f - ¥ Yo
Available Bandwidth [Mbps]

(b) All variance environments with 15-second segment length

Figure 43:Mean fdayback htr atesfor al availade bandwidth ervironmerts and D see
onds bu er sizes vith varied bandvidth variance and segmésizes DASH .S
andthe Shaka Ryer show a conistert behavior. ¢, etranspaent pipes show
a gandad 50percert percertile deviation width. Black $airs showtherep-
resemations availablein the ddase. Verticd di erences at the bedgnning
of the Hack sairsindicae aQoE degadaion, giventhe naworking cond-
tions Horizontal deviationsh indicae e ciengy, i.e., how much aallabe
bandwidth is required to sustain a quality bitrate.

a compaison d the consdered fdayers shoving the ddributions d average
playback litr ates whervaryingthe nework bandwdth condtions andhe segmein
lenghs ¢ e dack $airs showtherepresemations availadein the daasé. We use
the dossng pants o the mean payback htrates andherepesemation garsto
exprese deng (given aghe haizorta deviation hiin Figure43). ¢i sindicaes
the addtiondly requred availabde bandvidth to susain a gvenrepresenation
(given gabelvolatile neworking condtions as dejgted). ¢, everticd deviations
v of the qudity bitrates andhe Hack sairsin Figure 43 dendethefollowing: If
the Hack gairs ae highe thanthe qudity bitrate lines the deviation dendes
alossin QoEin terms d the mean qubity bitrate gven a cetain bandwdth
condtion. If the Hack sairs ae lowe thanthe quadity bitrate lines thenthe
availade bandvidth is su ciert to sugain thisrepresemaion andthe excess
avalabde bandvidth is usedo occasndly fetch a Hghe than susainalde Ltrate.

77

With Figure43we show that the investigated DASH players achieve comparable

performance vith respetto the mean payback lhitr ates givenvarious adapetion
algarithms While variancein the availlade bandvidth dightly deaeaseshe
playback htr ate, increased segmelenghsincreasahe dayback hitratein the
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case bthe Shaka Ryer, however not for DASH.J irrespetive o the AA where
no signi cant di erence in the mean bitrate relation is present.

5.3.2.5 Adaptations

DASH players employ quality adaptation algorithms to provide an oVbeiter
QOE, i. e, by improving merics such athe average quéty bitrate and ly avoiding
galling. Adagation dgarithmstake speic cinformation as poxy for network and
player states andrandate thisinformation into dedsions onthe greaning hitr ate,
in uenced ly moddsimplemenedin the dayer as wdl as ly the ervironment.
Various QoE modés, asfor exampe dscussedn [Sew15, condudethat the
numbe andthe magtitude d adaptation everts within a 4reamis derimertal for
QoE. Further, sepwise adafstion isfavoraldle compaedto large adatetion geps
accadingto Zink, Schnitt, et a. [ZS®5. Hence the greaning peformance
diredly depends orthe deggn o the qudity Adagation Algarithm within the
player. Figure 44 showsthe ddribution of the adapetion amgitudesfor di erert
players andAA for al given ervironmert parameers. Here, one suprisng obse-
vation istha theimpad of di erent adagation dgarithms e. g., within DASH.J
is relatively moderate.

From FHgure 45 we ndtha DASH.J haghe highes shae d only one adapa-
tion event when using the default bu er con guration.

segmentsize =2 segmentsize = 10

o ‘M‘

DASH.JS Shaka DASH.JS DASH.JS Shaka DASH.JS
standard standard BOLA standard standard BOLA

Player / Adaptation Algorithm Player / Adaptation Algorithm

KDE Adaptation Steps
- : + ®
| | | |
|

Figure 44:Quality adapation amgitudesfor comhbnations d players, andAAsfor defauit
and D-second buer con gurations Respetive shapes shothe medan
and ddtribution. Here, inner black baxesrepresen medan andIQR, with
extendng linesindicatingthefull distribution span Further, the surounding
areadndicaethis dgtribution as a kenel densty egimate, with therespetive
width representing the relative number of observations.
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o —,=‘!—'sz

ECDF

Player: DASH.JS, AA: BOLA, Seg. size: 2s
Player: DASH.JS, AA: BOLA, Seg. size: 10s
Player: DASH.JS, AA: TBA, Seg. size: 2s
Player: DASH.JS, AA: TBA, Seg. size: 10s
Player: Shaka, AA: TBA, Seg. size: 2s
Player: Shaka, AA: TBA, Seg. size: 10s

f " e T s " %o
Adaptation Steps

\,,
|

Figure 45:ECDF of adagation court for combnaions d player, AAs and segmersizes

5.3.3 QOoE-Centric Analysis and Design Trade-O s

While QoS dtributes gve aninitial insgght in performance #ributes d DASH
sysem con gurations undestandngthe dredimpad on usesis had to quanify
usngthis mehod; QoS mérics in relaion to uses, do na genealy maplinealy
to use sdisfadion. One concete examge can be tyenfor salling everts and
durations eventhough a sdlling duration of 1 seconanay be geneally prefer-
abeto 2 secondsconsgdeing a case whrethe dayback d 60 secondsideois
interrupted10times compeedto a sngleinterruption of 2 secondsnay be afar
supeior experiencefor uses. Far exampe, usng the previous ekampein the
modd toillugratethisreation for MOSs, by Hoyfeld, Sedert, et a. [Hoy+14],
we deive a measte o 2.14and 3.27respetively. Exadly suchreations tha
quartify the uses' Quality of Experience(QoE) to a measte cdled MOS ae used
in this wak. Asintroducedin Setion 2.4, such modés ae certra to the andysis
presented in this work and the following evaluations.

However, the onedimensgond view on MOS meastes does nioalways su-
ciertly quartify QoE, asthese meagses depend onlbother quartiti es such as
bitr ate, to reman unchanged¢, us, one-dimensond MOS mérics needo be
congderedin relaion to one anoher to quartify therimpad on use experience
adequédy. As maimizing such méicsis, in mary casescaredated with de-
creasng andher metric, i. e, maximizing galling MOS ty redudngtotal salling
time and @entsis besacheved by minimizing payback litrate andtherefore
MOSRep, We andyze sucttradeo sin MOS merics With the gven, illudrative
exampes we begn thefollowing andysis onthis galing-based mease, whichis
a cenral aspetin the adagive greaming use experience later we presemthe
tradeo sinvolved whenincreasng such scresin one dmenson, agans other
QoE and QoS metrics related to the playback bitrate.

5.3.3.1 Stalling Mean Opinion Score
Figure 46 illugratesthe MO Ss distribution aggegded over repditions d the
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Configuration:
TCP CC, Seg. Size

—— cubic, 2
cubic, 10
reno, 2
reno, 10
vegas, 2
vegas, 10

I [ [ I I I 1
of fio fit .o W1 s Lt tie
MOS Stalling

Figure 46:ECDF of MOSgi, by CC and segmersizefor Shaka Rayer using the ddauit

TBA.

CC con gurations ¢, erange ¢ obseved MOSg, valuesindicaes $gni cart
performance d erences dependg onthe TCP CC #gaithm and segmersizes
Here, 1& segmetsizes tealy dominatein terms o MOSgi, aaoss # obseva
tions andTCP Culc provides a pgormance adlantage eer TCPVegas and CP

Reno.

Extendngthis andysis acoss payers, as shownn Figure47, illugratesthat the
chdce d theAA is doninated by the chace d the dayer andits con guration
with regad to the segmensize Foar DASH.J5 the ddribution of MOSgy,is
dominated by the selected segment size, whiledthglays only a minor role in
the peformance d erence vith regad to this meric. When compaingthe same
class 6 TBA AA between payers, however, the Shaka Ryer's peformancereates
direadly to the segmensize where the besoverall digribution on MOSgy,)is
achieved with 10s segments.

ECDF

Configuration:
Player, AA, Seg. Size

—— DASH.JS,BOLA, 6
DASH.JS, BOLA, 10
DASH.JS, TBA, 6
DASH.JS, TBA, 10
Shaka, TBA, 6
Shaka, TBA, 10

MOS Stalling

Figure 47:CDF of MOSs5 by player, AA and segment size.
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5.3.3.2 Stalling vs. Bitrate Mean Opinion Score

To evaluaetheimpad of aggegaed con guraions Figure 48 presens d erert
con gurations andtheir QOE métrics dongthe aisfor MOSzepand MOSgiy.
¢ €eQoE d erence bbawveenthe Paeto optima con guration and nonPaeto

Configuration:
(CC, Seg. Size, AA)
Pareto Optimal: Cubic, 2, TBA
ot Pareto Optimal: Cubic, 10, TBA
Cubic, 10, TBA-3
Pareto Optimal: Cubic, 10, TBA-10
Pareto Optimal: Vegas, 2, TBA
Vegas, 10, TBA
Vegas, 10, TBA-3
Vegas, 10, TBA-10
Reno, 2, TBA
f%oT — X Reno, 10, TBA
' ' ' Reno, 10, TBA-3
f e Reno, 10, TBA-10

MOS Bandwidth

P
|
XXXXX®®

Figure 48:¢, e QoE maricsfor al comhknations d bandwdth egimators, segmehsizes
and congetson cortrols, compaed with an adagpive sdution which useghe
best mechanism combination per network condition.

optima con guraions shows darge peformanceimprovemert potertial by

sdeding con gurationsincluding CC segmehsize andTBA attri butesin the
Shaka Ryer. ¢ esehowever, depend orthe concetetradeo beaweenthese
opposng optimizaion gods. Here, we obsevetha for al but one Paeto optimal

con guraions TCP Cubcis pat of the con guraions We dso obsevetha, in

terms d segmensize larga segmetsincreaseMOSgi While smdler segmets
provide a better MO&p.

5.3.3.3 Playback Bitrate vs. Stalling Quality of Experience:

We andyzethetradeo s baweentwo previoudy discussed aspex(i) the day-
back fitrate and(ii) alling, capgured adMOSs;,. Figure 49 shows a sdter plot
of MOSgi(the lighe the bdter) andthe aclieved mean payback hitr ate, where
each etry in the gaph dendesthe paformance ¢ a con guration averaged
over dl consdered néwork condtions Interegingly, the depcted Paeto frontier
showstha no sngle dayer (con guration) dominates bah metrics In paticular,
al players andAAs aerepresened & leas once onthe Paeto frontier. ¢, us
for every player and, AA there eists a swetespd and a wiéghted aggegde tak-
ing dalling QoE and mean fayback btrate tha showsthé this con gurationis
superior.

¢, e Paeto frontier further showstha large bu er sizes donmatethe pefor-
mancefor al player con guraionsfor both consdered mdrics We dso nde
tha moving to highe playback hitr ates onthe Paeto frontier correspondgo
increasng the segmetlengh of the carespondng con gurations Itis dso
evidert that comhlinatiions d smdl bu er sizes andong segmets peform bady.
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Configuration: (Player, AA, Seg. Size, Bu er size)

DASH.JS, BOLA, 10, 20 Shaka, TBA, 2, default
DASH.JS, BOLA, 15, default Shaka, TBA, 2,5
DASH.JS, BOLA, 15,5 Pareto Optimal: Shaka, TBA, 2, 20
® Pareto Optimal: DASH.JS, BOLA, 15,20<  Shaka, TBA, 10, default
DASH.JS, TBA, 2, default Shaka, TBA, 10,5
X DASH.JS,TBA, 2,5 X Shaka, TBA, 10, 20
Pareto Optimal: DASH.JS, TBA, 2, 20 Shaka, TBA, 15, default
DASH.JS, TBA, 10, default X Shaka, TBA, 15,5
DASH.JS, TBA, 10,5 Pareto Optimal: Shaka, TBA, 15, 20
X DASH.JS, TBA, 10, 20 X DASH.JS,BOLA, 2, default
DASH.JS, TBA, 15, default DASH.JS,BOLA, 2,5
X DASH.JS,TBA, 15,5 Pareto Optimal: DASH.JS, BOLA, 2, 20
DASH.JS, TBA, 15, 20 DASH.JS, BOLA, 10, default

X DASH.JS,BOLA, 10,5

Figure 49:Tradeo between payback hitrate and $alling QoEfor di erert con gura-
tions, aggregated over all analyzed environment conditions.

Lag, Figure 49 showsthe minor impad of di erent adapation dgarithms within
DASH.JS.

5.3.3.4 Adaptations vs. Stalling Quality of Experience:

As qudity adaptations ae usedo avoid galling, we andyzethetradeo beween
the numbe of adapations andthe dalling QoE. Figure 50showsthe arerage
galling QoE (the highe the bdter) andthe average numbeof qudity bitrate
adapationsfor di erert player con gurationsin various neéworking ervironmerts.
Heretoo, we ndetha all players and adafation dgarithms aerepreseted onthe
Paeto frontier suchthat no sngle gayer con guraion dominates ¢, e adapetion
algorithm choice within DASH.JS shows again nearly no impact.

¢ e gure showghat by allowing afew adapetions a subtantial increase
in galling QoE is acheved We ndaethat the behaior of both players d ers
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Configuration:

(Player, AA, Seg. Size, Bu er size)
Pareto Optimal: Shaka, TBA, 2, 20
Pareto Optimal: Shaka, TBA, 10, 20

LT Shaka, TBA, 1, 20

X DASH.JS,BOLA, 2,20

wite Pareto Optimal: DASH.JS, BOLA, 10, 20

Cft - X DASH.JS,BOLA, 1, 20

DASH.JS, TBA, 2, 20

o — ® Pareto Optimal: DASH.JS, TBA, 10, 20

L DASH.JS, TBA, 1, 20
I I I

t . T
Mean Adaptation Count

ft =

X

MOS Bandwidth

Figure 50:Tradeo between adafation court and galling QoEfor di erent con gura-
tions, aggregated for all analyzed environment conditions.

with regad to segmehlengh. For DASH.J the adapation court signi cartly
increase$or smdler segmenhlenghs. In contrad, Shaka Ryer does nd show
such a dependency.

5.3.4 On Improving QoE Trough Transitions

In this setion, we gresen an evaluation onleaning dass caion modéds for
sdeding sweespd con guraions(i. e, mechamsms cominations) dependng
on environmert paamders, i. e, environmert condtionsin which players with
speci ¢ cross-layer DASH con gurations provide the best performance.

¢ e godofthis evaludion isto mativate the séedion of such mechaisms
(conaete combnations d con guraionsinthe DASH degyn spacgthat allowfor
transtions based on meased ervironmert condtions and Utimately improve
QOE by a context-dependent recon guration during runtime.

While there ae undoultedy techricd chdlengesnvolved with transtion-
ing between such con guration states that involve recon guration on multiple
layerst here ae exkamgesinthe d erent domanstha motivate the feashility
of this concep Foringancei) aduging bu er sizesis dynamicdly suppated
by DASH.J's and ShakalByer's AP, i) regadingthe AA, Spteri [ Sp18] intro-
duces a padicd exampe d dynamic switching baweenDASH.JS s Adaptation
Algarithms TBA and BOLA during runtime, iii) varying requesranges and
thus adugingthereevart sze d segmetsto berequetedis dread/ adively
empoyedin commaecia players, i.e., by YouTube asntroduced ly Mondd et al.
[Mon+17; iv) transpaert switching baweenTCP ows coud be aclieved based
on Multipah-TCP(MPTCP) (also see Fmmgen Rizk, et a. [Fro+17); v) andlag,
geneal moddsfor mechamsmtranstions hae been poposed and demomsted
in[RiclTor by Frommgen, Rizk, et alFfo+1T.

¢, efollowing con guraions showmodly for the sake brepresemation, an
ervironmert condtion limitedto two dimensons Here, bedgnning with varying
degees bbandwdth variance and meansveidertify thebes given con guraion
along the axis of the presented conditions. We then explore this learnatibrel
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of con gurationsto the ervironmert space bloss and diey. We dsoincdude CC
as a con guration option.

¢, e undelying dass cdion mehodis based on a@sple TreeBasetkaning
modd to geneate rulesthat coud be depoyedto diens, thus dlowing for a
poterntial cliernt-sde sate migration whentranderring these modks (e. g., along
with the MPD). Geneally, suchleaning-based apmaches can bexeendedto a

10 Configuration:
(Player, AA, Seg. Size, Buffer)
8 — DASH.JS, BOLA, 2, 20

DASH.JS, BOLA, 2,5
- DASH.JS, BOLA, 2, default
DASH.JS, TBA, 2, 20

Mean Bandwidth Mbit/s
(2]

4 — DASH.JS, TBA, 2,5
DASH.JS, TBA, 2, default
2 — Shaka, TBA, 2, 20

Shaka, TBA, 2, default

[ [ [ [ 1
0 1 2 3 4 5
Variance Mbit/s

Figure 51Best con guration for MO S, using a decision tree learning approach.

multi- dimensond ervironmert spaceand aher sutaldeleaning appoaches
may be employed, such as Neural Networks.

In Figure 51we presemsuch a tass cdion (based on dase 1) dependng on
the bandvidth condtions varied by their mean andzariance ¢, e r s obsevation
istha, here, al players andAAs bu er con gurations ae presen ¢i S obsevation
aligns with the previous andysis maden this chaper, where we pesented evidence
for peformance d erencesn MOSg; beyond the séedion of the AA. Only
regading the segmensize we seeha for thetarge measue MOSsi, a2 2second

Configuration:

Best config for Stalling MOS (CC, Seg. Size, AA)
T Cubic, 10, TBA

Cubic, 10, TBA*-10

. Cubic, 10, TBA*-3

Cubic, 2, TBA

n Reno, 10, TBA

Reno, 10, TBA*-10

f Reno, 10, TBA*3

Reno, 2, TBA

Vegas, 10, TBA

. Vegas, 10, TBA*-10
! ! ! ! ! ! ! Vegas, 10, TBA*-3

. fe fo %oe fe Vegas, 2, TBA
Delay [ms]

% Loss

Figure 52.Bes MOSst, using a decsion treeleaning appoachfor a dynamic bandwdth
environment with adjusted delay and loss.
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segmehcon guration is dways séeded Overall, we sedgha con gurations
with large bu er szes donmnate for low bandwdth, highvariances conguraions
Suprisngly, for high bandvidths abare 6 Mbps alsolow bu er size con gurations
are selected, mostly using the BOLA AA.

In the second argsis, shownin Figure 52 based on diasé 2including TCP
CC usng a sngle dayer (Shaka Ryer), thereis, andogto the previous andysis, a
clea dominance éthe Cubic CC wherleaning for the bescon gurations on
MOSgia1, €specially with regard to low delays smaller than 80ms.

However, in contragtothe previous andysis, we dso can obswethe séedion of
larga segmehsizes 6 10secondsespeially in high dday environmerts. Notahly,
theleaned con guraion spaceagan, spans i con guration variades including
the adjusted TBAs, CCs and segment sizes.

Lag, for the same evironmert spaceFigure 53 shows a mee mixedlandscape
of potential con gurations, where both, Cubic and Vegas CCs are present across
the entire con guration space.

Best config for Bitrate MOS

Configuration:
(CC, Seg. Size, AA)

Cubic, 10, TBA
Cubic, 10, TBA*-10
Cubic, 10, TBA*-3
Cubic, 2, TBA

f Reno, 10, TBA*-3
Reno, 2, TBA
T Vegas, 10, TBA*-10
Vegas, 2, TBA

% Loss

I I I I I I I
fe e te %00 oo fe
Delay [ms]

Figure 53Bes MOSz¢pusing a decsiontreeleaning appoachfor a dynamic bandwdth
environment with adjusted delay and loss.

Given appopriate modéstha combine such oppdsig QOE ogimizaion gods
asMO S5y MOSzep, these anlgses can bexéendedto derive con gurationsto
maximizethe overal QoE. Such modks ae, a thetime d writi ng, suljed of
active research see, e. up+17GPB18Hoy+17.

5.4 Conclusions

In this setion, we provided a gsemadic sudy of theimpad of the DASH pdayer
choice and the cross-layer con guration space on the streaming performance.
Here, we r & motivate a concepfor geneating an extensve se of evaluaions
by egalishing an execution environmert to reprodudbly monitor and evaluate
the peformance éred-world and academt DASH dayers. Further, with this
work, we demongate the capabity of the geneal network experimertation
frameworkmacias the underlying approach for our empirical DASH evaluation
that allowsreprodudble compaisons dsuchred-world DASH dayersin emuated
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networking ervironmerts. Two daasés, derived with this extensve evaluation
approach arerepreseming thefocus onTCP CC andDASH payers, respetively,
as the foundation for our evaluation.

In paticular, our resuts showtha i) player performance a nities showhat
sutahbly con gured dayers can be supeor with respetto gvenQoE paformance
metrics ii) none d the &isting DASH con gurations ouperforms dl other con ¢
urations however, a s¢ of Paeto optimal con gurations can bederti ed iii) the
chdce d thetargd bu er szetogeher with the payer implemenation, in mog
casegdlominates wer thein uence 6AAs withregadto MOS meastes iv) larger
segmensizes ae geneally favoralde for improving the MOS in particular in
combination with TCP Cubic.

¢ s gandsin corntrag to the mgority of reseech e ortsthat are béng dreded
towadsinvegigaing improvemerisin AAstha relies on a smase of either
ervironmert or con guration paameers. Further, our developed mehoddogy
allows aninformed fdayer sdedion and con guration athe begnning o sreamning
sesBnsto maximize QoEas wdl as eidencefor transtions béweenidenti ed
con gurations during runtime.
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6 Video Streamingin Future Networks

With the successf&/ideo onDemand(VoD) and Mokile Video Boadcasng
Sevices(MBS$ on the Internet, thereis an onging rise ¢ demandfor data
transnisson in networks. Tradtiondly thesetechricd demands ee beng sdved
by employing a Content Delivery Network (CDN) and by scaling up resources.

Nonethdessrising coss, capped bandwdths and highe video qudity (i.e.,
UHD, HDR), together withthe uses' more demanéhg sevice quéity expedations
make e edive bandvidth use and mollity suppat crucial consderationsin the
design of video streaming systems.

In this cortext, a s¢ of networking conceps qudify to ddiver such e ciengy
improvemensfor video s¢reaming: Pee-to-Pee and muticas-based apmaches
for exampe, exploredin Ricket [ Riicl6]. Whilethese appaches can cen be
readly integaedinto exiginginfragructures their intended usés within currert
networking conceps, relying on esaldishedrouting and addessng schemesA
di erent appoachis consdering aosslayer modi cdions i. e, examiningthe
potertialsfor video ddivery consderinginnovative néworking paadgmstha
in uencethe enire ndwork sack Whilethis comes vih the requremeri of
more fundamertal changeso curert infragructures it providesthe oppatunity
to tap into a higher potential.

To this end thelad chager of this dssetation addesses such pertialsin
the doman of Information-certric Neworks (ICNs). ¢i s concepallows for
exampe, savice povidersto diredly addessvery dynamicdly crededvideo
cortent coming from and beéng requesed by mohile uses while gill alowing for
a exible and sckale ndworking achitedure with suppat for caching. Further,
thisimplicit caching suppaet, in corjunction with cortert-certric addessng,
canincrease e cieng in supgying frequenly accessed coert, by resdving
requess as tose as pofldeto a gven consume As pat of this dssetation, we
invegigaethe peformance d Dynamic Adagive Sreamng over HTTP (DASH),
in paticular, the deggn of Adaptation Algarithms, in conjunction with Named
Data Naworking (NDN)-based divery. Here, wefocus onthein uence éthe
mertioned cacimg concepand showthe needo reconsder DASHAdagation
Algarithm conceps by andyzing and poposng extensonsto a $ate-of-the-art
approach, for such future use cases, as presentetidon[LB

In corjunction with this wak, wefurther highlight the pdertialsin this doman
by preseting a casetudy on thetechricd feasbility of usng DASH greaning
over NDN in a physical testbed, based on our publicationStof-16h
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6.1 Motivation for NDN-based DASH Delivery

¢ € pesenmlnternet architedureis based pedoninartly on seving getic cortert
relatedto |P-addressesdertifying concete hoss. ¢i s hos-certric desgn, how-
ever, has limited potential when trying to address dynamically crea®saurces,
such as pesemin Mobile Video Compotiion (MVC), andthe dscovery of cont
tert, based orDNS islimitedin its capabity t o addess cotent independenhof
concrete hosts.

¢, esdimitations mdivate usto recongder the undelying néworking paadgm,
in paticular, ICN, as a pomising canddaeto addesshesdimitations[Ahl+12].
Concening DASH, the undelying idea d usng this concepistha uses ae
interegedin the conert (i. e, thevideo segmets) rather than ary particular copy
or location. Hence, theontentitself is made a primary object of network search,
transfer, addressing, and retrieval.

Sepaating conent requess from the eplicit knowledge & hogs addresses
and sh i ngtherespongility of cornternt discovery to the neéwork brings mary
advantagedor DASH, such asi) morerobug transtions béween néworks duing
dreaming ses®ns[So+164, ii) suppat for caching & eachforwarding ertity in
the nawork to ful It he demand mee e cierntly when compaedto dedcaed
CDN node$FZX16], iii) network codngto e ciertly comhineregies ky multiple
cortent gores[RWSL1, iv) andthe alility t o implemert corternt-awaeforwarding
and caclng mecharmsmsto improvethe overall e ciengy of the ndwork. VYet,
with suchfundamenal changesn the undelying ndworking conceps, new
chdlenges asefor existing sevices such aBASH sncethey rely diredly on a
hog-bound ndéwork architedure. In particular, DASH adapetion depends oithe
measuemen history beween a peicular hog and diernt, andthus assumes has
bound connetions Sncethisis na providedin NDNsit canleadto problemadic
sde e eds when usng DASHin an NDN context. Most crudialy, salling may
occur when segments are not available in the cache-L3.

In this gudy, we provide a gsemdic evaluaion of theimpad of an NDN
system on standard DASH Adaptation Algorithms. To this énaie propose an
NDN evaluation architecdure makng use 6egaldished emigtion conceps within
Mininet ' ii) we showthat implicit cactingin NDN leadgo undesratle adagion
e edsusngtradtiond DASH adapetion, iii) and we popose a def extensonsfor
usingany throughpu-basedA in NDN providing an averal improvedQuadlity of
Experience(QoE) based onetended segmemnformation in Media PFresemation
Desciptions(MPDs) and NDN-basedhroughpu measuemeris on NDN chunk
granularity.

We begn with an ouline d our approach usedor the emuative evaluation
of DASH in NDN, where weintroduce a nge concep relying on coraner-
based ealudion in Mininet . ¢i sisfollowed ly a prdiminary study on the
in uence dcachingin DASH adapetion. Giventhe concete mdivation based on
these obgwations we propose a new concefor DASH Adapation Algaithms
in NDN on the concepof chunk-based measemeris. Lad, we evaluaethe

bihttp://mininet.org/
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proposed concepn compaisonto date-of-the-art DASHAdapation Algarithms
BOLA [SUS1Band PANDA [Li+14.

6.2 Emulative Evaluation of DASH in Named Data Networks

In thefollowing, we gve an aerview d our emuation ervironmert usedfor
the evaluaions pesemedin Setions6.3to 6.5 aongthelines ¢ crosslayer
environment con gurations (see Table).

6.2.1 Network Environment

God isto evaluae NDN-based DASHmimicking redigtic condtions as osdy
as posible while mantaining reprodudbility of theresits. ¢, us the emudation
saup needgo ful ll t hefollowing functiond requremernts:. i) suppot for large
dynamictopdoges ii) within an emdated néwork environmert, iii) based on
the aiginal NDN source code To this end we bult an NDN architedure based
on an etenson of the Mininet  projed cdledcontainernet ) tha allowsto
execute Docker hosts as nodes in thiginet emulator.

By using containernet ~ with encapslated NDN functiondity in Docke corn+
tainers. We daim that moreredigtic emuation scengos can be adbvedin this
way.

6.2.1.1 Topology

¢, € seup usedthrougho this chaper is depctedin Figure 54. Each dthefunc-
tiond NDN componensisrepresetedin sepaate pats o the nawork, achieving
variationsin cachng, bandwdth andlatency for the dierts. ¢ e achitedure
variesin its physicd sdup, whichis smilar to anlSPtopdogy, andthelogicd
NDN architedure. From a diernt's pespetive, a at hierarchy between caches
exigs, and caches carntéer retrieve cortert from other caches pfrom the sever.

4 Physical Topology \ [ NDN Topology )
NFD Server Router Router NDN Cache|3 | \pn DASH‘ NDN-q:éché‘i‘-\
@ : E @ Player 1. - | @ 6
NDN Cache 15, outer Router NDN Cache|2 3 e NDN Cache’é’ VNFD Server|
NDN DASH @
NDN DASH Player 1 NDN DASH Player 2 NDN Cache 2
y yer 2\ Player 2 )

Figure 54:Evaluation topadogy usng depcting NDN so ware componets, NFD isthe
Networking ForwardingDeamon, NDN Server host®ASH segments using
repo-ng .

bl https://github.com/containernet/containernet
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Table 130verview of the di erent parameters in every part of the system.

Zone Compo-  Configuration Instantiations (this work) Related Work
nent
DASH Video Segmentlength[s] 2sec
Mechanisms  Content
DASH Adaptation BOLA, Panda, Panda [Sam+1Y
Player Algorithm (extended), AlwaysLowest
Network Client Congestion ICP Bam+17
Mechanisms Control SCP1B
Server Chunk Size 1400 Bytes Afi+13
Cache [Number/ "0;3 /™ ;1500 /LRU Bha+15%
Capacity / GSW13iu+13
Strategy]
all Forwarding ncc
Strategy
Network Contain-  Bandwidth dynamicDAS1Rii+13 [Liu+13
Environment  ernet static
Topology 4 OpenVSwitch, 6 Docker
Host

6.2.1.2 Bandwidth Traces

To verify the peformance dthe presemed appoaches anagto ared-world sd-
ting, the ygemisinvegigaed usngtraces ctbededfrom mokile deviceg Rii+13].
Werepay these g chandngthetra conthe dierts' link usng TC”¢ accadingly.
Whereaghese gnamic bandwdth traces bhowto andyzetheimpad in condtions
very closeto redity, we dso use tgtic and deiggned bandwdth pro | esfor spe¢ ¢
testing scenarios.

6.2.2 NDN Mechanisms

In the emuation seup, we dgtinguish beweenthreetypes d hogs: NDN Severs,
NDN CachesandNDN Clierts Eachtypeisimplemeniedin arespetive cortainer
image based on Ubtm 14.04All cortainer typesrun aninsance é NFD, while
caches and the servers usgo-ng "™ to host the video dataset.

6.2.2.1 Chunk Size

A core paamder of every contert-certric néwork isthe $ze d datathat travelsin
a sngle chunk Whilethe dédaut setingis 1000 Bytesveimplemeried a chunk
size of 1400 Bytes to allow an easy comparison with related Bark 1]/

6.2.2.2 Congestion Control

Presetly, thereis no built-i n or sandad congeton cortrol for NDN, but re-
seachisleadnginto the dredion of addng a congeson cortrol protocd asit

bkhttp://Iartc.org/manpages/tc.txt
bl https://github.com/named-data/nfd
bm https://github.com/named-data/repo-ng
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isinevitadein networksthat opeate d full capady. In this wak, we usd CP
[CGM 12; Rent1Y, anIntereg Control Protocd whichredizes a wndowbased

ow cortrol while @mingfor e ciengy andfairnessOther apgroaches such as
SAID [Che+1por CCTCP [SCP1J%xist but are not directly usable in our NDN
infrastructure.

6.2.2.3 Forwarding Strategy

Similar to the congestion control, the forwarding strategy in NDN is repkble.
¢, e ae mary desgns anddeago improvetheforwarding for better e ciengy
and geneal usablility. In the resemed sudies theaccess drategy is con gured
It suppats afader retransmsson of log intered messages when conmgdto the
(default)nce strategy.

6.2.3 DASH Mechanisms

¢, € DASH fdayer dedoyed onthe NDN Cliert isimplemened with libdash
based orthe code povided by [Sam+17. Asfor thevideo daase, a subseof
ninelayers d the Big Buck Buny®” datasé encodedn two-second H264-AVC
segmetsis usedencodedn bitrates béweenl.03 4.2IMbps. Each segméiis,
whenloadedin the NDN data gore, uniqudy iderti alde by name and caithus
be $oredin caches omtheroute. It is, however, importan to notetha datases
with incompdible encodhg shoud be $oredin diginct namespacesventhough
thevideo conert itsdf may beiderticd, asthese dependeies cannbbe dredly
interpreted by NDN.

Table 14Big Buck Bunny DASH dataset representations

Resolution  Bitrate (Mbps) FPS  Layer Number

1920 1080 4.21 24 9
1920 1080 3.84 24 8
1920 1080 3.52 24 7
1920 1080 3.07 24 6
1920 1080 2.48 24 5
1920 1080 2.13 24 4
1280 720 1.54 24 3
1280 720 1.24 24 2
1280 720 1.03 24 1

6.3 Challenges for DASH over NDN

In thefollowing, we gresemkey chdlengedor the deggn of DASHAAsfor NDN.
In paticular, weinvegigaetheinteradion beéween NDN's muti- soucing and
caching capalliti es andhethroughpu measwemeris usedn rate-basedASH
AAs.

bn http://www-itec.uni-klu.ac.at/ftp/datasets/mmsys12/BigBuckBunny/bunny_2s/bunny_2s_1200kbit/
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To demonsratetheinteradion of ¢r oughpu-basedAdaptation (TBA) and
NDN, we useahefollowing sceneo: giventha two dierts gday the samevideoin
sequetia order while usngtheAlwaysLowest AA, i.e., cortinuoudy playingthe
lowes qudity, we knowtha the secondlcert hasrelevart video segmetslocaed
in the caches whetie daybackisinitiated In this séup, which mimics Fgure 54,
the sever link bandwidthis s¢to 4 Mbps andthe cachdink bandwdths ae gven
by 10 MbpgCache 1), 20 Mbps(Cache 2), 30 Mbps(Cache 3). In Figure 55
we showthe Empricd Cumulative Densty Fundion (ECDF) of the measted
throughpu on an NDN chunk bass. All requessfromtheclient 1 (yellow)
are seved by the sever asthe cachesra empy. Our r & obsevation heaeis
tha athoughthelink bandwadth to the sever is x edto 4 Mbpssome chunksia
recaved with a muchlowe throughpu which we dtributeto the ICP congetson
cortrol in NDN. Notetha thisthroughpu measwemen, i. e.,, on NDN chunk
bass, isthefounddion for theinput to rate-basedASH dgarithms For Client
2 abou hdf of therequess aeful Il ed with a bandvidth of 10 Mbpawvhilethereg
is widdy digributed Agan, we obseve NDN chunkthroughpus & both ends
of the scée which we dtri buteto congeson cortrol. Intermedate bandvidth
clusters are caused by ICPs Congestion Control (CC) mechanisms.

Notetha on aDASH segmeirbass, i. e, aggegding hundeds d NDN chunks
into oneDASH segmet the dtered by these otliers. Hence the xisgtence @
caches causeise dient to obseve d erent e edive ddarates(see kgure 55
which introduces uctuations between the requests.

1.0
0.8+
0.6
a
O 044
0.2 First Client (Cache unlimited)
' —— Second Client (Cache unlimited)
0.0 —— Second Client (Cache limited)
. T T T T 1
0 10 20 30 40 50

Mbit/s

Figure 55:Two dients pgaying in sequetial order usng anAlwaysLowest AA. ¢ e
server link bandwidth is given b§ Mbps while the caches' link bandwidths
are10 MbpgcCache 1),20 Mbps(Cache 2),30 Mbps(Cache 3), respetively.
¢ ein uence 6 caching becomeswaden by the highe bitr ate for the second
dients. ¢ e cacheigefor the secondleert (red) waslimitedto5 1 NDN
chunks.

Overal, we obsevethat the key point to be addessedor DASHin NDN are
thelargevariaionsin throughpu measuwemeris dueto cachng which leads
to a wong interpretation of throughpu edimates wth common Adaptation
Algorithms [Liu+13.
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Table 15Compaison beweenthe gandad PANDA agarithm andthe proposed gten
sonsto PANDA represeited by adapiation andvideo qudity metrics ¢, e used
test cases did not exhibit any stalling.

Algorithm PANDA (a) PANDA (b) PANDA (c)
Adaptations(#] 80 58 29
Magnitude [level] 0.63 0.38 0.18
Mean-based Bitrate 2.66 2.85 2.42
Segment-level Bitrate 231 2.57 2.20

6.4 Approach for Improved DASH Adaptation in NDNs

To addesghe andyzed ch#iengeswe poposethree atensonsfor throughpu-
basedASHAAsiIn NDN based orthe xkampde o PANDA. However, asthe
discussedxensons ae geneic, they can dso be used ith other throughpu-
based adaptation approaches.

6.4.1 Chunk-based Measurements

¢, edeggn o NDN allows $reaning appicdionsto oktain addtiond information
abou NDN's chunk dowtoads e. g., the chunkbasedhroughpu. For sandad
DASH over TCP/IPthe diert recéves segmerbased obyterangebasedhrough
put egimates d the connetion to the sever. In contrad, in NDN, edimates can
be oliainedfor both, DASH segmets and(in a ner granuarity) NDN chunks
Hence exiging DASHAdap ation Algarithms ma be agused a new appoaches
designed to take advantage of this information.

Sncethe dda packésin NDNs ae usudly smdl (afew klobyteg compaedto
thevideo segmets (up to mary megalyteg, the numbe of measuemerisfor
eachrequesed segmetisvery large Sngle NDN chunks ae becausefdher
size proneto variations when bing transmittedthroughthe néwork as een
smdl variationsin transmsson time can hae a highimpad on thethroughpu
edimaes ¢i simpliestha a high meastemen accuacgy isrequred whchis dso
important forincreasngtherobugness dthefeedbacko the adapetion dgarithm.
Far exampe, the cared assgnmert of Intereds béng sem o andther maching
Data packés coningin a the dient isimportant to gaher the cared timing
values for throughput estimations in rate-based or hybrid adaptatioordahlgns.
Other consderationsindudethe gpdining o Intereds (sendng severa Interegs
in close succession) and possible out-of-order reception of Data packets.

For thethroughpu measuemen based on DN chunks we use an appach
tha has been usddr measwemerts d TCP/IP connetionthroughpuintroduced
by Khangua @ al. [KF17. ¢ e adhors suggdsa bandvidth egimation from
pas$ve meastemerts based obhe ACK-GAP modd. Notetha the TCP sende
sde modéwith ACKsistheinverson of the NDN client-side modé In NDN,
the client handles the content ow by sending Interest packets to the senetr, a
the sever answes with the senihg of Data packes. ¢, e Data packeisrecaved
by the diert, andtherate esimationis done ¢,i sisthe same phlem asn TCR
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Out- of order Receptlon Parallel Recpuon
Server

—Z ?&\ /m TR

Interest IDl ID:T ID% D6, ID7
Delay ‘ DD6
| DD3,

Data Delay \ " '! it »l
DD4 | DD5 I DDV

Figure 56:¢ e three di erent scenarios for Data packet receptions.

where only the sever andthe diert change pasions andthe sever starts with
the data transfer, the client answering with an ACK.

Sncethe meastemert is conduted over the eriire dowrloadng ses®n, no
extra probing packés ae needeffeedbacks extraded consantly with daa
trander. However, pod-procesig o the bandvidth esimationsis neededn all
casesBecauséhe meastemeris ae based oithe deay of recévedData packés
that were requeted consedively, we can ofy egimate the throughpu from
the secondecéved chunk onbut sincethe numbe of feedback$or the chunk
based gandarity islarge i.e., abou 2-4 orders d magritude highe compaed
to the segmetabased ganuarity in tradtiona networks, thislossis nedigible.
Additiondly, not all Data packérecepions povide usabetiming values when
spedal scenaios occu. ¢, ethree d erent scenaios d Data packérecepions
are depctedin Figure 56. In the common caseghe Data packés aerecavedin
the same aler asthelntereds wae seho, and esery data dday provides avalid
timing value. When an ou-of-order recepion happensthe deay betweentwo
recevedData packesis negéive(DD3 @0). ¢, ethird casesthe paalle recepion
of two Data packés. Here, the dda dday equds zeo (DDg  0). Out-of-order
and paalld recepionsleadto invalid compuation outputs because a matrictly
postivetimingvalueis na usalefor rate esimations ¢, us the compuations
based on these two failure scenarios are discarded.

Based on oupreliminary invedigaion, wefoundtha a samge shoud cortain
abou 50 ne-grained compuationsfor providing avery frequen but reliabe
feedbackWhile a igha sampe sze upto 100 § gill reasonale, sampes usng
lesghan50computation values suer morefrom dngle meastemert failures It
isimportant to notethat the sampe $ze carespondgo the chunk &zein NDNs:
whenlarger NDN chunks aie usedthe meastemert failures becoméesdikely.
Currently, we use the harmonic mean as a method for sampling.

By consderingfeedback usg mae sampesto reresemthe curentthroughpu,
weimprovetheinformation gan for AA. We aguethat in more compex NDN
scenaos(e g., involving multiple cacling ertitieg, itisimportart to ge the dred
network feedbackngead d relying onindired feedbackasin DASH bu er-based
measuemens). ¢ e man advantage we agocdeis afager detedion of souce
changes whin singlerequets d DASH segmetstha can be used ithin the
dedson-making process bAA. Using Panda as arxamgde, Tale 15showsthe
resuting adapation behaior. While an werall high payback lit rate can be
achieved, the number of adaptation steps is negatively a ected.
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6.4.2 Extended MPD

Whilethe abae meahod o throughput measuemenis a NDN-sped ¢ appoach
afurther genea approachto provide a béter Adaptation Algarithm peformance
andthusQoEisto use moe predseinformation before deéermining an adagetion.
Currently, the de¢sion onthe qudity level chosen lg arae-basedAdapation
Algarithmsfor the next segmetdownloadis based othebps value dthed erernt
qudity levels odainedfrom the MPD. Usudly, thisvalueisthe aithmetic average
over the segmetrates(segmensize dvided by segmenlengh) that represema
spec c qudity level. A problem heeisthe high degee d variancein segmeh
Szesrates aoundthe mean fir e, as dscussedh Subseiton 2.4.1(see kgure 9).

¢ us in previous wak, lluri e a. [JTM19 and C Wang & a. [WRZI16]
proposeo includethe segmetrsizein the MFD whichis adopedin our discussed
Adaptation Algorithm concept.

6.4.3 Adaptation Hysteria Reduction

To addessincreased addgtions dueto throughput uctuaions we gropose
two extengonsfor TBA algarithmsin order to utili zethe advantages bthe mae
precise network measurements as well as the segment size knowledge.

6.4.3.1 Instability

To quartify theingahlity during playback we empoy a measte by [ISZ14 Li+14.
Let r; bethe meanbased quiity layer bitratefetched atimet. ¢ eingalility of a
playback at time is de ned in the work above as:

k 1 ~
Pd o$t d Ttd 13\1 de
P lr qw'de

I 2

usngw'de k d.¢i singahlity formulaion puts a $ronga weight onrecen

adapationsto daged uctuaions hencel; CO. For no uctuaions l; is zeo.
We usek 10 b increasehe weght of more recen segmets. In subsequen
adaptation dedsions if Iy A0:05an adapetion to highe quditi esis posponedto

reduce short-term uctuations.

6.4.3.2 Local Segment Rate Variation

To addesstherate susainahblity of adapation de¢sons we usehe following
algaithm that we dented adocd segmenrate variation function. ¢i stime, we
useR; to dendethe segmeleve qudity bit rate d the spet cvideo segmetret
timet (see Subséon 6.42) and B, whichisthe curerntly measued bandvidth,
as desgbedin Subsetton 6.4.1 Foar eachtriggeed adapetion to a hghe qudity
level, the following decision process is executed:

If skipAdaptation is set tarrue , a planned adaptation to a higher quality is
skipped ¢i s extensonisd erent from dandad rate adapation compaisons as
it takeghelocd variation of the segmetrsizesnto accoun. ¢, erefore, adagations
to highe qudity are orly permittedif they can be susined over alonge period
of time and na jud for a Snglevideo segmen\We recommend a wdow sze d
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Algorithm 1: Procesdo deermineif a panned litr ate change can be supped
for the nexti segments

window: 3;
skipAdaptation: False;
for 1Bi Bwindowdo
if Bt BR; i then
L | skipAdaptation = True;

3segmets because agge window wodd impedethe adapetion dgorithm too
much while a smaller window would not stabilize the video quality well enough.

Far evaluaingtheimpad of our extensons we usedASHI Fteg case§DASLT.
Tade 15showshe sandad PANDA algarithm, the FANDA algarithm which uses
theingalhlity function andthe FANDA agarithm extended vith theingahility
function as wél asthelocd segmenrate variation function. Overall, only the
third PANDA con guration can povide a swiching magritudetha islow enough
for a goodQoE while gill providing a high bitrate. When FANDA is extended
with theingahility function exclugvely, there ae gill t oo mary switches wich
lag only for one sngle segmen ¢i slowa'sthe QOE moethan a hghe bitrate
can improve it.

6.5 Evaluation of Chunk-Aware DASH Adaptation in NDN

To evauaethe peformance dthe dscusse®ASHAA we ae usng atracebased
emuation of the dient bandwdth as desgbedin Setion 6.2. ¢, e sever link
capady is4 Mbps andthe Cachdink capadies ae gven by 10 MbpgCache 1),
20 Mbps(Cache 2), and30 Mbps(Cache 3 respetively. Playbackisiniti ated
sequetialy for two dierts, i. e., the secondleert encouners a gudaion whee
conernt is dread/ cachedWeteg thethreeAdapation Algaithms sepeetely, i.e.,
BOLA, Pandaandtheextendedverson d Pandathat is proposedn this wak. To
ensue afair compaison beweenthese iyarithms a maiimum playout bu er
size of 20 seconds is con gured in each case.

Invedigaingtherespetive r & clientsin Takde 16 we obsevethat the galling
timeis shater compaedto the secondleerts once cotert has been cachedi s
e edis paticularly pronouncedn thereguar verson of Panda ¢, e extended
verson of Pandaas poposedn our work, mitigaesthis e ed, resutingin no
stalling for both, the rst and second client.

While both Panda-based AAs achieve an increase in the playback loitnate
paredtothe r & cliert, thisis na the casdor the bu er-basedAA BOLA. Here,
in case bthe secondleert, the hghe availade bandvidth, availale by caches
popuated with previoudy requesed segmets, is nd su ciently utilized ¢i s
results in a lower average bitrate for the second client.

Overadll, the extendedversion of Panda shows aatie dayback behwior, which
is compaaldeto BOLA in terms d adapation gepsfor the r & clierts. While
in the extended Panda A casgethe secondleent shows moe adapetion seps
compaedto BOLA, it maintains a high hitrate without galling. ¢, us, it can be
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Figure 57 BOLA, Pandaand Extended Pandalients paying, respetively, in sequetial
order,i.e,Client 1 followedty Client 2 for eachAdaptation Algarithm,
applying the same bandwidth trace for both clients.

arguedthat the negtive e ed of a dightly increased numbreof adagtion depsis

courterbdanced ly the highe bitrate with no dalling. We exped tha thefad that

no galings occu a a highe bitrateleadgo a Hghe QoEthat can be acleved

within a multi-cache NDN scenario when using our extended version of Panda.
¢, € NDN chunk throughpu shownin Figure 57 for the extendedversion

of Pandaindicaestha obtained chunkbased bandidth sampesfollow the

bandwdth tracefor mog measuemeris. ¢i s obsevationis dso conr med when

compaed with the dgribution of these measemens depctedin Figure 58,

wheeroughy 806 of thethroughpu tracesdistributionis dosdy resembed by

measurements obtained in the extended version of Panda.
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Figure 58:Compaison d theinvegigaed AAs. BOLA, Pandaand extended PandaFor
eachtwo dients pay in sequetia order apdyingthe same bandislth trace
for each tient. ¢, e cacheizeislimitedto 15005egmets. Sever bandwidth
was 4 Mbps, Caches bandwidth 10 Mbps, 20 Mbps, 30 Mbps respectively.

Table 160verall comparison of adaptation, video quality, and stalling metrics.

BOLA Panda Panda
(extended)
Client C Co C1 Cy C1 Cz
Adaptations[#] 19 18 80 79 20 26
Magnitude [level] 0.2 0.2 0.8 08 0.2 0.3
Stalling sum [sec] 2 4 7 13 0 0
Stalling [#] 2 4 5 6 0 0
Bitrate 2.3 2.1 2.0 22 23 25

When compaingthese ddtributions béween # clients andAAs, the undelying
reasondor animprovemert of the dayback hitrate o the proposed gtended
Panda becomevidert; while dl algarithms exhibit some degee d cache usage
(segments may be also fetched from caches due to retransmissions of tase
r g cliens) we obseve a compeetively large shee d segmetsfrom bandwdths
clugering aoundthe ndwork capaity of cachegor the secondlcent in case 6
the extendedverson of Panda ¢, erefore, overal a highe bandwdth for segmets
requess can be adleved bgrondthe bdtleneck capaty of the sever. Lag, we dso
obsevetha roughy % of al throughpu measuemerts ae dill overegsimated
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dueto burginessntra c pdternsintroduced ly switches andhel CP congetson
control (this is omitted in Figur&3).

6.6 Practical Feasibility of NDN-based DASH Streaming

Along with the previoudy presered evaluation of DASHAdagation Algarithms
performancein avirtudizedtegbed ewironmen, in thefollowing, we presena
practical setup showing the discussed improvement in a tangible way.

In paticular, this setion highlightsthe adrantages bseaness mobe handwer,
independenhof the séeded dda souce as showrin a physicd NDN tegbed
saup; here ou developed ystem showdASH dreaming usng a NDN-based
transmsson baween déa souces(Raspbey PlI's) and moble dierts (Nexus5
Android Phones) as video players.

Withthis gystem, the godistoinvegigaethe pradicd implicaion of undelying
networking conceps o NDN andtheir potertial impad on DASH grearning
appicaions Here, wefocus onthe paticular use cases whebend s d NDN are
mod likely: Firg, by changngthelocaion of the molile dients, thusregstering
todi erent access pats, routesto the Raspbey Pi data hogs will changeher
cods(e.g., interms d roundtrip time (RTT))during runtime (see kgure 59). In
areguar streamng scendo, therequessfor the DASH dayback woud cortinue
undtered andtheroutesto daa hogs with lowe cods ae nededed In NDN,
dependng ontheforwarding drategy used the bes routeis dynamicdly sdeded
for eachreques providing a béter Quality of Sevice(QoS. Next, the yystem

Figure 59:Process of a client-based wireless handover in NDN

also shows NDNseslience whenndudng nodefailures Here, aregdar DASH

sreamng syssem woud not provide corninuous pgayback wthout reinitializing

the MPD providing an updéed dda hog IP addess In cortrag to this, the

playback sesen in the demongated scendo provides a cotinuous payback as
theiderti caion of hodsis handed by the NamedData Naworking Fawarding

Daemon which abstracts the knowledge of hosts from the client.

As pat of this demong ation, awebbased Usd nterface showbveinformation
regadingthe curertly usedroutes based orthe séedalle forwarding grategy,
as wd as node tilizaioninredtime ¢, e use cancongured eren routing
drategese. g., best-route  , broadcast ,or ncc. Inthe r & casethelntered is
forwardedto thelowes-cog next hop, whichreduceshe overdlload onthe yysem
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In the second castheintereg isforwardedto dl digible next hops alowing for
a highe resliencein the casefnodefailure a handovers. ¢, elag case shows
therequesbehavior smilar to the evaluations pesemed previoudy. Implicdions
of the changesra evidert on the overall sysem uili zaion and peformance
as shown orthe diert devices ¢,i s pradicd tegedimplemernation of DASH
in NDN has been pesened as pet of a demongration in subpojed C3 d the
Collaborative Research Centre MAKY°

6.7 Conclusions

¢, elag contribution, presemedin this chaper of our dissetation, presens a
sysemaic gudy of chdlengesor DASHin NDN; based on emlative evidence
geneaedina r ¢ sudy usng an etendedopdogy toinduce e eds d digtributed
cacheswe showthat current Adagation Algarithms such as BLA and FANDA
exhibit limited streaming performance in NDN, i. e. high stalling times.

Weidertify the caus¢o bevariationsin thetra ¢ meastemens undelying
al gandad DASHAdapation Algarithms  which ae mae pronouncedn NDNs
thanin tradtiond network seups in an NDN eachrequescan be sesed by any
sutabde NDN repodtory, DASH dierts ae na awae d it. ¢ us therestuting
variationin bandwdth from a dient's pespetivelead4o suloptima adagations
dedsions Hence new appoachesor DASH adapetion dgarithms congdering
the speci c NDN context are necessary.

Giventhisinitial andysis, we propose such a new conddpr more ne-granuar
and pedse meastemeris based on BN chunksingead ¢ DASH segmets, as
wdl asthe use baddtiond information abou the chunk &zes By doing sqwe
achieve animprovemert in the QoE over the isting AA PANDA. In geneal, the
proposed extension can also be used for other throughput-based AAs in NDNs.

Whilethe corributionsin this wak are demong atedfor the ekampe d NDNSs,
the extensonsto the FANDA AA regading aredudion of adagations seps and
improved segmetnsize awaeness i gened, i. e, they may also be defpyedin
the context of TCP-based DASH.

Wefoundtha the obseved peformanceis drongdy relatedto spec ¢ combna
tions d con gurations including the cacheige andthe used congé®n cortrol
algarithm. We condudetha such mechaismsin each nework layer haveto be
considered in DASH con gurations. ¢ is is part of future studies.

In addtion to this emuative gudy, in a pradicd tegbedfor DASHin NDN, we
have preseted ar g apgicaiontha diredly showghe bene s d NDN for DASH
based molbevideo sreamng, in particular during handwer beween dsaete
networks. Here, playback canin cortrag to TCP/P-basedDASH, cortinue
uninterrupted given the content-centric request model of NDN.

With regad to the doman of future neéwork conceps, it isimportarnt to note
that a ymbioticreation of the presemed NDN-basedvideo sreanming conceps
with regad to other upconing concepsis dausble. NDNs mutica$ forwarding
drateges tha, whenimplemerted ndvely, do na fully utilize pdertials for
mobile uses agransmsson can $ill | eadto congeton of the wireless meim

bohttps://wwvv.maki.tu—darms’[adt.de/sfb_maki/ueber_maki/index.de.jsp
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dueto unicag-style connetions onthePHY-Layer. Here, smilar to the concefud

practical presentation ddASH in NDN, a demonstration of exible PHY-Layer

suppot for ScdadeVideo Codng (SVC)-basedive greaning, i. e,,usng so ware-

de ned muticag mecharisms orthePHY-layer on mohle devices was pesened

in [So+1%)].%? By integating these concep with, e. g., our previoudy published  ??for a detailed discussion

work on So ware-De ned Radb (DR)-based cotrol of PHY-Layer propaties  of this concept and the

such pdertias can beedized mae usng a exible muticas aproachthat can ~ "espective demonsiration,
. . . . . . . werefer tothe dssetation

beintegated with the gvenforwarding grateges ¢ NDN for livevideo ugoad by [Sch1B

and download from mobile devices.
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Ji s dssetation presetedreseechtowadsimproving uses Qudity of Experi-
ence(QoE) in current andfuturevideo apfticdions onthelnternet. In paticular,
we reseted and dscussed auresutsin three cetra areasfor such apficaions
Mobile Video Compoiion (MVC), Over-¢, e-Top (OTT) Dynamic Adapive
Sreamng over HTTP (DASH), and appying these concepin future Named
Data Neworking (NDN) networks. To summaize ou ndings we hghlight key
resuts d this wak, our conaete coriributions madeand dose vith remaks on
future research directions.

7.1 ¢esis Summary

Alongthelines d the cettral suljed of reseechin thisthess, i. e, the ystemadic
gudy of video-certric apgicaionstowads dtaining meastalei nform of QoE
indicaors andredidicdly viade peformanceimprovemensfor upload and ds-
tribution of video sreamsapgdicalein currert andfuture Internet architedures
we now summarize our results for the three presented areas of igagen.

Asthe r & corntribution of this dssetation in Chager 4, we pesemed an
andysis d use behavior andvideo qudity in thelive Mokile Video Boadcatng
Sevice(MBS YouNow ¢, eresuts oltainedin this gudy indicae alow overall
qudity in live mohile video upoadthat depends orthe gven connetion type
Here, mohile ndworks weethe man indicaor for alow gream quéity. To addess
such shotcoming, we presemed a concepfor the adomatic aedion of video
compodtions usng suchlive Use-GeneatedVideos(UGVs) that addresses such
issues afollows r &, based on a cdext-based ealudion of sreamson the
deviceswe caninfer a measte d qudity at the souce and sked relevant sreams
sotha a compodion with an overall highe QoE can be adleved Secondy, the
proposed appach wasxaminedin a dd sudy, where v e sés o live udoads
were produced vith multiple uses and deices amss héerogeneous mabe
networks. Finaly, weveri edtheimproved peformance éthe geneated dreams
usng a cowd-souced usesudy. As aresut, we have presetedthe r & apgroach
for low overhead genestion of MVC from heerogeneous malke soucesthat
minimizes resource utilization on networks and devices.

In Chaper 5on cosslayer evaluaion of DASH mecharsms we corninued
with theinvegigaion of use experiencein Video $reanng §stems(VSS§ thus
focusng onthe dgribution of video cortert in the curent Internet architedure.
Here we aguetha DASHVSSs pdormance srongy depends orihe cosslayer
con guration spacéngead d single sysem aspets such addaptation Algarithms
(AAs). To verify our reseech hypothess, we r s introduced a concefor geneat-
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ing an extengve s¢ of evaluaions with regad to the cosslayer mechaisms used
in DASHVSSandto reprodudbly evaluaethe peformance dred-world DASH
systems Using this appoach we deive a voad s¢ of experimerts covering dl
relevant aspets d crosslayer DASHVSS conguration paamders, that allow
to undegand peformance aspésreatedto, e g., the Transmisson Cortrol
Protocd (TCP) Congetion Cortrol (CC), Adapation Algarithms and DASH
Players within heterogeneous rnt&vork environmerts. Our derivedresuts na
only verify our initial hypothess onthe needo consder thefull se of crosslayer
con guration spacen DASH peimens bu also showthat cetain conaete
con gurations govideimproved peformancein terms d QoE Our ndings ae
extended by a study on how to addpfASH systems given diverse and changing
network environmerts by therecon guration of DASH mecharsms ugngleaned
transition boundaries between such con gurations.

¢ elag cortribution presemed Chaper 6 extendsthe condutedreseach on
DASHtowadsthe appicallity for thefuture Internet architedure denaed as
NDN. Using a smilar sysemic appoach we begn with an emudative gudy
of theimpaa of cacling, as a cetral aspetof NDN, on the peformance &
DASH Adagation Algarithms Here, in cortrag to previous wak, we use an
extendedtopdogy size compising several caches andlienstowadsidentifying
the e eds d digributed caches on adtgtion chdces Our experimertsindicae
tha current Adapation Algarithms such as BLA and FANDA exhibit li mited
dreamng peformance i.e., high galling times dueo theloss ¢ endto-end
connection-oriented design compared to traditional DASH VSSs.

We usethe deivedinsghtsto propose a new concefor AAstailoredto the
requremeris d NDN networks. Byusng ne-grandar and predse measwemens
based on abegap modé our suggeted extenson for DASHAAs aclieves
improved paformance ly redudng galling andincreasng drearming hitrates as
compaedto curernt DASHAAS. ¢,i s concepof usng NDN for DASHis dso
presetedin a pradicd demongration that presemsimproved suppot for mohile
handovers with mobile clients.

7.2 Contributions

At the beginning of this work, we identi ed three synergetic research arehs
addressedn this dssetation sdededto addesgeevarnt limitationsin VSSdor
current andfuture use casebirst, addressng thefull spe¢rum of use-certric
video ddtribution, from live udoadsto on-demand frearning, and seconglto
identify conaete posshiliti esfor performanceimprovemernt in the curent and
future Internet. In the following, we will addess howthe bdore-merntioned
contributions correspond and integrate to closing the identi ed reseaagsg
Our rst goal was to tackle the insu cient e ciency in dynamic creation and

digtribution of use-geneatedvideq in particular for MVC. Here, the conext-
based ealudion of ssreamsusng sensg network, and adivity measuemerts,
alowed ugoincrease e ciengy by mitigaing the needo upload dl geneated
sreamgo be congderedin compodtions Insead our approach uses a qglity
indicaor based on sensoeadngs d the souce deice oy (i. e, forgang cortert
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andysis) and was showio improvethe qudity of compodtions over the baskne.
¢i s enabesto dragicdly reducethe overheadfor daatransmsson and bdtery
consumipiion on mohle devices as compadto uploadng and anyzing dl
candidate video streams.

Secondy, this wak was condutedto addess acteving a high use sdisfac
tion for over-the-top video dstribution usng DASH, whichis d highrelevance
for sreaning Video onDemand(VoD) but also MBS cotent. To this end we
motivatedthe problem d interdependence lieeen a nework's chaiaderistics
and con gurations and deeloped an appoachto undesandthesereations by
conduding large scde emuations By idertifying Paeto-optima DASH con

gurations as wi as poposng howto séed con gurations depenthg onthe
network context we provide evidence on howto redize a conistent high QoE
with DASH in heterogeneous network conditions.

¢, elagreseech godthen wago explorefuture néworking concepsfor adap
tivevideo sreaning appicdions Here, our focus waso use NDN as a pomising
concepfor future ndworkstha tackes mary of the curernt shatcomingsin the
exiging Internet architedure. Along with our previousfocus onDASHfor the
digribution of contert, weiderti ed audial aspetsfor the deggn o video-certric
apdicaions when usigthe NDN architedure. We nally provide a new mghod
for DASHAdagation Algarithms dlowing arobud performancein such néwork
architectures and conclude our investigation of this domain by givinge e
examgdefor benet sin a use castr mobile nework handoversin DASH over
NDNSs.

7.3 Outlook

In thefollowing, we will discusguture aeas dinvegsigaionin conjunction with
the work presented in this dissertation.

7.3.1 Extending DASH Research using other Players

To extendthe ndings d our work on extensve emuationsfor DASH, including
further players, i.e. commecial so ware such as Bmovin's HTML5 Player
would further highlight, how deggn chdcesin these payersin uence grearing
peformance In particular, varying mehodsfor throughpu edimation, bu er
managemet) and reques handing (such as werlappng requess) may be d
particular interest for the evolvement of adaptive streaming soeva

7.3.2 Applying DASH Recon gurations in Practice

As one dthe oucomes dour work, we haveiderti edthe pdertial of recon gu-
rationin DASHVSSdo0 improve QoEfor a gven sé of ervironmert parameers,
such aswaailade bandvidth (andvariaionsthered), dday, andloss ¢, e next step
isto pradicdly validate suchtranstions by r g e ciertly idertifying such ewmiron-
mert changege. g., [Ric+18]) and execuing gventranstionstowads dtaining
conaeteimprovemerisin sreamng peformance Whilein this wak, we hae
relied on $mple modésto lean suchreations it is posgly bene cial to include
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more ervironmerta dimensgons and béer performing leaning dgorithmsto
identify con guration environments for DASH.

7.3.3 NDNs for Mobile Video Composition

With this wak, we hare showntwo aspets tha enalde future moble video
compodgtion apgicaions Firg, idertifying and ealuaing relevant cortert on

the udoadng souce and seconlty, showing the feasbility of DASHin NDN. By
comhningthese concdpin future wak, uses can po tfr om aedingindividua

compodtions by sdeding and $reaning cortent produced on mobe devices
dynamicdly. In other words, asin NDN, use's do nd needto diredly idertify

the hoss for requeting corntent, merely bang awae d corntent named ly, i.e.
even, locdion, use or topic, a composedideo sream mg then ory consst
of a séedion of segmets with a gven name ¢,i s concepwould prot fr om

theimplicit cachingin NDN sothd, if a cetain view becomes iwddy requesed
content is automatically cached on the given requests paths.

7.3.4 Merging Context and Content in Mobile Video Composition

At this pant, our proposed concegor Mobile Video Compogion (MVC) relies
sdedy on senso-based measamerisfor the gvenrecading cortext onthe de
vicesfor evaluaingthe canddate sreamsrelevance and quigty. We acknovedge
however, that this appoach does nibidertify casesn whichthe conert it sdf

needdo beinvegigaedto undesand derimertal aspets ontherecading qudity,
e.g., harmful ocdudons as dscussedh [Wil16]. In afuture ystem, integating

bath conceps, i. e, context and contert andysis, andthus baandng overhead
and accuagy for sream souce &/aluaions promiseso provide supéor resuts
for MVC.
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