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1 Introduction

Over the last years, new paradigms and concepts have emerngdecommuni-
cation systems that are currently being realized in therete Among those are
the overlay, Peer-to-Peer (P2P), and the Quality of Expeei¢QoE) paradigms.
An overlayor an overlay network is a flexible, logical network that isltan
top of an existing substrate network. Overlays are used éocowme prevailing
technical limitations of the Internet, e.g. multicast, ofacilitate simplified im-
plementation of sophisticated new mechanisms on a logigak] e.g. re-routing
on application layer in case of congested end-to-end phlbie that the Inter-
net itself has evolved as an overlay on top of the plain oldptebne system to
support new packet-switched data services.

In a Peer-to-Peg(P2P) network, the nodes of this network, called peersgshar
common resources, e.g. bandwidth or memory, in order toigeoor support
a certain service, like content distribution networks (QRNdistributed lookup
systems. Typically, the peers form an overlay for commuirigawith each other.
The capabilities of P2P facilitate the deployment of newctionalities, like di-
rect any-to-any communication or sharing of user-gendretatents, as well as
help to overcome restrictions on resources, e.g. in terragofige capacity for a
CDN. To this end, the application of the fundamental P2P gigra fosters the
realization of future Internet applications and allowsisgunfrastructure costs
by using existing resources in a more efficient way.

Furthermore, the technological advancements in highespeternet access
enable the realization of the P2P potential and propel thefithe Internet into
a new era. New applications have emerged that are bandwitithsive or have
strict Quality of Service (QoS) requirements. The most pexpapplications up
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to now are P2P file sharing applications that serve as a neviumegidr CDNs
like eDonkey or BitTorrent. Recently, new types of overlgplications have
appeared and gained popularity, such as P2P-based voicgdaodservices. Ex-
amples are the popular Skype Voice-over-IP applicatioméne video recording
systems.

The user’s satisfaction with a particular application ipressed by th@ual-
ity of Experience{(QoE) measure. Degradation in QoS, like packet loss, packet
reordering, and large jitter in the network, may lead torggrdecrease in QoE,
which is the case for VoIP applications for instance. Besidaieh objective end-
to-end QoS parameters, QoE focuses rather on subjectilgatieas of service
delivery by the end users. It addresses service reliabiitgprising service avail-
ability, accessibility, access time and continuity, aslwsl service comfort in-
cluding session quality, ease of use and level of suppooimRhis perspective,
QoE will be the major criterion for the subscriber to selespacific service.

The composition of these paradigms may result in multi-oetvgervices with
edge-based intelligence. In future telecommunicatiotesys, we observe an in-
creasing diversity of access networks and the fixed to malgiterergence be-
tween wireline and wireless networks. This implies an iasiegly heteroge-
neous networking environment for applications and sesvigde separation of
transport services and applications, or between diffesentices leads tmulti-
network servicesA future service has to work transparently to the undedyin
network infrastructure and independently of the user’'senilocation and access
technology. In this sense, a multi-network service esthbk a logical overlay on
top of different access networks.

The Internet Protocol is currently the smallest common denator for such
multi-network services. Still, roaming users expect thesevices to work in a
satisfactory way, i.e. a good QOE, regardless of the cuyrevailable access
technology. Thus, a true multi-network service must be tbkdapt itself to its
environment to a much stronger degree than what is suppbsteéte Internet
protocol suite. Streaming multimedia applications forrapée face the problem
that their predominant transport protocol UDP does not takefeedback from
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the network into account. Consequently, any quality cdreral adaptation has
to be applied by the application itself at the edge of the natwThe network
providers have to cope with the fact that these edge-bagattatons dynam-
ically determine the amount of consumed bandwidth. In paldr, applications
such as Skype do their own network quality measurements eaxt to qual-
ity changes in order to keep their users satisfied. €bige-based intelligende
established via traffic control on application layer.

The shift of the control intelligence to the edge is acconmgiduby the fact
that the observed user’s behavior also changes. A user paaia@ither altruistic
or selfish. Selfish user behavior means that the user or tHeam tries to
maximize the user-perceived QoE rather than to optimizeotrezall network
QoS. Very often such selfish behavior isimplemented in tfievaoe downloaded
by the user without his explicit notice. In contrast, aktid users, whose behavior
is mostly influenced by the network provider’s traffic cohpmtocols (like TCP)
help to maximize the overall system performance in a fairmearin the case of
file sharing platforms, an altruistic user is willing to uatbdata to other users,
while a selfish user only wants to download without contiiifigito the network.
For VolIP, altruistic users would reduce the consumed badittivin the case of
facing congestion, while selfish users would continuoushtd achieve a high
goodput and QoE, irrespective of the consequences for kiez osers.

1.1 Scientific Contribution

The intention of this thesis is threefold. First, we aim ad&long and evaluating
future Internet applications from a user-centric view éast of using a classic
network-centric view. Next, the identified problems andligmges as well as the
emerging user behavior are highlighted, which go along Withrealization of

the upcoming overlay, P2P, and QoE paradigms. The obsenvatichanges in

the user behavior is important for the performance evalonatf future services
and also for their dimensioning. However, the changing beeavior affects not
only the performance of the investigated systems, but reguilso to develop a
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methodology and to derive appropriate models for analyitiedr performance.
Finally, this performance modeling permits a proper desiffuture Internet
applications that are beneficial for its users.

For this purpose, we look at currently existing applicasion estimate those
that may become relevant in the future and identify and mddeluser behav-
ior. Beside the paradigm changes, the available techredogind environments
also affect user behavior. For instance, let us consider lailensubscriber of a
P2P-based file sharing service. The advances in wirelesadkgy may allow
for user mobility, even perhaps between different netwadeas types. However,
this also introduces heterogeneity according to the céipabiof the access net-
work the user is currently connected to. As a result, the dexity to coordinate
the users and resources in the P2P network increases, whilg to maintain
providing an efficient and fair file sharing service. As a tesé mobility, the
user behavior will also change according to the radio cayerén case of cov-
erage loss, the user appears to be offline and after gettimgorieaccess again
he might appear as an entirely new user in the overlay, e.gnwéceiving a new
IP address. To save battery power, a mobile user might addity switch more
often to offline mode. Thus, increased dynamics in the useaber and in the
overlay topology are observed, which results in higher shinthe P2P system.
Due to the popularity of the contents, the dynamics of a P2Rsfibring service
is further increased, as download requests may occur axflasis, i.e., a large
number of users requests a certain file within short time.

The expensive upload capacity of a mobile user may also cselfish user
behavior by reducing the amount of uploaded data to othesiis¢he P2P net-
work. Since the users in a P2P network act as servers, thagn#ss of users
to share resources has to be considered. Furthermore, tiv lh@staken into ac-
count, that in contrast to classic client/server systenisaaesl file is no longer
at a single trusted server location. Thus, malicious usexg offer a corrupted
version of a file or parts of it to disturb the service. Thiséerred to as poi-
soning or pollution depending on whether the decoy was edfeieliberately or
not. As effect of pollution or poisoning, the download timee prolonged and
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the QOE of users may be decreased. When the user’s patiergedsded, he
will abort the download and abandon the service. The dedreatizfaction de-
termines the user’s impatience. Edge-based intelligealdag into account QoE
feedback will additionally affect the network traffic anethser behavior pattern.

As consequences of the emerging user behavior and the psecsption of
the service quality, a methodology has to be developed apbppate models
have to be provided for evaluating the performance of futaternet applica-
tions. The obtained results from performance evaluatiwato quantify their
technical impact and to derive solutions to overcome probleReturning to the
example of mobile P2P file sharing, large-scale systems avhitgh number of
users have to be analyzed. The complex interaction of mahieheterogeneous
users in the overlay has to be modeled in such a way, thatledaet effects are
captured within reasonable computational time. To this gr@provide a semi-
Markov model for user mobility in cellular wireless netwsrwhich enables us
to simulate large-scale P2P networks with mobile userss allows investigating
e.g. the application of Mobile IP techniques and to study puedlict the perfor-
mance of common P2P cooperation strategies, as applied diyke® or BitTor-
rent, in current and future cellular networks. A recommeiatiefor the usage of
Mobile IP in different scenarios is given. As a result of ttientified problems we
derive a novel cooperation strategy to master mobility anddaptive strategy to
utilize the scarce resources in such heterogeneous network

Figure 1.1 gives an overview of the contribution in this tkeFhe various
research studies carried out during the course of this werklassified according
to the major methodology on the x-axis and the main focus anlsngvestigated
technology of the study on the y-axis. The methodology isrdisished between
measurement studies, simulative performance evaluatiathematical analysis,
and design of new mechanisms, services or applicationsnittie focus of the
research study considers overlays, P2P, QoE, and wirglstenss. It has to be
noted that this classification aims at highlighting only thain contributions.
However, some studies cover several areas, e.g. mobile lB2Rdiring which is
therefore placed between “wireless” and “P2P”. The samauis tegarding the
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Figure 1.1:Contribution in thesis is illustrated by a cartography o tesearch
studies carried out. The noti¢n]” indicates that the scientific publi-
cation[z] is discussed in Chaptgrof this monograph.

applied methodology for some studies discussed in thissthes

In this monograph, three important issues in the futurerheteare selected
which cover a broad area in the classification scheme of Eiguk. The corre-
sponding chapter number marks the related scientific patiics of the three
examples. The first issue covers mobile P2P file sharing asstisd above. The
second issue addresses modeling of online TV recordingcesrand aims at a
performance comparison of a high-performance serverasiastd a P2P-based
system in terms of reliability, efficiency and fairness. Aeeault of the perfor-
mance study, the high-performance server cluster can gegyodimensioned.
In the case of the P2P system, the model allows investigétimgmpact of ma-
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licious or fake peers and their impact on the impatience gfile users. This
can be exploited for two reasons. First, the disturbanceePRP system due to
malicious peers is quantified when the service provideesein P2P technology.
Second, it allows dimensioning the number of fake peersatept copyrighted
contents from illegally being distributed in a file sharingt®m.

The third important topic considers the QoE of edge-baség dpplications,
since the QoE mainly determines the behavior of a user. ticpdar, it is investi-
gated how the current network conditions described as QuSrers influence
the QOE of a VoIP user. As a major contribution of this examgble IQX hypoth-
esis is formulated and derived as an exponential functiaiationship between
QoE and QoS disturbance. It is tested and validated foriegisheasurement
studies in web browsing, as well as for VoIP applicationsebasn own exten-
sive measurement studies in a controlled testbed. In addlitiis studied in how
far an edge-based application like Skype reacts to quadityatiations. Starting
from measurements of the Skype application, we show the tpmeperties of
selfish and altruistic user behavior in accordance to edgesintelligence.

1.2 Outline of Thesis

The organization of this monograph and the contributiorthénindividual chap-
ters are illustrated in Figure 1.2. For each of the threectstieexamples an indi-
vidual chapter is devoted with a similar structure. Eaclptérahas a background
and related work section and summarizes the lessons ledfigpae 1.2 shows
for each chapter three different columns which are related.} the impact of
user behavior and perception, (2) its consequences forpihieed methodology,
and (3) its technical impact and the derived solutions toavae the identified
problems. Arrows between the building blocks within thegdéan show that ei-
ther fundamental background is introduced or that the fyslare utilized in later
sections. The section numbers of the building blocks arergir parentheses.
The remainder of this monograph is organized as follows.Hagfer 2, coop-
eration in mobile P2P networks for content distributionngeistigated. A com-
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prehensive background on the multi-source download méstmaas key feature
of P2P CDNs and common cooperation strategies, as used hykepor Bit-
Torrent, are given. Additionally, we review related work ialh addresses het-
erogeneity and selfishness in general. As investigatedoetevior, we consider
the impact of selfishness, altruism, and mobility. Furthenen the heterogene-
ity of users stemming from different access technologidaken into account.
For the quantification of the performance, we define key rcetike reliabil-
ity or chunk availability. They reveal the fundamental laktink problem and
the need to derive appropriate cooperation strategiesdmome this problem.
As solution, we propose the so-called CycPriM cooperattosteqy. Its perfor-
mance is compared with common strategies in different uslea¥ior scenarios.
However, the simulation of mobile users with heterogenemis/ork access re-
quires too much computational effort and is not feasibleracfice. To this end,
a new semi-Markov model is proposed which allows invesitigathe impact of
the user behavior. We consider the application of Mobilesthhiques and study
the performance of common cooperation strategies in cquieamny and future
cellular networks for different load scenarios. Again, assult of the identified
problems, we derive a time-based cooperation strategy stemanobility and an
adaptive strategy to utilize the scarce resources in suehdgeneous networks.
Finally, important developments and future trends in treaaf mobile P2P are
shown.

Chapter 3 addresses the second example on modeling an dMinecord-
ing service. It aims at a performance comparison of a higfepaance server
cluster and an eDonkey-based P2P system for delivery of Gd@bd\contents in
terms of reliability, efficiency and fairness. We provideegpriate queueing and
fluid models to describe pollution by malicious peers anctitynamics, e.g. due
to flash crowd effects. Pollution in a P2P system may resytatonged down-
load times, while flash crowds may overburden server clastes a result in both
cases the users may get impatient. Thus, we consider permfi@earmeasures as
introduced in Chapter 2, but due to user impatience we alge twetake into ac-
count success ratio as essential QoE indicator. For ohtaneialistic file sizes of
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video contents available in the Internet, a comprehense@&sorement study was
conducted. To get numerical values from the proposed dcalyhodels, an ap-
proximation of matrix exponentials was applied in case efdheueing system,
while the Runge-Kutta method was applied to approximatatwis of differ-
ential equations systems. Together with the measured \ddém we compare
the performance of both systems and dimension them accptditheir desired
purpose.

Chapter 4 focuses on the user perception of the quality ofiR ¥pplication,
as a user will react according to the actual QoE. In particitidgs investigated
how the current network conditions described as QoS pammetfluence the
QoE of a VoIP user. As a major contribution of this chaptee, X hypothesis
is formulated and derived as an exponential functionaticeiahip between QoE
and QoS disturbance. To quantify the influence of QoS prablemthe QoE for
VolP applications and to test the IQX hypothesis, a measen¢study in a con-
trolled testbed was carried out to measure the quality oP\fffic. Thereby, the
applied methodology comprises measurements on networ&@pittation level,
emulation of network conditions, as well as the validatiérine measurement
testbed. Furthermore, related work dealing with user égpee in web brows-
ing is reviewed and we demonstrate that the exponentialdependency is also
valid there. Non-linear regression analysis was used taheshypothesis. As a
result of the study, simple mapping functions between Qa@EQ@DS parameters
are derived which can be used in edge-based applicationsntoot and adapt
the QOE. Next, the edge-based Skype VoIP application istiyeted which tries
to maintain the QOE of its user and makes the observed usewvioerappear
selfish from network traffic’s point of view. This selfish usshavior by means
of replicated sending of voice datagrams is analyticaNsgtigated with respect
to the obtained QOE of a single user. This demonstrates #ialitg of the de-
rived hypothesis. After that, QOE management and proviisgpis discussed in
general.

Finally, Chapter 5 summarizes the main findings gained tjfiout the course
of this work.



Introduction

Chapter 1: Introduction

New Paradigms in Scientific Outline of
the Internet Con on Thesis

Chapter 2: Cooperation in Mobile P2P
Background and Related Work on Cooperation Strategies (2.1, 2.1.2, 2.1.4)

Selfishness & Simulation of emerging Multi-Source Download
Altruism (2.2) behavior (2.2.3, 2.3.3) (2.1.1)

- Semi-Markov Model eDonkey & BitTorrent
Rlebilitv(ZE TR0 (2.3.2) (2.1.2,2.2.1,2.2.4)
Key Performance Novel Coop. Strategies

Measures (2.1.3) (2.2.2,2.3.4,2.3.5)

Heterogeneity (2.3)

Chapter 3: Modeling of OTR Services

Background and Related Work on Video Content Delivery (3.1, 3.1.3)
Time Dynamics Measurements of
(3.3.2,34.2) Video Contents (3.2) QoE Comparison of C/S

PEE)

" Fluid Models (3.3.2,
Dimensioning of
User Impatience Queueing Model (3.3, System(3. .3)
(3.3.1,34.2) 3.3.1,33.3)
Chapter 4: QoE of Edge-based VolP Applications

Background and Related Work on Assessment of Quality (4.1, 4.1.1, 4.1.4)
Network Emulation (4.2, Mapping of QoS to QoE
Edge-based 4.3.1,4.4.1,4.4.4) (4.3.2)
Intelligence (4.4, 4.5) .
QoE and Edge-based QoE Adaptation (4.4.2,
Measurements (4.3, 4.4) 4.4.4)
Quality of Experience
(4.1.2,4.1.3) 1QX Hypothesis QoE Management and
(4.1.3) Provisioning (4.5)

Chapter 5: Conclusions and Future Trends

Impact of User Behavior Consequences for Technical Impact &
and Perception Applied Methodology Derived Solutions

10

Figure 1.2:Organization and contribution of this monograph




2 Cooperation in Mobile
Peer-to-Peer

P2P file sharing systems contribute to the majority of trafficime currently be-
ing transported in the Internet. Applications like eDonke\BitTorrent are used
to share large volume content and alleviate the problem efloaded servers
by distributing the load among all sharing peers, which mdk2P systems scal-
able and resilient. The performance of such P2P contenilaison networks
(CDN) in cellular networks depends highly on the coordioiibf heterogeneous
and often selfish mobile users. Sophisticated cooperatiategies, such as the
multi-source download (MSD) and tit-for-tat principle gathe foundation of the
extreme efficiency of P2P content distribution networksltiMeource download
means the simultaneous download of parts of a file, refelrexs tchunk, from
several sources in parallel. The cooperation strategipbedpin popular P2P
CDN platforms such as eDonkey or BitTorrent, rely on the ameéntal P2P
assumption that all peers are equal. In cellular networtweher, the peers dif-
fer significantly in their characteristics, e.g. their &&aystem and bandwidth
which might change over time or their on-line behavior, timtsoducing hetero-
geneity and even selfishness in the peer community. Herne®2R assumption
of equal peers is not valid any more. In addition, the dynaraitd heterogeneity
in cellular mobile networks is further increased by the rligbof users.
Although most P2P CDNs use the benefits of multi-source doavtd, the var-
ious platforms differ significantly in the actual implemation of the cooperation
algorithms. In particular, the peer selection as well ascthenk selection mech-
anisms lead to different system behaviors and performagmdts. The detailed
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2 Cooperation in Mobile Peer-to-Peer

performance of the strategies is further determined by theah peer charac-
teristics and the peer behavior. The peer characteristiodes, among others
the available upload and download bandwidth, as well as tingber of parallel
upload and download connections. The mobility of a user m#tkese peer char-
acteristics change over time. Thus, the performance depesiderably on the
heterogeneity. The peer behavior is mainly described byrghie. the switch-
ing of a user between offline and online state, and by thengifiess of a user
to participate in the CDN. A user may behave selfish and taesihimize the
upload of data or he may redistribute the data in an altongsy. In the context
of cellular mobile networks, churn and selfish behavior apesen more distinc-
tive, e.g. to save battery resources or scarce and expangding capacities. As
a result, the so-called “last chunk” problem might ariseahhinhibits the data
dissemination process and makes individual chunks startheinetwork.

Additional challenges and influence factors on the perfoiceaof the sys-
tem arise in a heterogeneous, wireless cellular networkcdvsider a beyond
third generation (B3G) network with different infrastrucg-based radio access
technologies, in particular UMTS and WLAN. Due to the usetitity, vertical
handovers (VHO) between the different wireless accessitdapies are required
which may result in transmission delays and IP address @samigthe switching
peer. We investigate whether it is recommended to use mesharike Mo-
bile IP in the context of P2P-based content distributionatiutar environments,
since such mechanisms also introduce additional delaysth&nimportant phe-
nomenon occurring with VHOs is the abrupt change of avalalbindwidth, e.g.,
from a fast WLAN connection to a rather slow UMTS connection.

There are several possibilities to improve the performasfogontent distri-
bution in cellular networks. Those are (a) particular amstture concepts intro-
ducing special entities like caches for storing contentsrawlers for locating
sources, e.g. [17], (b) the optimization of parameterg tiie size of chunks, as
proposed by [16], (c) incentives to motivate the users toesfiles and to con-
tribute to the system, and (d) cooperation strategies ®ctrordination among
peers. From these possibilities, we will focus on the coaipen strategies in this

12



2.1 Background: Cooperation Strategies for Content [bigtion

chapter. The goal is (i) to describe how to a model a P2P cbulistribution
system with multi-source download in a cellular environtéi) to identify the
fundamental problems of typical cooperation strategii$,t¢ investigate the
impact of user behavior and heterogeneity, in particuldisbaess, mobility and
VHO, and (iv) to propose solutions to overcome the derivexblems.

This chapter is organized as follows. Section 2.1 gives cetrgnsive back-
ground on the multi-source download mechanism and commapecation
strategies, as used by eDonkey or BitTorrent. We define kégiaaéor evaluating
the performance of such systems and review related workvaddresses hetero-
geneity and selfishness in general. In the Section 2.2, weskshe fundamental
last chunk problem and show how the proposed CycPriM cotiparatrategy
allows overcoming this. Its performance is compared witlmemn strategies in
different user behavior scenarios. In Section 2.3, thectffef user mobility in a
B3G network on the traffic characteristics are revealeds Thderstanding makes
us derive an abstract mobility model subsuming the netwaykut and the user
mobility using a semi-Markov model. We consider the appigraof Mobile IP
techniques and investigate the performance of common catipe strategies in
today’s and future cellular networks for different load s@gos. Again, as a re-
sult of identified problems we derive a time-based coopamatirategy to master
mobility and an adaptive strategy to utilize the scarceus=ss in such heteroge-
neous networks. Finally, Section 2.4 shows our particulwpoint on important
developments and necessary future work in this area, b8krton 2.5 summa-
rizes the lessons learned in this chapter.

2.1 Background: Cooperation Strategies in
Content Distribution Networks
The mechanisms to control and manage content distributi®2P networks can

be distinguished in two major categories: (a) resource atigdi mechanisms,
which are functions for searching and locating resourcelS(lBresource access

13



2 Cooperation in Mobile Peer-to-Peer

control mechanisms, i.e. functions for exchanging filesamtgof it. There are
several approaches focusing on resource mediation mechsnlhey vary from
centralized concepts such as index servers, as in eDokeighly decentralized
approaches such as flooding protocols, as in the Gnutellenietor distributed

hash tables, as used in the Chord protocol. Especially, HiEszand hierarchical
derivates have gained a lot of scientific interest addrgs®finements to cope
with reliability and efficiency in cellular environmentsZ2]. Special architec-
tural entities like crawlers are used to locate files andsiof files on behalf
of other users to improve the performance. This is espgdrajportant in mobile

environments with scarce and expensive resources of udefs]].

The resource access control mechanisms determine thamatiod and coop-
eration among peers which means to permit, prioritize, ahédule the access
to shared resources. In this context, incentive mechan@msmplemented to
promote cooperative behavior. This means they try to makespegarticipate in
the network and share their resources. Examples are ciaditgystems as used
in eDonkey or tit-for-tat strategies like in BitTorrent. Wever, in this chapter,
we consider a different approach, the so-called cooperatiategies, to over-
come problems, like the last chunk problem caused by se#fsshar inefficient
usage of scarce resources in heterogeneous environnreptsticular, we inves-
tigate different cooperation strategies and derive sahstfor specific problems.
The coordination of the peers to enable the efficient, fad rbust distribution
of contents in a CDN is realized by a cooperation strategytal$k is to decide
(a) which peers requesting for blocks are served by an upigazker using a
priority function, like first-come-first-serve, and (b) whiis the next chunk to
download by a downloading peer. These two decisions uriderthy a cooper-
ation strategy are referred to as peer selection and chuedties, respectively.
The question arises whether a cooperation strategy camatgvehe effects of
selfishness or heterogeneity and establish an efficiengfidi robust CDN.

14



2.1 Background: Cooperation Strategies for Content [bigtion

2.1.1 Content Distribution with Multi-Source Download

An efficient and robust way of cooperative content deliveryhie multi-source
download (MSD), which means that the recipient peer ordads downloads
the desired data from many providing peers instead from glesione. The ef-
ficiency of MSD was demonstrated by the success of the P2Psfiléng plat-
forms eDonkey and BitTorrent and was scientifically reseadce.g. in [99, 103].

P2P content distribution mechanisms which apply MSD spdisfinto chunks
and blocks which are subparts of chunks. For the eDonkeycapion for exam-
ple, the chunk size is typically 9.5 MB and the block size i6 &B. A download-
ing peer requests blocks from serving peers, i.e. sourcésabfile, and might
download from these sources in parallel. As soon as a peeddwasloaded a
complete chunk, it becomes a source for the file, i.e. it cdistgbute the al-
ready received chunks. The benefit of MSD lies in the speedaithe parallel
download of data and the faster creation of additional sssifor chunks. As a
result, MSD does not rely on a single source and can therafaie bottlenecks
and overcome churn.

A peer can download from an arbitrary number of sources ialfghr While
the number of parallel download connections is typically limited, the num-
ber of parallel upload connections at a peer is restrictesd ttaximum ofn in
order to guarantee a certain minimal bandwidth. Requegti®ys being served
simultaneously share the uploading bandwidth of the pingigheer. However,
if a downloading peer cannot handle the offered bandwidih turestrictions
of his own download bandwidth, the surplus id equally did@mong the other
peer connections. In heterogeneous environments, thistéfemphasized, espe-
cially due to capacity changes over time due to mobility aktD#. The resulting
bandwidth sharing discipline is referred to as max-mingaare [10].

Reducing the number of parallel uploads to one= 1, which means no
parallel uploads at all, could possibly enhance the diffusirhis is reasonable
by considering the following scenario. At timg, only a single initial source
exists which provides a file consisting of one chunk. All geare assumed to
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2 Cooperation in Mobile Peer-to-Peer

have the same upload bandwidth, which allows them to uploadcbunk within
a time T using the complete bandwidth. Thus, the number of availeblenks
after timet is 2//7 in the case of one upload arié + 1)/*7 in the case ok
parallel uploads. It hold&k +1)7/* < 27 for k > 0, i.e., an outbound degree of
one performs best in theory. However, these assumptiomoaxalid in practice.
Selfish user behavior, churn, or heterogeneous peer cigshilill lead to other
results which will be discussed later.

A user interested in a particular content sends a downlaqeesd to a peer pro-
viding the desired content. If the provider already semeaseers, it pushes the
request into its uplink waiting queue. As soon as an uploauhection becomes
available, the first peer in the uplink waiting queue is sdriowever, this wait-
ing queue can be ordered according to a certain prioritytfancin eDonkey for
example, the credit point system is used to determine agppesition within an
uplink queue. This credit point system might take into actdbe popularity of
a file or the actual upload to download ratio of exchanged datta this peer.
The simplest priority function is a first-come-first-sert®©¢S) which means the
uplink waiting queue is served in FCFS manner. While beingesk each peer
downloads a specific amount of data in a row. In the currentleMpplication
which is a popular client for eDonkey, these are three ble¢ks80 kB, resulting
in a so-called download unit (DU) of size 540 kB. After contpig the download
of a DU, a peer will either re-enter the waiting queue at tret@rleave this peer,
if it has already finished downloading the desired data. Tilead queue model
is demonstrated in Figure 2.1. It has to be noted that if a gees offline, the
existing data connections are dropped, but the already ldaded part of a DU
is stored and does not get lost.

In the studies presented in this paper, we assume a hybricaffPRecture.
That means, the information where resources are locateftei®d by a central
entity, which we call the index server in reference to the @2y network. The
index server keeps track of the peers being connected tolie @/e focus on
the resource access control mechanisms and the sharingidrebfCDNs and
therefore assume that global information about chunkseshiarthe network is
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peer requires more DUs

peer #1
peer #2 a%"]b
e - Shone
file/chunk Sfll‘;‘)/(etd dD‘i}Vglnolgg eodt share it
uplink waiting queue peer #n

uplink queue

Figure 2.1:Upload queue of a providing peer

available. A peer who is interested in a file, requests alil@vie sources at an
index server. Therefore, each peer knows all sources whéehannected to the
network at the moment of the request. New sources will beodesed by peri-

odical source request messages of a downloading peer widceat every ten
minutes. Every time a peer receives a new source, it sendwalaid request
containing an identifier for all required chunks. If the peddressed by the re-
quest has none of the required chunks, the request is nedlect

2.1.2 Common Cooperation Strategies

One of the major influence factors on the performance of a Cbtle applied
cooperation strategy. A high level of robustness driveh¢osuccess of BitTor-
rent and is achieved among others by the least-shared fopecation strategy.
In [107], Hamra and Felber identify the principal designicks of content distri-
bution that draw the behavior of the system. In particuke dtructure of the P2P
overlay and the cooperation strategy are emphasized. dicgpto them, a coop-
eration strategy is the result of three factors coupledttagethe peer selection
strategy, the chunk selection strategy, and the networiedeg

To define this clearly, a cooperation strategy describesealeztion of the next
peer being served as well as the choice which chunk shouldbsferred, i.e. the
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2 Cooperation in Mobile Peer-to-Peer

Table 2.1:List of requesting peers at seeds and providing peers atetfiering
of each round

% PD Pl P9
No.L | PPy Py | PiPoPar | PoiPaPor | - - -
N0.2 | PyPy Py | PoParoPL | ParPoraPy | Par | Por | Par

peer selection and the chunk selection strategy. In thisoseave describe two
common strategies which are used to identify problems ardttpare them as
benchmark test with newly proposed cooperation stratetyiggarticular, we in-
troduce the random chunk strategy and the least-sharedtfiaségy and discuss
the chunk dissemination process on an example scenariboftostrategies, the
peer selection is assumed to follow a FCFS approach.

As an example, the first two rounds of the distribution preagsa file for the
two different cooperation strategies are considered. kersake of simplicity,
we consider in this case only a single upload slot of the plingi peers and a
homogeneous scenario in which all peers require the sameararbtime for
downloading any chunk.

There are three initial sourc&g, S,, S, which share all chunks of a file. A peer
offering all chunks of a file is referred to as a seed for this fllable 2.1 shows
the list of requesting peers at the seeds and the providiecs 2 the beginning
of the first two rounds. At seefi,, for example, the requesting peers BieP,,
P, ... which will be served in FCFS manner order. In the beginningooind
no. 1, only the seeds share chunks. After that round, howtwemeers which
were served by these peers also act as sharing peers andepttowisuccessfully
downloaded chunks to the other requesting peers.

In the example the file consists of two chunks. Furthermogeethre ten peers
Py, ...,Py who want to download the file. The first step of the downloadcess
is without loss of generality assumed to be equal for bothtegiies: peeP,
downloads chunk from S, peerP, chunk?2 from S,, and pee, chunk1
from S,. After the first round of transferring chunks, the dissertiorabehaves
different for each strategy. The strategies will be exmdim the following.
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Table 2.2:Example of chunk download for common cooperation strategie
P, [P, [P, [Py P, [Ps [Ps [P, |Ps [P #C, | #C,

0 1 9
no.1l CJlS | C,IS, C/S;|| 5 4
no.2:
random ClS, CiS CyIS;| CilPo| ClPy CylPg 9 6
no.2:
LSF ClS, CilS CilS;| CulPo| ClPy CylPg 7 8

Table 2.2 illustrated the chunk exchange for the depictegimghe. The
columnsP,, ..., P, shows the file requesting peers and their corresponding ac-
tions per round for both strategies. For example, in rourpkegrP, downloads
chunk1 from seedS,, indicated a<,|S, . Round no. 1 is equal for both strategies
and results into five sharing peers of chun{s, S,, S,, P,, P,) and four sharing
peers of chunk (S, S,, S, P,), cf. Table 2.2. The number of sharing peers of
chunki is abbreviated asG in Table 2.2.

eDonkey-like Random Chunk Strategy

Applying the random chunk strategy, like the one used by éBypra download-
ing peer issues a request to a sharing peer. The sharing peeesjthis request
in a first-come-first-serve (FCFS) manner. As soon as the kbadimg peer is
served, it chooses a random chunk which it has not downlogdedn our ex-
ample, peeP, selects its missing part and departures after downloadliingr
the network. In addition, ped?, and peeiP, choose chuni randomly and in-
dependently and download it froB) andS,, respectively, cf. Table 2.2.

The random chunk strategy relies on the random selectiosopfired chunks.
The randomization avoids that all downloading peers sdfleetsame chunk.
Thus, the simultaneously downloading peers get differbohks and can there-
fore exchange these different chunks in the further distidimn process. This fos-
ters the cooperation among peers. As will be shown in Se&i2rthis strategy
performs well as long as peers are altruistic, i.e. as longeass are willing to
share after they have completed their download.

19
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However, if most of the peers are leeching and leave the rayshertly after
the download of the file or due to churn, the random selectaomot guarantee
an even distribution of the chunks. This leads to the sibmadf one chunk being
less shared than the others and the last chunk problem odewsar example,
chunk?2 is only shared by three peers besides the initial seedsewhiink1 is
shared by six peers. If a peer sharing ch@rlkaves the system for any reason,
this imbalance is increased further.

BitTorrent-like Least-Shared First Strategy

The least-shared-first (LSF) strategy also uses the samtpifunction for the
peer selection like the random chunk strategy, i.e. requast served in a first-
come-first-serve manner. However, the chunk selectioerdiffPeers choose as
next chunk to be downloaded the one which is least-sharduei®2P network.
This means that this chunk has the smallest number of shpeegs, compared
to the number of possible sources for other chunks. If thezesaveral chunks
fulfilling the least-shared criteria, one of these is choserdomly. After round
no. 1 of the example scenario, chupks the least shared one. Thus, with the
same peers to be served as for the random chunk strategyeehePp andP,
choose the least shared chuhkot yet being downloaded at the moment of the
download. At the end of round no. 2, the least-shared firategy results in a
more equal chunk distribution, that are seven sharing peersunk1 and eight
sharing peers of churikwhich can also be seen in Table 2.2.

A peer using this strategy selects the required chunk whahthe lowest
number of providing peers. This mechanism results typidalan evenly spread
number of sharing peers for all chunks of the file. Howevegrahare cases in
which this is not true. As it will be shown in Section 2.2, tisisategy is very
efficient as long as the chosen chunk is the least-sharedtahe @nd of the
download of this chunk. However, the decision which churtkéscurrently least-
shared one is done at the beginning of the download. Thuthenchunk can get
the least-shared one which undermines the homogeneouk diasemination.
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In addition, it is necessary that every peer is aware of thebmus of peers
sharing a specific chunk in order to know the least-sharedichilthough, we
assume that an index server, as used by eDonkey, keeps frdmkpeers being
connected to the CDN, the index server is not responsibl@raviding infor-
mation about the dissemination of chunks. Thus, the evalugresented later
neglects the overhead caused by frequent status updatagesess monitoring
mechanisms which are necessary to maintain or predictrtfosmation. Hence,
the LSF strategy might perform worse in practice, since thesmission of the
overhead consumes additional resources. As a result, thielaid time might
be longer than discussed here.

2.1.3 Key Performance Characteristics

The performance of a P2P CDN is determined by the implementatf the
cooperation strategy, the peer characteristics, i.e. thetly available capac-
ity resources for exchanging files (upload and download wadtt, maximum
number of inbound and outbound connections), and the ubawhe. The latter
one includes (a) the file request pattern taking into accflash crowd effects
and popularity of contents; (b) the churn behavior, i.e.gitching of an user
between offline and online state which might be more fregimemiobile environ-
ments; (c) mobility which mainly effects the available caipias of a peer; and
(d) the willingness to participate in the network, i.e. stifor altruistic peers. As
an extreme case of selfish peers we consider leechers whinkdrately leave
the system after finishing the download of a file. In such a,dasdeaving users
reduce the availability of chunks. As a result, in the woesteca specific chunk
may get rarely in the system.

From the user’s perspective, the key performance chaistitenf a CDN is
the efficiency in terms of download time which is the time freending the
request for a file until successfully receiving the entirateot. Additionally, a
user wants to minimize its costs in terms of the amount ofagiéad data volume
which consumes an expensive resource in cellular netwtitks)pload capacity
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of a peer. Beside the efficiency and the costs, in a P2P-baBéti the users
are interested in a fair system, i.e., the system shouldreriaiitness among the
peers with respect to efficiency and costs. This is espgdialportant in the
presence of selfish peers. In particular, a perfectly fadpevation strategy makes
all peers experience the same download time and upload the aaount of
data, although selfish peers try to maximize only their ownefie We choose
the fairness index introduced by Jain [53] to quantify fags.

Jain’s fairness index is defined by

J = (ZiE]M xz)

=5 (2.1)
| M| Eie]\l z?

wherez; are the values of the considered performance measufés the set of

all measurement values, aftl/| is the number of measurement values. It holds
J = 17o. Wherec, is the corresponding coefficient of variance. The fairness
index returns values between zero and one0i.&. J < 1. Low values of the
fairness index indicate an unfair system, while a fairnesex of one describe

a completely fair system. That is, all users experiencergetéstically the same
performance with respect to the considered measure.

From a global point of view, the robustness of a CDN is of ies¢rwhich
is expressed by the chunk availability and the occurrenaaref chunks. More
formally, we define the availabilityl; of a chunki in the time interval front, to

t1 as follows .
by
fo C;(t)dt

A, =4 2.2
o (2.2)

whereC; (¢) is the number of peers sharing churd¢t timet. The chunk availabil-
ity A; reflects the average number of peers sharing cliumkhe corresponding
interval. The rare chunk availabilityl is the minimal availability of all chunks
normalized by the average availability of all chunks. A loatue of A indicates

starving chunks, while a high value around 100 % shows thahahks are sim-
ilarly disseminated and available over time within the C¥t N denote the
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total number of chunks of a file. Then we define the rare chuakahility as

A
A= min § — 2 L 2.3)
0<i<N { % ZO§j<N A; }

which can take values ijo; 1].

According to Birolini [154], robustness is a charactedsif a system, being
stable under failure, misuse, and overload. For conteftilalision networks we
see this demand fulfilled if the system is resistant agaihahges in the user
behavior, i.e., the file transfer times and upload volumesséable even with
selfish peers in the network. Hence, a CDN which is efficieait, &nd robust
can provide a reliable download experience with short doamhitimes and small
upload volumes. To be more detailed, a cooperation strasegynsidered to be
robust, if the amount of data uploaded and the time neededist he download
of an arbitrary peer are close to the values obtained in adgiiffi scenario with
altruistic peers which will be explained in Section 2.2.8isTimplicitly requires
a high chunk availability for all chunks.

2.1.4 Related Work on Cooperation Strategies

Cooperation strategies define how peers interact with etledr.dPenserini et
al. [85] model peers within a special framework and reseanethods how to
judge the cooperation strategies build up by the reasongxhamism within the
peers for a given task.

If we focus on content distribution the task is to quicklysgiminate one or
more files to a group of peers. Incentives help these groupali@borate even if
some of the peers behave selfish. In [82], Lai et al. chaiiaeténe problem of
selfish peers and shown that solutions based on the locall&dge/on a peer’s
behavior does not scale with an increasing peer group siags, Tother options
have to be considered. But it has also been shown in [96] Heattare pos-
sibilities to reach near optimal sharing behavior even igdagroups and with
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high churn using incentives. A comparison between diffeiecentive strate-
gies is presented in [111]. Many of these incentive mechasare based on the
idea of trading upload volume against download volume bygisome sort of
virtual currency. However, if a new peer without any part loé file enters the
system, it has to earn an amount of this currency in order yofgaits down-
load. To encounter this problem Liao, Papadopoulos, andri®s{l35] propose
to reward peers for staying in the system instead of endowiwg peers the
possibility to download parts of the file. In contrast to thigiagnostakis and
Greenwald [87] believe that incentives based on virtuatengies are either in-
effective or much too complex. Therefore they propose agtincentive, based
on the idea of barter trade. In their proposed architecteergprefer to trade
parts of files with other peers, which provide them with p#rey currently need
and vice versa. Incentives might guarantee a good cooperhtitween peers.
But that does not necessarily mean that the exchange ofgifta for all peers,
as it is demonstrated by Veciana and Yang [72]. Howeverhake approaches
define incentives in order to stabilize the cooperation @rpeln our work we
propose an interaction scheme without incentives and crevipto some of the
architectures proposed above. Another proposal for amiiveeless architecture
is defined by Hales [131]. But in this work Hales assumes thatpare able to
copy the neighborhood and the behavior of other peers, wkislery hard to
achieve in practice and is not necessary with our approach.

In 2004, Fessant, Handurukande, Kermarrec and Massoufisfi@wed mea-
surement results of several peer-to-peer content disiwibisystems and con-
cluded that these systems provide the opportunity to gdiciexicy by cluster-
ing peers with the same interests and regional togetherfiéssidea of select-
ing proper peers in order to increase the efficiency was akswussed in [77].
This contribution proposes to build hierarchical struetuin order to cope with
problems locally and not to affect the whole network. [74$alisses how a
measurement-based optimization may influence bandwidtradding peer-to-
peer systems. The question is adressed in [137] which tgjgda@re created by
peers trying to minimize their connections and optimize rigponse times to
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2.1 Background: Cooperation Strategies for Content [bigtion

their overlay neighbors. The peer selection may also havefarence and can
optimize the dissemination of a file in the P2P system basediodom selec-
tion of parts of the file which is shown in [138]. In our contition we do not
restrict peers in their communication with other peers. Arpeay interact with
any other peer in the system. Thus, we focus on the timing whermpeers inter-
act and on the information they exchange, i.e. the scheglulithin the resource
access control and the chunk selection.

With the optimal selection of neighbors in the overlay it nisy possible to
structure and optimize the peer-to-peer network. Howeber,data exchanged
between two interacting peers also influences the file disegion. Felber and
Biersack [95] discuss which peer and chunk selection gfiedeare able to cope
with flash crowd effects. A more detailed look on the behaabthe content
distribution systems which we compare with our solution@esented in [104,
134]. Whereas Tutschku [104] focuses on the eDonkey netwagout et al.
[134] regard the BitTorrent architecture.

Beyond these performance measures it is also crucial tea€BN does not
decay in adverse circumstances. This feature is calledgtobss and is discussed
in [86,140]. While Risson and Moors [140] research the rofess of algorithms
that distribute dictionaries over a group of peers, Trifiifwa et al. [86] apply the
concept of robustness to P2P CDNs. The resulting contetnitdiSon system is
complex and uses peer clustering. In contrast to this, empgsed architecture is
flat and avoids the overhead needed to stabilize a hieraldnichitecture.

Despite the large literature on content distribution sabgrthere exist only a
few works on P2P CDNs in a mobile environment, especiallynfrastructure-
based wireless networks. Recently, mobile P2P researgécpsdhave received
high attraction which is reflected by the popularity of theetd IEEE workshops
MobiShare and MP2P. However, most of the work addressestgtad P2P net-
works based on distributed hash tables as lookup-servicermiders mobile ad
hoc networks. For example, Michiardi and Urvoy-Keller [1p2opose a cooper-
ative P2P scheme that allows parallel download of the cobised on swarming
protocols in wireless ad hoc networks.
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2 Cooperation in Mobile Peer-to-Peer

In the context of infrastructure-based, cellular netwpd@me investigations
on P2P-based content distribution exist. Bistrom and Rartd92] propose a
JXTA solution to create a mobile file sharing system in 3G emvhent. The
effect of heterogeneous, but fixed link capacities in Bit&ot-like file sharing
systems was analytically evaluated with a simple fluid m¢@@2]. It is shown
that bandwidth heterogeneity can have a positive effectament propagation
among peers. The cooperation concept proposed in [128]s1mers help each
other in downloading data. In [151], the authors proposeaar&-aware P2P file
architecture and related control schemes in cellular systehich divide a P2P
file sharing network into multiple network-aware clustekdile discovery con-
trol scheme named Mobility-Aware File Discovery ControlAMDC) scheme is
devised to obtain fresh status of shared peers and find theasenrce providing
peers in wireless mobile networks. Additionally, a reseysmovider selection al-
gorithm is devised to enable a mobile peer to select new resquoviding peers
for continuous file retrieval. However, these strategiemdbtake into account
the effects of mobility and VHO in a heterogeneous, cellelarironment.

2.2 Selfishness of Users and Robustness of the
System

The scope of this section is to show the impact of selfish userthe perfor-
mance of the system. In particular, we will show that the sleffess of users will
decrease the robustness of the system which will lead t@gtehunk problem.
We will further address if an appropriate cooperation stygtis able to deal with
selfish user behavior and makes the system be robust agairésilt of the
observation why common cooperation strategies fail togmweehunks starving
in the network, we develop the so-called CycPriM strategya worst-case and
a best-case scenario, we compare the performance of theilllystPategy with
the eDonkey-like random chunk selection strategy and thiEoBient-like least-
shared first (LSF) strategy.
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Figure 2.2:lllustration of the last chunk problem in the leeching seéna

2.2.1 Last Chunk Problem

The coordination of peers in a P2P file sharing network is mpk task. An in-
appropriate coordination of the peers may decrease therpehce of the strat-
egy, i.e. it may increase the overall download time of a filgaticular problem
in P2P file sharing networks is the so-called “last chunk” stafving chunk”
problem [107]. Here, a single chunk of a file may not spreadhénfile sharing
network as the other chunks do. Hence, a shortage of praeviderthis chunk
may arise. As a result, the remaining providing peers maywedaaded and the
file exchange is delayed.

The user behavior now decides on the willingness to padieim the network,
i.e. to behave as selfish or altruistic peer. Leechers asteenex case of selfish
peers leave the system immediately after finishing the doachbf a file. As a
leaving user sharing some or all chunks reduces the a#iadfithe correspond-
ing chunks, leechers provoke chunks to get rare. As a résulie worst-case a
specific chunk may get rare in the system, i.e. there are ofdyaources for
this chunk in the CDN. As a consequence, these few sourcds migbe able to
efficiently serve all requesting peers and the entire camlistribution process is
disturbed.
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2 Cooperation in Mobile Peer-to-Peer

Figure 2.2 depicts two examples for such a behavior. It shbespreading
of chunks, i.e. the number of sharing peers for each cliwikhe file, over time
in a leeching scenario. Most of the chunks are spreadingigiinaut the system,
cf. label 'popular chunks'’ in Figure 2.2. One of the chunksated as 'starving
chunk’ will not spread due to the leeching behavior of peasthe downloading
peer disappears from the system as soon as it has downldaidezhtink. The
only remaining sources of this chunk are the initial seedsaAesult, unfinished
peers which seek the final, last chunk have to wait until tleeeive the chunk
from one of the initial sources. This leads to large downlaxks. This problem
is called the last chunk problem.

Figure 2.2(a) depicts the number of peers sharing a chumkighout time
using at most one upload connection. In this case, the ramthomk strategy is
applied. Each of the chunks of the file is represented by amgesiine in Fig-
ure 2.2(a). It is evident that the number of peers sharingualclloes not rise
equally. At the beginning some chunks are reproduced wliilers are not. A
chunk being shared by some more peers than only the seedemné® inde-
pendent to churn which allows a faster reproduction of sesifor these chunks.
Additionally, in the beginning there are several peers shatre only one chunk.
Therefore, they will distribute this chunk only, as long heyt do not download
any other chunks. Thus these chunks will be more often dawddd than the
other ones.

After the first chunk was distributed among the requestireype peer down-
loads another chunk and this chunk spreads in the netwarkHifirst one. Later
this leads to a situation in which nearly all chunks are oftbared. This is the
point where the leeching behavior harms the system. If a geemnloads this
starving chunk there are two possible situations. In thedase, it has the other
chunks already. Thus this peer has finished the downloadepataires from the
CDN. In the second case some or all of the other chunks araestiled. Then the
peer will be able to download the remaining chunks in a sliroe tbecause of the
high number of peers sharing the other parts. Afterwardsaites the network.
In any case, the time this peer provides this rare chunk additianal source is
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2.2 Selfishness of Users and Robustness of the System

very short. As a result, one chunk is shared only by a few paedisrequired by
man peers which forces them to wait for this final chunk to bagferred.

The LSF strategy tries to overcome the last chunk problenalgring rare
chunks. In order to choose the least-shared chunk, it isratige to know the
dissemination of chunks at the moment of the chunk requésis,Tthis informa-
tion has to be up-to-date and globally accessible, e.g ptavided by a tracker
or other more complex distributed schemes.

In Figure 2.2(b), we see the evolution of the number of peleasisg chunki
for the least-shared first strategy with at most four paralgoads. In this sit-
uation, this cooperation strategy is no longer able to pregestarving chunk.
The reason is that the least-shared chunk is determinece dtetiinning of the
download. However, this is not necessary the least-sharedwnen the down-
load ends. With a rising number of parallel uploads it getsendiifficult to decide
the least-shared chunk at the end of the download beforarisst

The question arises whether a cooperation strategy caratpvehe selfish
behavior of the peers and avoids the last chunk problem.iki\itiis chapter, dif-
ferent cooperation strategies are evaluated with respeisetlast chunk problem
by their download performance and their spreading behafitve chunks. There
are many attempts to overcome this problem like the leasteshfirst chunk se-
lection of BitTorrent [71] or Avalanche network coding [J1%n this chapter
we propose, however, a new cooperation strategy calledi@c®hich has ef-
ficient chunk diffusion behavior and unlike other stratsgieis based only on
existing local information available at the peer.

2.2.2 CycPriM Strategy

A sharing peer should take care of the homogeneous churdndisation in the
network to avoid the last chunk problem. As we have seen sdHarrandom
distribution of chunks leads to rare chunks in the presefselfish peers or high
churn rates. Although the least-shared first strategy toiesercome this, it still
cannot avoid that chunks get rare in the system. The mairiggroterives from
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2 Cooperation in Mobile Peer-to-Peer

the fact that the downloading peers determine which chulovanload next. As
selfish peers are only interested in their own download amnéhribe robustness
of the CDN itself, any chunk selection undertaken by the doaating peers to
their benefit cannot solve the last chunk problem if the paeesserved in a
first-come-first-serve manner. As the downloading peerdgetes which chunk
is required and will be downloaded next, our idea is to motlify peer selection
strategy of an uploading peer in an appropriate way. Theafdahé peer selection
strategy is to force the downloading peers to download cbsokh that an equal
dissemination of all chunk of a file prevails. Thus, the cheelection strategy of
the downloading peer is implicitly determined by the pedec®n mechanism
of the uploading peer.

If there is only local information available at a providinggr on the availabil-
ity of chunks in the CDN, the sharing peer should deliver &suin an ordered
way. The basic idea is to distribute the entire file - instehtheoring individ-
ual chunks - in upload rounds. In each upload round the mésantries to
distribute a sequence of all chunks to requesting peergrasds requests for
these chunks are available. If no request is available feradrthe chunks in the
sequence, this chunk is skipped and the next chunk of theeeequis chosen
to be distributed. After the complete sequence is processeew upload round
starts. In order to prevent the downloading peer from sieig@ny other chunk,
we propose the following cooperation strategy: The uploggtieer offers only
this one chunk. If a peer accepts this offer, or no peer wareshunk, then the
next chunk from the cycle is chosen. We call this strategyRe¢ which stands
for Cydic Priority Masking.

It has to be noted that this cooperation strategy does notreegny additional
information from the CDN. In contrast to the least-sharest trategy, the chunk
availability has not to be monitored and signaled to prowgdpeers and seeds.
Thus, no additional signaling traffic arises. Each prowdoeer only has to de-
cide its individual sequence of chunks. According to thigussce, the upload
of chunks is determined. However, no coordination amongt#es is required
to define this sequence. In fact, we use a random sequencerdf delivery for
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Table 2.3:Example of chunk upload for CycPriM and common strategies

S S S Po Py Py #C, | #G

no.1 C,|P, C,|P, C,|Pq 5 4
no.2:

random | CilP2 [CdPo | CUPy | CilPs | ClPs | CylPg 9 6
no.2: c,P C,P c,P c,P c,P c,P 7 8
LSF 2P> 2APo 2IPs 1IPs 2IPs 1IPg

no.2:

CyePriM CJlP, |CIPsV|ClP, |CJIPs | CJlPs | CilPg 8 7

each providing peer. This sequence is locally stored atitéiging peer and is
kept constant while uploading chunks of this file.

We consider now the same example as in Section 2.1.2. Thefilgsts of two

chunks and the chunk upload sequences for each seed ardlahéng. Seeds
ands, first upload chunkl and then chunk, while seedsS, first uploads chunk
2 and then chunk, i.e.(C,,C,) for S;; (C,,C,) for S;; and(C,,C,) for S,.

The first round of the download process is the same as for tidoma chunk

strategy and the least-shared first strategy. Pgetownloads chunk from S,
peerP, chunk2 from S,, and peetP, chunk1 from S,. After that, however,
the CycPriM strategy leads to a different system behavibe drdered list of
requesting peers at seeds and providing peers at the hegjioheach round is
given in Table 2.2.

Table 2.3 shows which chunk the seeds and the providing peérad in the

two rounds for the random chunk strategy (random), thedelaated first strategy
(LSF), and the cyclic priority masking strategy (CycPriMhe number of shar-
ing peers of chunk and chunk is denoted as@&, and #£,, respectively. Note
that Table 2.3 shows now the chunk dissemination process fine viewpoint

of an uploading peer, in contrast to Table 2.2 showing thentimad of chunks

from the viewpoint of requesting peers. This represematighlights the differ-

ent peer selection of the CycPriM strategy compared to tHeS-eer selection
of the random and the LSF strategy.

1PeerP0 is masked because it already has chiinkhus, the next ped?; is served instead.

31



2 Cooperation in Mobile Peer-to-Peer

70
— _ 140 no starving
= = n
L ‘ iJ "
© j [ . 5} IR T A
250 Lo e AEL S , |
= A | L y -% P
soof PP RSO 2 o |
2} i WA ¥ ] |
ggso ‘,J‘, 1' f‘ g 60 i
bl ¥

5 20 i 5 40 hgled |
o i . - @
2 g
E 10 \/' equal dissemination of chunks £ 20 i)
= o e 2 0 gz

0 2 4 6 8 10 12 0 2 4 6 12

time [h] time [h]

(a) Least-shared first strategy (single upload) (b) CycPriM strategy (single upload)

Figure 2.3:Avoidance of starving chunks by equal dissemination andred/de-
livery in a leeching scenario with selfish user behavior

In Table 2.3 the example shows, that all seeds share the itppbsink in
the second transfer phase for the CycPriM strategy, as tidein dhe first. For
example see8, has transferred churikin step 1, thusS, will distribute chunkl
in step 2. PeeP, would be served by seeq in the second step. However, peer
P, has been masked because it already has chufikie next peer wanting to
download chunK, which is in the example pe#,, is served instead.

Figure 2.3 shows the temporal evolution of the number ofiebgveers for
each chunk for a single simulation run. The considered sitiar scenario is
the same as described in Section 2.2.1. Thus, we considexchiihg scenario
in which the users disappear immediately after downloadifige. Figure 2.3(a)
shows the results for the LSF strategy with a single uploadppeviding peer,
while the results for the CycPriM strategy with a single @ulds illustrated in
Figure 2.3(b). Obviously, in both cases, the cooperaticatesyy avoids starving
chunks which is realized by an equal dissemination of chdiok&SF and the
ordered delivery of chunks for CycPriM, respectively. Asvitl be shown later
CycPriM is only a little bit slower than an optimal adjuste8F. But it neither
needs additional signaling traffic nor has the last chunklera which appears
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2.2 Selfishness of Users and Robustness of the System

when using several upload slots for LSF. This means the QycRill also lead
to a robust system, if the number of upload slots differs Aegpeers have hetero-
geneous peer capabilities. Figure 2.3(b) shows in paatidhiat using CycPriM
the availability for the different chunks stays relativelpse together in the be-
ginning. After this, they spread in the CDN and the numbere¥rp sharing a
particular chunk is very dynamic. The most popular chunkigeé times more
often shared than the most unpopular one which increaggglglthe download
times.

2.2.3 Investigated Scenarios of User Behavior

The performance of the cooperation strategies is evaldatetifferent scenarios
in which the user behavior and the peer capabilities aredalh particular, we
investigate the impact of selfish and altruistic peers, db agethe impact of a
single upload and four parallel uploads per peer.

The selfishness of peers is investigated in a worst-casaoethe leeching
scenario, and a best-case scenario, the diffusion scemaridich the peers are
almost altruistic. In the diffusion scenario all peers fimig the file transfer will
serve as uploading peers during the rest of the simulatimmPhe diffusion
scenario it can be concluded whether a strategy uses thalaeaiesources ef-
ficiently or not. Against this, a peer finishing the downloail depart from the
network shortly after in the second scenario, which is dailee leeching sce-
nario. The selfishness in the leeching scenario will dematesif a strategy can
deal with uncooperative peer behavior.

Another influence factor on the system performance are teegapabilities.
In all scenarios of this section, peers are assumed to hasathe bandwidth ca-
pabilities. The impact of heterogeneous and changing baltlsvis considered
afterwards in the Section 2.3. Here, the peers have GPRSsaedth an up-
load bandwidth of 12 kbps and a download bandwidth of 48 kbps.maximum
number of outbound connections, i.e. parallel uploads aéex,pmight strongly
impact the system and is varied between one and four coonscilhese settings
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are used in this section as a case study to see how the cdopestaategy im-

pacts the performance and how the sophisticated CycPratesly improves the
system. This mobile P2P CDN scenario is of particular irget@investigate the
robustness of a system, due to the increased churn beh&yieers and the poor
connectivity of the peers. This may increase the selfishofpsers and clearly
reveals the drawbacks of the cooperation strategies.

The considered network consists of 1,000 peers. These aeensterested in
one file which is provided by three initial seeds. The file haza of 8 MB which
corresponds roughly to the median size of a YouTube videp f3he beginning
one peer is chosen randomly to download the file. The inigehtime used to
schedule the file requests of the other peers follows an exjiah distribution
with a mean of 80 seconds.

Although user mobility has an impact on the capacity of tHeutze system,
the effect of mobility for a P2P user with fixed access bantlwid a cellular
network can be described by a simple ON/OFF process. If tee issgranted
access to the wireless system, he may start its P2P appficiue to the loss
of radio coverage, the peer appears to be offline in the P2l@rsyg hus, we
may subsume (i) the online and offline behavior of a peer dusvitching the
P2P application on or off and (ii) the effect of mobility of @gr with a fixed
bandwidth in a cellular network. In the following, we use teem “churn”which
is described by a random variable taking (i) and (ii) intocaod.

In all scenarios we assume churn.The duration of an ON pemadan OFF
period of a peer is exponentially distributed with a meanr®f bour, respectively.
For illustrating the dynamics of the system, we take a clések at the churn
ratio. We define the churn ratipas the ratio between the online tiffig, and the

offline time Ty of an arbitrary peer, formally = %

In our simulations;Ton and To follow an exponential distribution with an
average online respective offline time of 1 h. As a resuls a random variable
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whose cumulative distribution function can be derived disvis

P [T"” < t} = / P [T"” < t} P[To = a] da (2.4
Tot a=0 a
o o = Aat —Aa _ t
_ L:0(1 ) Ae do=t=. @9

The probability density function of the churn ratjds accordingly

1
(1+1¢)2 "

Ply=t]= 2P <= (26)

dt

Figure 2.4(a) shows the cumulative distribution functi@DE) of the churn
ratio for the parameters as used in the simulation scenariose Wialprobabil-
ity density function (PDF) is given in Figure 2.4(b). As cam &een from these
results, the dynamics of the peers in the system due to chignt tve quite high.
This assumption is reasonable because of the considereiitynobthe peers.

The dynamics of the system can also be identified when deriia probabil-
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Figure 2.4:Churn ratioy as used for the comparison of CycPriM with common
cooperation strategies
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ity that a peer is online in two successive on and off pha&esl?i[ TonTi”Toﬁ ] .In
an analogous way, we obtain

Ton
P|l———<1t
|:Ton + Toft — }

/:OP{ aT gt}P[Ton:a]da

=0 a + 1off

/ e M/t RaNeT g =t (2.7)
a=0

Ton +Toft
For the numerical evaluation, we simulated ten runs for saehario and each

cooperation strategy. Confidence intervals are omittecefsons of clarity, when
presenting the simulation results in Section 2.2.4. We ladieated in [30] that
the confidence intervals are small enough to separate tf@pance results of
the cooperation strategies from each other. Thus, theetbqualitative state-
ments and results regarding the application of cooperati@tegies in different
scenarios are valid, even when taking significance levelse$imulation results
into account. In order to show the statistical credibilitie nevertheless take a
closer look on some exemplary scenarios at the end of Sez.2oh.

and4 P | —Ln_ < ¢| =1 as probability density function.
dt

2.2.4 Performance Comparions of CycPriM with
Common Strategies

Next, we investigate the performance of these cooperatiategies in the diffu-
sion and the leeching scenario. The diffusion scenariessmts an ideal system.
The scenario is used as a reference scenario for the disnuskthe leeching
scenario where robustness and fairness is of major int@restlast chunk prob-
lem and the associated decrease of efficiency are assumedraibly caused by
the selfish behavior of peers. Therefore, the robustnesaaildbility of chunks
is investigated in the leeching scenario. It has to be ndtatthe results for the
diffusion, as well as for the leeching scenario are combineBigure 2.5 and
Figure 2.6. Next, we start discussing the diffusion scenari
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2.2 Selfishness of Users and Robustness of the System

Diffusion Scenario

Figure 2.5 shows the results of the simulation study fromuer’s point of view
including the uploaded data volume as well as the downloaddiexperienced
by the user. The left part of Figure 2.5(b) depicts the avedigvnload time in the
diffusion scenario with the associated 95 % and 99 % quantilee number of
parallel uploads in the scenario is varied from one to fouriatabeled as '#PU’
in Figure 2.5, as well as in Figure 2.6. The average downlgadd are in the
same order of magnitude for the different cooperation efyias in the diffusion
scenario. They show that all cooperation strategies areeféicient and permit
a short download time. However, the download time of an eahyitpeer depends
highly on the actual number of available sources and théiragpbandwidth. Due
to the altruistic behavior, a peer that starts the downlasely sees many sources
for the file where it can choose from. Hence, a peer arrivitgylaexperiences a
short download time and has to upload less data.

Figure 2.5(a) shows the average data volume uploaded by padrthe cor-
responding 95 % and 99 % quantiles. We see, that in the diffustenario the
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Figure 2.5:Comparison of CycPriM with random chunk and LSF strategy
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amount of uploaded data volume significantly differs amdreggeers which is
independent of the cooperation strategy. This is also esprkby Jain’s fairness
index in Figure 2.6(b) which is around 0.5. The indices aréahe same order,
independently of the observed performance measure, eaugload volume or
the download time, and the number of parallel uploads. Thentlad time is
closely related to the availability of chunks. The more pgaovide a chunk the
faster a download can be completed. The left part in Figug@2shows the rare
chunk availability in the diffusion scenario. It nearly cbas the optimal value of
100 % for all strategies due to the altruistic user behavior.

Leeching Scenario

We continue to investigate the leeching scenario whichpsoted in the right part

of Figure 2.5 and Figure 2.6. A cooperation strategy is aereid to be robust, if
the amount of data uploaded and the time needed to finish theload are close
to the values obtained in the diffusion scenario. Figurdad.Shows the data
volume the peers have uploaded. In all scenarios, the mdaa v uploaded

data volume is roughly the same. The 95 % quantile and the 98&tide show

how much individual peers have contributed in uploadingnfrthis figure the

high fairness index of the LSF strategy with a single uploaddmes evident,
cf. Figure 2.6(b). This variant is the only strategy thatuass single peers not
to upload much more data than two times of the download. Aleostrategy

variants have much higher values for these quantiles.

The right part of Figure 2.5(b) shows the average downlaaeé tf the peers
in the leeching scenario. The LSF strategy with one parafiedad has download
times which are in the same order as in the diffusion scenefri¢eft part of Fig-
ure 2.5(b). This feature and the low upload volume for ea@r demonstrate the
very good robustness of the LSF strategy with one paralllelagpagainst leech-
ing behavior. The CycPriM strategy permits fast downloates in the leeching
scenario as well. It cannot provide always the short dowhtiaes of the LSF
strategy. However, the robustness of the CycPriM stratems chot depend on
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the peer capabilities. In contrast, the download timestferandom chunk strat-
egy and the LSF strategy with four parallel uploads are ttirees higher. Only
CycPriM is robust against selfish behavior independentepter capabilities.

Figure 2.6(a) shows the availability of rare chunks. Forléeehing scenario,
the last chunk problem occurs at the random chunk stratedjjhen SF strategy
with a high outband degree. In our simulation study, we foantlthat already
four parallel uploads make one chunk starve in a LSF-based.dmis is re-
flected by the low values presented in the right part of Figuée The CycPriM
strategy shows a rare chunk availability of about 50 % wh&h result of the
wide spectrum of number of sharing peers as already disgtiusgbe CycPriM
Strategy section. The LSF strategy with a single uploadseéadhe best results
regarding this rare chunk availability in the leeching soém However, in this
case, itis necessary to update or estimate the global iaftwmabout the number
of sharing peers for every chunk. Furthermore, the LSFegiyahas to prevent
changes to the peer capabilities, ie., it must not allowlfgnaploads at a pro-
viding peer. The CycPriM strategy is robust against leaglsig well as against
changes of peer capabilities while still avoiding the ldsirk problem.
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Figure 2.6:Robustness and fairness of cooperation strategies

39



2 Cooperation in Mobile Peer-to-Peer

Figure 2.6(b) visualizes Jain’'s fairness index for the agleolume and down-
load times experienced by the peers. The fairness index chaperation strate-
gies in the leeching scenario is mostly on the same levelrigeepart of Fig-
ure 2.6(b). Only, the LSF strategy with one parallel upload & fairness index
that is significantly higher. The fairness indices of theeotstrategies are more
or less the same.

As a result of this performance evaluation, we have seenrhzdses where
most of the peers are selfish, i.e. show a leeching behali®pérformance of
the CDN can be significantly improved with an appropriatepssation strategy.
The results proposed so far are also valid in a more genemngxioof P2P-based
CDNs, however, the typical features of wireless networkpleasize strongly the
effects and the performance influence factors.

Statistical Credibility of Simulation Results

The statistical credibility of the simulation results peated in the previous sec-
tion is investigated next. We focus here on the diffusion Esthing scenario
with one parallel upload. For the scenarios with four patalploads, we obtain
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Figure 2.7:Confidence intervals at significane level of 95 % doeth percentile
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similiar results. The investigated performance measutigeislownload time ex-
perienced by a peer in the system. Different performanceicsdike rare chunk
availability also show similar statistical results. Thimde explained, e.g., by the
fact that the download time is strongly correlated to the cunk availability.

Figure 2.7 shows the confidence intervals at a significanaed td 95 % for
the a-th percentilex,, of the download timeX from ten conducted simulation
runs, i.e.P[X < a] = z. Although the number of simulation runs is quite
low, we see that the confidence intervals are rather smadaiticular, the drawn
conclusions at the end of the previous section are not affe¢tor the random
chunk strategy, the confidence intervals are larger whisimiply caused by the
pure random dissemination of chunks in the network and theltieg potential
risk of starving chunks. Especially in the leeching scamaef. Figure 2.7(b),
this can be observed clearly. However, as this strategysl&aduch worse re-
sults than the LSF and the CycPriM strategy using one pérgllead, this has
again no impact on the derived conclusions. Next, we congigerelative error
of key performance measures of the download tikheThey include the aver-
age valueE[X], the coefficient of variatio©OEF [X], the minimum download
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Figure 2.8:Relative error of key performance measures from several run
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time MIN[X], as well as Jain’s fairness indéAIN[X], which are plotted in Fig-
ure 2.8. The relative error is computed as the length of tinéidence interval at
a significance level of 95 %, normalized by the average valtleeoperformance
measure from the ten individual simulation runs. It has tombed that the re-
striction to ten runs has been done because of the excessiyautational effort.

Nevertheless, we see that the realtive error is below 10 %méconsidered per-
formance measures in these scenarios and we can concludedhesults are
statistically credible for validating our reasoning.
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2.3 Content Distribution in Heterogeneous
Cellular Networks

In this section, we in-depth investigate the impact of waithandover (VHO)
in Beyond 3G (B3G) networks on cooperative content distiiiousystems. We
consider now mobile users moving through a heterogeneduidacenetwork
consisting of WLAN hotspots and UMTS cells. First, we clgarveal the ef-
fects of user mobility on application layer. This allows asttodel mobility and
VHO for a P2P-based CDN in a cellular network appropriately performance
study, we analyze the impact of mobility in different loatliations and empha-
size the effects of mobility and VHO on the system’s perfanoga Additionally,
we consider a today’s and a future network layout of the tallnetwork. In the
future network layout, we assume a better WLAN coverage thaoday’s net-
work layout. The question arises whether the increaseccigghue to the higher
WLAN density dominates the drawbacks of VHOs on P2P CDNs. fesalt of
the performance evaluation, we develop new cooperatiategfies to cope with
the identified problems.

2.3.1 Effects of Mobility

A mobile user moving through such a B3G networks needs taparfertical
handovers. This means the ongoing connection is passeddinenwvireless ac-
cess system to another and might also include the passingdne operator to
another. A VHO implies some delaytvwo to reestablish the connection. During
this period of time, no application data is transferred. ifiddally, the switching
between radio access technologies results in an abruptrantatic change of
the mobile peer’s uplink and downlink capacity.

Registering to a new access technology might also changeethés IP address
which leads to the loss of all TCP connections currently epefor file transfer.
This concerns the peer's ongoing upload and download cdionsc But even
worse, on application layer, when contacting a providingrpeith a new IP ad-
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dress, the peer might not keep its old position in the progdieer's waiting
queue but reenters at the end of the queue and waits to bedsémvaddition,

a peerP performing a VHO might serve as a providing peer. The IP afire
change results in lost connections and the peers servedeyPpeeed to redis-
cover P by asking the index server for new sources of a file. In stahddtule
implementation, this is done periodically every ten misuta the following, we
will refer to this technique agequeueing w/o refill

An alternative method is calledequeueing with refilllt introduces a minor
modification of the peer’'s cooperation strategy to imprdwe gystem’s perfor-
mance and utilizes the fact that a providing peer knows afpén its uplink
waiting queue before and after the VHO. Thus, the providiegrsimply reiden-
tifies itself at the served peers with its new IP address arnigkBithem to continue
the download. Thus, it can speed up the recovery after a VHO.

Previously, we focused on the situation that a VHO implieslRraddress
change. However, approaches like Mobile IP preserve thesp@&address and
allow TCP connections to continue after the VHO. These maishas lead to
an additional delayA tmip which we assume to be static. On application layer, a
peer keeps its current connections running which mean# tlab maintains the
position in the uplink waiting queue or is still served. Howe the total transmis-
sion delay during which no application data is exchange@g Atyo + Atmip.
Such a mechanism is denotedram-requeueing technigLiehe VHO delay can
be assumed to be rather small, especially compared to tht@adiidelay caused
by the non-requeueing technique, and we will ¥8&+o = 100 ms in the simu-
lation studies.

Summarizing, we focus on three effects that VHO have on egiitin layer:
abrupt bandwidth change, transmission delay, and chan@esafdress. In partic-
ular, we investigate the impact of requeueing at a provigieer's uplink waiting
queue with each VHO, as well as the use of mechanisms thagrpeethe IP
address and connections beyond VHOSs, like Mobile IP , atdseaf additional
transmission delays.

44



2.3 Content Distribution in Heterogeneous Cellular Neksor

2.3.2 Modeling Mobility and VHO in Cellular Networks

The performance evaluation of a P2P-based CDN with mobiesus a cellu-
lar network requires to model the mobility of the users arelahove mentioned
effects of mobility. In the run-up of our study, we investiga different mobility
models, like the random direction mobility model (RDMM) atieé Manhattan
mobility model (MMM). Such a mobility model is a set of rulesieh deter-
mines the next point on a user’s track at each decision péiatfound two in-
adequacies for our simulation purposes. First, the effarihiodeling mobility
with a "classic* mobility model is not suitable with a largamber of simulated
users in a discrete event simulation, since it produces afleents and thus
increases significantly simulation run time. Second, theiaghof a particular
mobility model is difficult and conveys a lot of following upgblems, like the
design of a suitable simulation plane for the users whict imsludes the distri-
bution of coverage areas of the wireless cells and the clodite corresponding
technology.

Therefore, we model mobility in a more abstract way. We psepan abstract
mobility model (AMM) which subsumes the network layout ahe wuser mo-
bility by a semi-Markov model. In [32], we showed that the taést mobility
model (with appropriately derived parameters) leads tostiree results as the
simulation of detailed mobility models, like Random Diriect Mobility Model
or Manhattan Mobility Model, and detailed network layouite, simulation of
the individual location and coverage of any UMTS node-B andAN access
point. The simulation of the abstract mobility model is alds@i times faster than
the detailed simulation which is required in order to obsatistically significant
data and to be able to investigate a large variety of scemarid parameters.

Semi-Markov Model

We now present an approach that releases the discrete eweafdtson from those
events that do not affect the content distribution proceésdlaThis is possible
since the mobility of a user is only perceived on applicatayer when perform-
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ing a VHO in the B3G network. Therefore, our approach dessribuser’s mobil-
ity by the user’s sojourn time within a certain wireless tealogy and transition
probabilities to other technologies. This abstract mgbitiodel can be modeled
as a semi-Markovian finite state machine as defined by Lee and183] with
the wireless technologies as states, general independgnirs times, and the
transition probabilitie;; for switching from technology to technology;. Note
that the transition from one WLAN cell to another is also ¢deeed as a VHO,
as the WLAN cells are assumed to be operated as individugphbtst.

The distribution of the technology specific sojourn times déime transition
probabilities for the AMM are obtained by means of simulatising the RDMM
and the MMM with different network layouts, separately. itagated a single
user moving through the simulation plane for 100 days to gistically signif-
icant data. The technical details on the extraction prooés®journ times and
probabilities can be found in [148].

The rule set a user has to obey for the AMM still includes denipoints, but
these are not geographical anymore but merely time depemiegach decision
point in the AMM, a value is chose from the sojourn time dimition function of
the current access technology, and then the next accesmtegi is randomly
determined according to the transition probabilities.

Simulation Scenario Description

We consider a content distribution system in a heterogenaaeless environ-
ment. In particular, we focus again on the multi-source doaeh mechanism
which is based on the eDonkey protocol as implemented in Mhdesapplica-

tion and described in Section 2.1. As we focus on the hetemigeinstead of the
user behavior in this section, the random chunk strateggrisidered now with
peers being served in FCFS order. The investigated radiesadechnologies
comprise an area-wide UMTS network and WLAN hotspots whigly mverlap.

The mobile users move in the landscape and perform VHOs ketWweth tech-
nologies or between different WLAN cells. In this contexte tswitch from one
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WLAN cell to another is also denoted as VHO, as it might causeadditional
delay and the re-assignment of IP addresses.

The UMTS users have a fixed transmission rate of 384 kbps imlifakvand
64 kbps in uplink direction. For the WLAN technology, we agsa fixed sym-
metric bandwidth of 1 Mbps for up- and downlink each. Notettive do not
consider radio resource management mechanisms of theessrabtwork, like
admission, power, or rate control, as we aim at the qualéhtievaluation of the
effect of VHO on the P2P system. In addition, we do neithesa®r background
traffic in the wireless network nor the case that multiplerpeshare the capacity
of one cell. Including these effects into the simulation ldoon the one hand
lead to unbearable simulation times and on the other handtsuclear impact
of the VHO only. A detailed description of the derived par&eng for the abstract
mobility model can be found in [148].

The WLAN cells are randomly uniformly distributed withingtconsidered
area. We use the disc model with a radius of 50 m to describeaVerage area
of a single WLAN cell. In our simulations, we consider a tyglicity center which
is modeled as a square of length 2400 m. According to theftigated scenario,
we distinguish between a today’s and a future network laydith only differ
in the WLAN coverage. In today’s network layout, we assumaMI9AN cells
according to the current number of public WLAN cells in Wurps city center
of a German operator providing UMTS as well as WLAN. In theifetnetwork
layout, we assume a much better WLAN coverage with 200 WLAd¢ss points.

2.3.3 Impact of Mobility in Today’s and Future Networks

In the investigated scenario, a single file of size 9500 kBoisstdered. There
are 100 mobile peers that want to download this file and alinailly share this
file after download. Every 120 seconds, a random peer sendgueest to the
sources currently available for this file until all peers églaced their request.
At the beginning, the P2P network consists of a number oftetepeers with a
constant uplink capacity of 768 kbps that serve as initiatees, and keep serving
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throughout the simulation. This ensures that the mobilespalevays find equal
conditions on simulation start-up. The number of theséaihiteers controls the
load of the P2P system. Few Internet peers lead to a high &iack the first
downloads may take a long time, and the file only slowly dé&isAll stochastic
influences except for the mobility pattern are avoided, lse,itnpact of VHOs
is not tampered by stochastical fluctuations not caused jlityoFor the same
reason, we kept to a single set of parameters defining theorietand traffic. We
performed 20 repetitions with different seeds for the randoamber generator in
every simulation run. For the sake of readability, we orditenfidence intervals
and show them only when necessary.

For our analysis, we consider four scenarios: today’s netwith a low load,
today’s network with a high load, a future network with a lavadl, and a future
network with a high load. A high load corresponds to a singterinet peer and a
low load to ten Internet peers.

In today’s network, preserving the IP address outperfownsihg the IP ad-
dress in a high load situation. A peer that loses its IP addesforced to reenter
the uplink waiting queues of its sources and therefore hasiomuch longer un-
til it is allowed to download for the next time. There is, ha®g no clear impact
of the non-requeueing delay even if the non-requeueingydglaxtremely high
around 10 seconds, since there are simply too few VHOs irytodatwork lay-
out. The low load scenario in today’s network nullifies theaut of the different
IP address handling mechanisms, since even less VHOs ogdngdhe shorter
download time in this scenario, and the waiting queues ane@stl empty. Thus,
the average download times are nearly the same. Detailals@nd numerical
values can be found in [148].

Let us next investigate the situation in future networkshwitgher WLAN
hotspot density. Figure 2.9 show CDFs for requeueing withwfo refill as well
as CDFs for non-requeueing with delays of 0s, 1s, 55, 10s1@0848 in the fu-
ture network layout. Figure 2.9(a) shows the results forhigh load scenario.
Analogous to the results in today’s network layout, nondegping is better than
the two requeueing variants, but the difference betweenengging and non-
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requeueing increased from a factor of two in today’s netvaykut to a factor of
ten in the future network layout. The higher WLAN density lire future layout
has two effects, a higher network capacity and more VHOs higiieer available
amount of bandwidth leads to an average download time ofr@ites in the
future layout compared to 175.6 mintues in today’s layouttie non-requeueing
technique withAtme = 1s. However, the higher number of VHOs in the future
layout increases the relative impact of the non-requeudelgy, compared to
Atmip = 0s, expressed by larger differences in download times.

Using the requeueing technique, the peer changes its IRssldt every VHO.
Thus, itis often losing its connections, is removed frormgederved, and shifted
back to the end of the waiting queue. Together with frequadO¥, this tech-
nigue has to be avoided for an efficient content distributiervice in a future
network layout. Only for unrealistic VHO delays of 100 sedsnthe requeue-
ing and the non-requeueing technique show the same dowpkréarmance in
a high load scenario as can be seen in Figure 2.9(a).

In the following, we focus on the low load scenario in futuretworks for
which Figure 2.9(b) shows the equivalent CDFs as before. &lestill see a dif-
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Figure 2.9:Requeueing and non-requeueing technique in future netiapdut
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ference in requeueing and non-requeueing as well as theagureueing delays
even with a low load as opposed to today’s network layoutesimore VHOs

occur even in the shorter download times. If the load in the Bystem is low,

then downloads take less time which leads to less VHOs doguduring the

downloading time. In general, the impact of mobility deses with load and
vice versa.

In both load scenarios, preserving the IP address with eqnaueing out-
performs requeueing techniques. Nevertheless, the peafare gain of non-
requeueing melts in the low load scenario, since the waijmeues at the pro-
viding peers are almost empty and hence the waiting timeslarest negligible.
In such a scenario, a dela¥tmip exists such that the download performance
is even worse than with requeueing techniques. However oty happens for
unrealistic large delays.

As a result of the performance evaluation, we see that nguetgeing tech-
niques, like Mobile IP , are recommended in mobile P2P filaiagasystems
with respect to download performance, if this techniquey aBfuires a small
transmission delay below a few seconds. In future networtts, the increased
uplink capacity due to the higher WLAN density leads to seralbwnload times.
In order to foster the download from such high-capacity penew cooperation
strategy is proposed in the next section which tries to shevothanges in the
available uplink capacity as a consequence of the user'dlitg@nd the resulting
VHOs. This means it tries to overcome the drawbacks of hgtareity.

2.3.4 Mastering Mobility with Time-based Data
Exchange

In this section, we introduce a new cooperation strategyaffiects the duration a
user is allowed to access the uplink capacity of a providieergn common P2P
networks like eDonkey, the resource exchange is volumeehds., each peer
is allowed to download the same amount of data in a row, inited as down-
load unit (DU). We will further speak of volume-based coagiem (VBC). The
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problem of VBC is that a peer with a high-capacity technojdige WLAN, is
thwarted by peers with smaller bandwidths, like UMTS, ifdageers wait to be
served by the same source. Thus, a user connected to a hiagitgapchnology
cannot finish its download quickly and serve as a new seedlier peers.

As an illustration, we imagine three ped?®s, P,, P, with download capaci-
tiesC,, C,, C,. The ratio of the corresponding downlink capacities mayHee t
following, C, : C, : C, = 3 : 2 : 1. If the peer with the highest capacity, i.e.,
P,, requires a download timA¢ to download a DU, then it takexA¢ for P, and
3At for P,. If these three peers start downloading at the same timetfiersame
source, the®, will have to wait for5At, i.e., the timeP, andP, are served until
P, is served next. Thus, it is thwarted by these two peers an&2fenetwork
cannot fully profit by its higher capacities. As a conseqeetige whole content
distribution process is slowed down.

Our new approach avoids this thwarting due to heterogeigityot restrict-
ing the amount of data, but the time a peer is allowed to doachlim a row.
This approach is called time-based cooperation (TBC). ;Tiesrs with a higher
capacity will serve earlier as new sources, since they deetaltiownload more
data in the same time. Alas, the effectiveness of this apprbeavily relies on the
peers’ altruism to behave cooperative. The basic prin@ptais TBC approach
is a time-outAt¢ which is the maximum time a user is allowed to download from
a providing peer. Additionally, we still need a limitatiof tbansferred volume,
since MSD needs a reservation mechanism for the data ciyroewwnloaded to
prevent downloading data twice. We set this limit toWe= 540 kB. The pro-
viding peer stops serving the downloading peer if eithertitine At is spent or
the volumeV is uploaded. In particular, the downloading peer is inteted after
time At’ = min (At, Aty) while Aty is the duration a peer needs to download
V. Note, thatAty might vary due to new file requests, churn, and VHOs of the
downloading or uploading peers.

For the analysis of TBC, we consider the following scenariiclh makes
greater demands on optimization. There are 100 mobile pdech move around
in the future network layout. There are a total of 20 differies, each of size
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9500 kB. On average, each peer shares a single file at thenbegiThe peers
want to download all remaining files they not already hawe, 19 files on aver-
age. The interarrival time between two file requests is egptally distributed
with a mearnur = 40s. Additionally, we consider churn here. The peers switch
from online to offline with exponentially distributed lemgt of the online and
offline phases, each with a meap = 1h.
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Figure 2.10:Volume-based (VBC) and time-based (TBC) cooperationegsat

Figure 2.10(a) shows the average download time and the 95#titpiof the
download time of the VBC and TBC approach. The latter's penémce depends
on the choice of the timAt, a peer is allowed to download. The figure illustrates
that the performance of TBC is always at least as good as of. WB&Esee that
the largerAt the smaller is the performance gain. This results from trerpe
with fast technologies having to wait the longer on peerdawer technologies
the largerAt. We can see that there is an upper boundXobeyond which the
two approaches give the same results since even a peer ilotrer $echnology
is able to finish its download before the time-limit is excegdFigure 2.10(a)
suggests that there is an optimal value of the allowed daehtome, roughly
at At = 4s. However, the size of the 99 % confidence intervals of theamesr
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download times, indicated by error bars, is quite large. ddeiit’'s difficult to
find an optimum. This results from the fact that we are ingeding a highly
dynamical and complex system. The behavior of such a syséemary largely
depending on small changes in the overall situation as, & geer that stayed
within WLAN for a longer time and/or became a new seed for affitger.

A second relevant aspect of a P2P CDN is fairness, i.e., whaihpeers are
treated equally. Figure 2.10(b) shows Jain’s fairnessximdéhe download time
for VBC as well as TBC in dependence At. The figure reveals that the fairness
is lowest if the performance of TBC is best. This is due to kigpacity peers
being preferred by TBC and being able to download more dataeiisame time.
The dots in Figure 2.10(b) represent the average fairnelex iaof 20 simulation
runs. It has to be noted, however, that due to the highly dycelsystem the
fairness indices of different simulation runs of the samensacio are varying
strongly. This explains, for example, the fluctuations effdirness index of TBC
for At ~ 4s. However, a clear trend can be observed for the fairnesximde
dependence of the parametet.

2.3.5 Utilization of Scarce Resources in Heterogeneous
Networks

In theory, a single uplink performs best in distributing & fiver a P2P file shar-
ing network under certain assumptions. In practice, thesaeting assumptions
are broken. E.g. by churn which lets peers go offline, by MSDhctvienables
peers to download files from different sources in parallglthe fact that a peer
usually downloads not only a single file in a row, and by thetegeneity of the
B3G network as well as the mobility of the peer which breakehaality and
constancy of down- and uplink capacities, respectively.

By the use of a single uplink, another problem emerges in iouulation sce-
nario, the waste of uplink capacity. With a single uplinle YWLAN capacity can-
not be always utilized. E.g., if a peer in WLAN lets downloagdeser in UMTS.
With an uplink capacity of 1 Mbps, this peer could almost szteithe downlinks
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of three peers in UMTS, with a downlink capacity of 384 kbpstéad, it wastes
almost2/3 of its uplink capacity, when it is restricted to a single agli This
effect is even intensified, since we investigate a P2P nétéat makes use of
MSD. Thus, the downloading peers may not even use theirdotahlink capac-
ity. This leads to an increased waste of uplink capacities.

In order to utilize the scarce resources in a heterogeneziuork, we develop
a simple, but effective algorithm that is trivial to implentén an existing P2P
network. The main feature of this algorithm is the iteraigaption of the number
N of parallel uplinks. To ensure the performance improverbgrihis algorithm,
we also introduced an upper bouhghaxfor IV, since allowing an unlimited value
of N can be negative for the P2P system. This can be explainecebigltowing
scenario. A peer in WLAN is able to serve several UMTS dovkdiim parallel. A
sudden switch to UMTS causes that the downloading peerdevilirther served
with a rather small bandwidth, which is only6d kbps/1,024 kbps = 1/16-
th part of the original WLAN uplink capacity. Hence, we erestoy setting an
appropriateNmax , that the minimal bandwidth each connection can be assigned
cannot become too small as well as that the time utihas re-adapted to a
sensible value keeps short.

The actual implementation of this cooperation strategy @fiects the peer
selection of an uploading peer, but not the chunk seleclibarein, each peer is
initialized with a single uplink, i.eN = 1, whenever joining the P2P network.
The peer periodically accumulates the current bandwidfithe active down-
loading connections. Then, it checks whether the downiapgieers have left
over some capacity, i.e., the uplink of this peer is not catghy utilized. In that
case, the numbeN is increased as long aSmax is not exceeded, or until the
capacity of the uploading peer is utilized. In contrasthé tesult of the capacity
check comprises that there is no uplink capacity left, he.downloading peers
use the uplink completely, then the number of uplinks is e@sed by one. Thus,
the remainingV — 1 peers can increase their bandwidth per connection, if they
have downlink bandwidth left. It has to be noted that theeéase or decrease
of N is not applied until a peer has finished its current downlazldme, and a
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single new peer would enter the uplink. This is done in ordexvbid that the up-
link capacity of the peer is overbooked and download conoestare cancelled.
In particular, all connections are allowed to finish theirrent download of the
DU. Thus, no connection is aborted just because a suddehankéng situation
emerges.

500 N
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500f = . ) ) )
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Figure 2.11:Adapting the number of parallel upload connections

Figure 2.11 shows the average download time for the futurerark layout
when varying the maximum number of parallel uplink&ax of the proposed
adaptive approach. For comparison, we also consider tldnaichunk strategy
with a fixed number of parallel uploads. Figure 2.11(a) shtlresmeans and
95 %-quantiles of the average download time when using rexing techniques,
while Figure 2.11(b) refers to the case of using non-requoguechniques like
Mobile IP .

For Nmax = 1, both approaches return the same result, since there iss30 po
sibility to adapt with a single uplink. We can also see thatdbwnload perfor-
mance increases for both approachesNggex > 1. This is due to the fact that a
peer’s uplink is not saturated with a single downlink corioet; especially in the
future network layout where peers are often connected to WLRurthermore,
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we see that the adaptive approach shows a significantlyr lokttenload perfor-

mance than the fixed approach. In detail, the average dodrloee reduced

from around 150 minutes with the fixed approach to around li6Qtes with the

adaptive approach. This improvement is caused by the aalyestof the adapt-
ability, especially when switching between technologiéthwa big difference in

the uplink capacities as it is common in the future netwoylold.

For Nmax > 8, the download performance of the adaptive approach becomes
invariant to further increases @¥max . If the uplink is already saturated by a
certain number of downloading peers, the adaptive approeites the current
number N of parallel upload not exceed a certain threshold. Thuseasing
Nmax has no more impact. In contrary, the download performandhefixed
approach decreases with increasiigax > 8 when using requeueing techniques,
as we can see in Figure 2.11. The reason is that with a higmebeuof parallel
upload the download bandwidth per peer decreases, the dawtimes for files
increases, and thus sources for these files are available llat-igure 2.11(b),
the average download times are given when using non-reigetechniques.
For largeNmax the adaptive and the fixed approach converge. The reasamigor t
simple derives from the actual implementation of this appto We do not apply
an adaptation of the numbé¥ of parallel uplinks, until the download of the DU
is successfully finished and another peer enters the uplieke Since the non-
requeueing technique keeps the current connection althaygeer conducts a
VHO, N is not adapted until the DU download. Obviously, this altfori can be
further optimized to utilize efficiently the scarce resagceven in the presence
of Mobile IP or other techniques. However, this is part ofgming research.

Besides the general performance improvement of the a@egitiorithm, there
is another advantage. The cooperation strategy does ndttoe#imension an
appropriate humbeNnax of parallel uplinks a priori. This is especially useful,
when the CDN is established in more complex and heterogsnemironments
with unknown peer characteristics.
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2.4 Future Trends in Mobile Peer-to-Peer

A variety of peer-to-peer content distribution systemsehamerged in recent
years that use logical overlays on top of the physical Iremifrastructure for

distributing content among the users. In these peer-togetems the available
resources of the end users are utilized to help the contesgmination process:
the end users assist the system by storing data locally anglbgpding data to
other users. Peer-to-peer file sharing systems have bealothi@ant source of
traffic in the Internet over the past years. The recent risthefpopularity of

streaming video services, like YouTube, shows however tthere is sufficient

interest for video-on-demand and hence it can become a reajoce of Inter-

net traffic in the future. Consequently, peer-to-peer viste@aming applications,
which offer either video-on-demand, live streaming or bette expected to gain
popularity. With the increasing capabilities of mobile @&s in terms of compu-
tational power and graphical displays, it is expected thesé applications which
are quite popular in the Internet will also be implementedcessfully for mo-

bile end users. As video streaming applications have mad stquirements in

terms of timely delivery of data packets for a smooth playafuthe video, it is

expected that the user behavior for such applications wihge.

The large amount of data exchanged in overlay applicatisres significant
source of costs for Internet service providers (ISPs) asd @alobile operators.
Overlays typically span the networks of several ISPs andatpes, and due to
the logical separation of the overlay and the physical ngtwa@pology, content
is often exchanged between end users that reside in diffé3&s. Such inter-
domain traffic leads to interconnection costs for the ISRmSEquently, an ISP
would like to (i) control and manage the traffic from overlgyphcations in or-
der to reduce its traffic costs and (ii) compete with the égstpplications by
offering data distribution services himself instead ofrigejust a ’bit pipe’. An
ISP or operator has different options to control the ovettaffic. For example,
the ISP can provide the means so that sophisticated coapesaitategies can be
employed among the peers, e.g., they can take into accarinttivork topology
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or any other useful information, and this cooperation migatl to a more ISP-
friendly way of content distribution. The considerationimtier-domain traffic in
the context of mobile P2P applications is in the focus of feruvestigations.

In order to meet the user's demands and requirements, thigyQafeExperi-
ence, of P2P applications has to be fulfilled. Sophisticatexperation strategies
are the foundation for efficient and robust content distidsusystems. In the
context of mobile and heterogeneous environments, a flkeydopic is multi-
homing for mobile P2P applications. This means that thesusan utilize sev-
eral access technologies at the same time. Thus, a coapesdtategy might
consider several access technologies and uses the mospagpfe one for spe-
cific applications. For example, a video-on-demand semdcgires only a low
bandwidth when displayed at a mobile device, but has sttiatity of service
requirements in terms of delay and jitter. In this case, a \3Mbnnection via
a dedicated channel providing a constant bandwidth migtée= appropriate
than a WLAN access, although the available capacity is higgre VLAN. Fur-
thermore, it is interesting how to realize multi-homing R2P-based system. As
incentive mechanisms of existing P2P CDNs are usually besetit-for-tat or
credit point systems and identify a user by its IP addressstimultaneous ac-
cess of a user with different IP addresses per interfacdeasitl to problems. The
question arises how to implement multi-homing transpéyetat existing P2P
protocols such that the user will achieve a performance. gain

The combination of different cooperation strategies i© astopic of fu-
ture work. Cooperation strategies are often optimized ashiea particular goal.
CycPriM tries to overcome the drawbacks of selfishness,enthié time-based
data exchange and the adaptive parallel upload strategyatimmastering mo-
bility and utilizing scarce resources. However, in an hejeneous environment
with selfish peer, the advantages of both strategies have totégrated into a
common cooperation strategy. The investigation of the doation of different
strategies has to reveal whether they can additionallyatigach other and mu-
tually improve the user’s gain.
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2.5 Lessons Learned

The performance of P2P content distribution in cellular ifleobetworks is de-
termined mainly by the implemented cooperation strategylatal peer. Major
challenges which arise typically in cellular networks dre selfishness and the
heterogeneity of peers. The selfishness of users leads taghehunk prob-
lem, while the heterogeneity wastes expensive resourctgeigystem. In this
chapter, a background on common cooperation strategiehane based on the
multi-source download is given. For performance evaluaparposes, the key
performance characteristics are formally defined, befeleted work in the field
of P2P content distribution is reviewed.

In this chapter, we have shown that in cases where most ofetis @re self-
ish, i.e., show a leeching behavior, a chunk selectionegjyalike least-shared
first is able to overcome the last chunk problem. Howeves itdcessary to up-
date the global information about the number of sharinggpémrevery chunk.
Furthermore, the LSF strategy has to prevent changes t@trecppabilities, i.e,
it must not allow parallel upload at a providing peer. A mooelssticated coop-
eration strategy, the CycPriM strategy, has proven to bastoagainst leeching
as well as against changes of peer capabilities. The basicigdto modify the
peer selection strategy of uploading peers which impjicidtermines the chunk
selection strategy of the downloading peers. This seems tadre appropriate
to deal with selfish peers in a heterogeneous environment.

An adequate peer selection mechanism has also been shoeefficeent in a
B3G network with mobile users conducting vertical handdwetween different
wireless access technologies. In particular, the adaptafithe number of paral-
lel upload slots of a multi-source download mechanism hawsho efficiently
utilize the available resources. Common cooperationegjias waste these re-
sources, as the heterogeneity of peers is not considered.

The comparison of today’s and future network layouts inadléht load scenar-
ios showed that non-requeueing techniques like Mobile &recommended in
mobile P2P CDNss if this technique only requires additioredagls in the order of
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a few seconds. In future network layouts, the increasechkigliapacity e.g. due
to better WLAN coverage leads to smaller download timesrtteoto foster the
download from such high-capacity peers, a time-based catipe strategy is in-
troduced. Although the fairness of the system is decreasdugh-capacity peers
are able to download more content in the same time, this atelipldifferent ap-
proach allows for efficient exchange of files for all userse Thplementation of
particular cooperation strategies to overcome problenmadbile environments
is an important problem and will surely constitute the ba$ifrther studies.

The lessons learned in this chapter on cooperation in mét2ikecover differ-
ent aspects, which are the emerging user behavior, théfidatibn of problems,
and the design of new mechanism. In particular, due to thécapipn of the P2P
paradigm for content distribution, different user behavdmerges. Users may
appear selfish or altruistic and show churn behavior, whigbeicts significantly
the performance of the P2P CDN. The mobile environmentduices additional
problems and requires the determination of major influeactof, like mobil-
ity and heterogeneity of users, and their impact. The ifieation of problems
due to the emerging user behavior and the new technicalectyss guides to
the application of existing mechanisms, e.g. using moBitel overcome draw-
backs on application layer due to vertical handover of usene performance
evaluation of various scenarios, however, requires a frariefor also consid-
ering and predicting future scenarios, as well as a metlggolo investigate
them, e.g. modeling mobility of users in the context of P28taws in cellular
networks. Finally, this performance evaluation fostees diesign of new mech-
anisms to overcome the identified problems and to improveénfrmance of
the system and the experienced quality of the end user.
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Television has traditionally been an entirely broadca&red medium. How-
ever, nowadays, new technologies delivering packetizgitiadlivideo data are on
the brink of replacing conventional television broadcagtsterrestrial, satellite
or cable transmissions. With increasing access bandwjm#bds for end users,
the newInternet Protocol-based televisidiPTV) has gained popularity as a
means of delivering high-quality video images. The tecbgiglal advancement
in high-speed Internet accesses facilitates such pasiskilMeanwhile, a large
coverage of DSL or fiber-to-the-home (FTTH) is available angdroved video
encoders like H.264 permit the transmission of clear higgolution video im-
ages at half the bitrate of MPEG2 current on DVDs.

An important distinction of IPTV systems is by their contatistribution
method: network-based video recorders (NVR), video-amated (VoD), and
live TV streaming. In this chapter we focus on network-babedaecorders. They
operate basically in the same way as home hard-disc videwders with the
only difference that the content is recorded and storedraese@mote machines
in the Internet. An example for such a servic&islineTVRecorde(OTR). The
live TV program is recorded at the OTR server and registesedsican download
their previously programmed shows and later view them @fflin

The volume of such video traffic transported over the Intehas drastically
increased over the last few years. In the context of OTR, tventbad of mul-
timedia contents may consist of large files imposing highuiregnents on the
bandwidth of the file servers.
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Delivery via P2P or server clusters In conventional systems this means
that the servers must be properly dimensioned with sufficepacity in order to
service all incoming file requests from clients. On the otterd, P2P technology
offers a simple and cost-effective way for sharing cont&mwbviders offering
large volume distributions (e.g. Linux) have recognizesl potential of P2P and
increasingly offer downloads via eDonkey or BitTorrent.

As explicated in Chapter 2, in P2P all participating peetssanultaneously
as clients and as servers, and the file is not offered at aestegler location, but
by multiple sharing peers. Since the load is distributed ragrall sharing peers,
the risk of overloading servers with requests is reducegea@ally in the pres-
ence of flash crowd arrivals. However, this flexibility conags slight risk. Since
the shared file is no longer at a single trusted server latatieers may offer a
corrupted version of a file or parts of it. This is referred $gaisoningor pollu-
tion [110] depending on whether the decoy was offered deliblgrateot. When
the number of fake peers is large, the dissemination of teenfdy be severely
disrupted. All of this leads to a trade-off consideratiotweEen high reliability at
the risk of overloaded servers and good scalability wheze¢lseived data may
be corrupt.

From the view point of a content provider, the P2P technofaggs, however,
another major challenge. P2P file sharing platforms arenafsed for illegal
distribution of copyright-protected contents. In ordeptotect now its own con-
tents, a content provider may utilize the fact, that files #PRare not offered
by single trusted server locations, and inserts some fadesdfering corrupted
versions of its contents. After a chunk is downloaded, ithieaked for consis-
tency via MD5 hashes and in case an error is detected, thek dhudiscarded
and downloaded again. Thus, if a user downloads some datadrtake peer,
the entire download is prolonged. The hope of the contentigheo is to heavily
disturb the data dissemination, such that the user’s irapegi is exceeded after
some time and the user gives up downloading via the P2P sy#tetimat case,
the user may use the content’s provider platform instead&ft® download the
video data.
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Currently, most IPTV service providers offering copyrigitotected contents
use high-performance server farms in order to manage artcottime provided
service with respect to security or AAA, i.e. authenticatiauthorization and
accounting. The provider aims at satisfying its customiezs{o provide a good
QOE. At the same time, the operator may also profit indirefotign a good media
consumption experience for end users, as the increaseshwarst fidelity will
also attract other potential users to use this service.drctimtext of video de-
livery via OTR, the QOE takes into account three tasks whiehradependent of
the technical realization: (a) efficient download of the teom, (b) reliability of
the system, (c) fairness among users. They can be quantifiedms of down-
load time, the number of download aborts / the success iatid the variation
of download times among different users. In this context,define reliability
as the availability of a single file over time in a disruptivezieonment which is
expressed by the success ratio of downloads. In order tade@ good QOE,
however, such an IPTV system has to be dimensioned properly.

Goal and structure of chapter The goal of this chapter is twofold. First,
we provide appropriate models to describe impatience arll fieowd effects in
a high-performance server cluster and an eDonkey-basedy3##ms for deliv-
ery of OTR video contents. Second, these models allow etiathe impact
of user behavior and dimensioning of system parametersade of the high-
performance server cluster, for example, the number ofahlaidownload slots
has to be estimated. In case of the P2P system, the modekatieastigating the
impact of fake peers. This can be used either (i) to quartidydisturbance of the
P2P system due to malicious peers when the service proéties on P2P tech-
nology or (ii) to dimension the number of fake peers to sayg/dght-protected
contents for being distributed in illegal file sharing syste

The chapter is organized as follows. Section 3.1 gives a oaingmsive back-
ground on video content delivery. This includes a short wieer and a clas-
sification on IPTV and P2PTV systems. We explain the OTR serin more
detail, as the investigated high-performance serverelsstre based on the ex-
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isting OTR service and the disseminated contents in the p&Rra are OTR
video files. After that, we review related work with a focustba performance of
P2P CDNs, the diffusion of files within them, and epidemic eledo describe
the file diffusion behavior. In addition, existing work ridd to the analysis of
gueueing systems with user impatience is presented, siecgpply later basic
queueing theory to evaluate the performance of the OTR setusters. Sec-
tion 3.2 presents a measurement study of typical video ottae the Internet.
First, we take a closer look on OTR TV shows, before video eatst provided
by YouTube are analyzed.

The model and the analysis of the high-performance servstests is pre-
sented in Section 3.3 which considers user impatience duweiiting times in
gueues or too long download times. To describe the timesdimbehavior of
the system we develop a deterministic fluid model. This ifulse consider
phenomena like flash crowd arrivals which may occur due tqtmularity of
TV shows. Next, we model the performance of an OTR video dgliservice
by means of a Markov model to derive the stationary sojoume tiwhich is used
for dimensioning the system. The investigated key infludactors comprise the
impatience during downloading and waiting, the number @ifilable download
slots and the variation of the file size distribution.

Section 3.4 investigates the pollution of the P2P contesttitution service,
again, taking into account user impatience as in the seags. &\e derive an epi-
demic model for the file diffusion, starting from a simple StRdel from biology
and refine this to a detailed file sharing model. After thatjmeoduce pollution
in our model which is then described as a flow model by a difféaéequations
system (DES). Further, we show how to obtain the downloadtaur out of the
DES. We investigate some exemplary scenarios to compangaion results
with numerical solutions of the DES and quantify the influeon€pollution, self-
ishness, and supporting servers in the P2P system. Thigshusmto Section 3.5
in which we compare the QOE in the centralized system anderP@P system.
Finally, the lessons learned in this chapter are summaiiz8éction 3.6.
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3.1 Background: Video Content Delivery

The term/PTV stands for Internet Protocol-based Television and is afssd to
refer to IPTV systems with particular characteristics. Egample, the ITU fo-
cus group on IPTV defines IPTV “[...] as multimedia servicestsas television/
video/ audio/ text/ graphics/ data delivered over IP basad/orks managed to
provide the required level of QoS/ QOE, security, intesigtiand reliability.”
However, in general, IPTV means a system where a digitalitéts service is
delivered using the Internet Protocol (IP) over a netwofkastructure. An even
more general definition of IPTV is television content thastead of being de-
livered through traditional broadcast and cable formatesedeived by the viewer
through the technologies used for computer networks.

One of the main features of IPTV is its high degree of intevagt Users are
no longer restricted to the broadcast schedules of TV sistibut can choose
the program they wish to see on-demand, whenever, whewemon whatever
device they want (TV, PC, portable player). Additionallyrther value-added
services are often included, such as chat functions or déestback mecha-
nisms allowing the viewers to provide ratings or discus$@moms on the shows.
Therefore, offering IPTV has become an attractive businesdel for telecom-
munication service providers. Many providers no longeitlitmeir offer just on
telephone or Internet access, but provide so-called tgfalg services, integrat-
ing Internet, VoIP telephone services, as well as telemisiomovie channels.
Furthermore, it is also appealing to businesses, which ffangersonalized ad-
vertisements, individually tuned to the TV programs thetauer is currently
watching or localized to his region of access. An IPTV sexpcovider usually
deliveres the video contents over a well-dimensioned nddwehich is carefully
engineered to ensure bandwidth efficient delivery of vasiwarts of video traffic.

In Section 3.1.1, we first give a short overview on the difféneays of dis-
tributing the video contents. We describe the OTR servica papular example
of network-based video recorder in detail in Section 3.iefore we review ex-
isting work related to this chapter in Section 3.1.3.
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3.1.1 Classification of Video Delivery Services

In general, IPTV network architectures can be categorizediwo main
classes: centralized and distributéentralized systemollow the traditional
client/server (C/S) paradigm, where server farms with s€geeues balance and
manage the load among the content servers. Examples araidewind OTR
servers. Here, the client directly connects to the senarHATP and after a
queuing/buffering delay directly streams/downloads trents from the server.

On the other handjistributed systemare usually based on P2P technology,
e.g. Zattoo, Joost, PPLive. Each user also automaticattyzeca relay for other
peers in the network. This means that while downloadingfiiag a video, the
peer provides the already downloaded content to other pébese are several
advantages of using P2P-based content delivery systertiseyaseact better to
sudden bursts in requests arrivals. However, the overlpglagy must be dy-
namically set up first and the network must be adaptive toltgyochanges due
to churn or to selfishness of users. The tdP@PTVrefers to P2P applications
designed to distribute video streams via a P2P network.

file sharing proprietary P2PTV
P2P icati
OTR via eDonkey applications
OTR via BitTorrent Babelgum } SopCast
PPLive TVANts

- Zattoo
hybrid OTR combiload server-assisted
P2PTV
Joost
Anevia Toucan o
main OTR server commercial
SIS otRmirrors Joulube IPTV systems

NVR VoD live TV
type of video content delivery

network architecture

Figure 3.1:Classification of video content delivery
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Beside the differences in their network architecture, #méous IPTV systems
differ significantly in their video delivery mechanism anidére 3.1 classifies ex-
isting IPTV applications accordingly. Basically, there @éinree major categories
of IPTV content distribution methods: live TV streaminggd&b-on-Demand, and
network-based video recorder.

Live TV Streaming describes the streaming of live TV channels over IP-
based networks, just as they are being aired over convetimoadcast media.
The current live TV program is packetized and often streaasedpplication-
layer multicast to the connected peers in the overlay, wtiieh share the stream
with other peers. Live streaming applications require &ijglated mechanisms
because all users watching a news broadcast or a populds gvent are typ-
ically interested in the same piece of the stream at the same Therefore,
delays of one or more minutes seem unacceptable.

Video-on-Demandpermits a user to browse a catalogue of video files and as
soon as one is requested its playback is started. Thus, Vobtisestricted to
any broadcast schedules, but entirely to the user's derdandng the available
VoD systems, YouTubent t p: / / www. yout ube. com enjoys high popular-
ity among Internet users. YouTube is a centralized videoisgavebsite where
users can upload, view, and share short video clips.

Network-based Video Recordersoperate basically in the same way as home
hard disc video recorders, only that the content is recoatieldstored on a remote
server. The live TV program is recorded at a remote machitteiternet. Users
can download their previously programmed shows and laésy them offline on
a PC or handheld device.

3.1.2 Online TV Recording Service

A popular example for such a video recording service is thé& @€rvice in
Germany which is the underlying video content delivery sgsfor our inves-
tigations in this chapter. Users can currently select shoovering around 40
channels of German television, but support for other céemtis planned. The
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access to OTR is provided by a portal at its main Internet lpmgeht t p:

/I www. onl i net vrecorder. com There, a registered user has the possibil-
ity to choose programs he wishes to record from an electrprigram guide
(EPG) or can download previously recorded shows. In ordeateguard licens-
ing restrictions and prevent unauthorized access, a usepmy download files
that he had previously recorded. For this reason, the coigerffered encoded
which cannot be played directly, but must be decoded priptagback.

The video files offered by OTR can consist from several huhdnegabytes
up to 1 GB or more depending on the length of the TV show, as agbn the
encoding format, e.g. high quality H.264, standard qudlityX, or MPEG-4
for portable devices (iPod, PSP, etc.). The recordings eagither downloaded
directly from the main server, from user-created mirroesior alternatively via
P2P file sharing networks (eDonkey or BitTorrent). Howetke majority of
clients are using the HTTP-based server download platf@masin Section 3.3
we will focus on this type of file transfer. In the followinghen we refer to OTR
server, we treat the main server and the mirror servers isaee way, since their
basic operation is the same with the only difference thatansites usually offer
only a subset of available recordings after a slight delay.

As the OTR server farms are often overloaded, new requestuaued when
the number of provided download slots is full. The restoistio a maximum
number of simultaneous downloads guarantees a minimal Idagrrbandwidth
for each user. The download duration itself depends on tia¢ ¢apacity of the
server farm and the number of users sharing this capacityeker, users who
might encounter slow downloads may abort their downloaditigmpt if their
patience is exceeded. When requesting a file, the user may inegediately
his download if the server has available download slotg ké&swill be put on a
waiting queue. OTR also offers prioritizing premium usetswway for advancing
faster in the waiting queue, but we assume later in our mdulall users are
treated equal. Users who experience too long waiting timigghtnabort their
download attempt before being served.
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3.1.3 Related Work

As we want to compare the reliability and efficiency of a P2Rdul and a
client/server-based OTR system, we review literaturerdigg the performance
of P2P CDNs with a special focus on flash crowds and pollutitaxt we review
related work on P2P file diffusion and epidemic models whithé approach we
follow to analyze the P2P-based system. Finally, an overgie existing work on
the analysis of queueing systems with user impatience &gsince we develop
a processor-sharing model with impatience to analyze akred OTR.

Performance of P2P CDNs

Most studies on the performance of P2P systems as contéribaiion network
rely on measurements or simulations of existing P2P netsvdrkr example,
Saroiu et al. [70] conducted measurement studies of code&tnery systems that
were accessed by the University of Washington. The authistinguished traffic
from P2P, WWW, and the Akamai content distribution netwonkl éhey found
that the majority of volume was transported over P2P. A c@mnensive survey
of different P2P-based content distribution technologegven in [89]. In [105]
a simulation study of P2P file dissemination using multieagnts is performed
and the propagation under different conditions is studite3feld et al. [10] pro-
vide a simulation study of the well-known eDonkey networkl amvestigate the
file diffusion properties under constant and flash crowdsalsi However, most
work on P2P file diffusion as those mentioned above usuallga@ssume any
fake files from pollution or poisoning.

Han et al. [98] study the distribution of content over P2P andsider re-
warding strategies as incentives to improve the diffusidrey show that the net-
work structure in terms of hierarchy and clustering imprthesdiffusion over flat
structures and that compensating referrers improves treiapf diffusion and an
optimal referral payment can be derived. The user behanidaa analysis of the
rationale in file sharing is studied in [90] using game theditye focus lies on
free riding in the network and the authors offer suggestam$ow to improve
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the willingness of peers to share. Qiu et al. [103] model ad@ient network us-

ing a fluid model and investigate the performance in steaatg sThey study the
effectiveness of the incentive mechanism in BitTorrent prale the existence
of a Nash equilibrium. Rubenstein and Sahu [119] provide themaatical model

of unstructured P2P and show that P2P networks show gooahdigigl and are

well suited to cope with flash crowd arrivals. Another fluiffisive P2P model

from statistical physics is presented by Carofiglio et @91 Both, the user and
the content dynamics are included, but this is only done eridilel and without

pollution. These studies show that by providing incentieethe peers for sharing
a file, the diffusion properties are improved. We includerappate parameters
in our model which capture this effect, while also considgipollution.

Christin et al. [110] measured content availability of plapuP2P file sharing
networks and used this measurement data for simulatingrdiff pollution and
poisoning strategies. They showed that only a small numbéake peers can
seriously impact the user’s perception of content avditgbin this chapter we
present a diffusion model for modeling eDonkey-like P2Ruwogks based on an
epidemic SIR [156] model. This model includes pollution angeer patience
threshold at which the peer aborts its download attempt.

P2P File Diffusion and Epidemic Models

Epidemic methods have been considered as simple and effgctitocol for dis-
seminating data in communication networks. The main featfithesegossip
based protocols is that they do not require any specific tgyohnd that any node
has the same probability to contact another node. This apprbas been used
to devise gossip-based protocols operating in mobile adAketworks [67] or in
unstructured P2P networks [94, 100, 101]. The effect of #tevark topology on
the spread of the epidemics is studied in [113].

In epidemic computing, nodes contact each other with aiceréde and de-
pending on the rate of cure to infection a disease may becorepidemic. Epi-
demic models are also well suited to model the diffusion biemeof specific
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information in a network, see [68], and has often been agpbeforecast the
spreading of worms and viruses in the Internet [65]. In a \&@nyilar manner,
epidemic models can be used to model file diffusion in P2P fikriag net-
works. The papers found on P2P file diffusion either consideaisurement stud-
ies, e.g. [99, 104], or by means of simulation [10, 106]. Aottetical model of
a BitTorrent P2P network can be found in [103]. The authoesaifluid model
and study the performance of the network and investigateffhets of the incen-
tive mechanism.This work is extended to considering difféiclasses of access
links in [102] and the authors show that bandwidth heteredggrtan have a pos-
itive effect on content propagation. While in [103] and [10% steady-state net-
work performance is investigated, we emphasize the tinmexghycs of the system
which requires us to consider non-stationary processcatged by flash crowd
arrivals of file requests. Measurement studies on pollugiath poisoning can be
found in [110, 117]. Both papers show that there can be a auotist influence
from introducing even a small number of fake peers to the odw

Chen et al. [93] and Thommes and Coates [121] use a model basbhd clas-
sic SIR approach, which is also the fundamental idea of oukwdowever, as
we will see later from comparison with simulations, the diestate assumptions
made in many papers, e.g. in [103], are not appropriate dtleetdighly non-
stationary behavior of the system. The transitions are nhatleen the states
after a fixed amount of data has been downloaded. Using sianjpgnsition rate
does not properly reflect the system dynamics. The focusisnitbrk is on the
time-dynamic transition phase during the diffusion praec&is facilitates the
consideration of flash crowd arrivals of file requests. Whamsaering illegally
shared content this often corresponds to the release datofy or a movie as at
that time the number of requests will be highest. For legdiyributed software
(e.g. distributions of the Linux operating system) P2P filaring is also much
more effective for content distribution than client-seras it relieves the down-
load servers from overloading when new software releasesvailable [99].
Furthermore, we investigate the influence of fake peersstiete corrupt or fake
content on the diffusion process.
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Queueing Systems with Impatience

In general, with a slight abuse of the Kendall notation foegjng systems, the
model we use to investigate the high-performance OTR setuster can be ex-
pressed as M(t)/GI/T-PS with user impatienc®, an unlimited waiting queue,
and a server capacit§y’ which is shared among* users at maximum. Thus,
the service rate is influenced by the download rate of a usetrelisas the user
impatience® and depends on the number of currently served users.

Admission control to the system can be taken into accoungebiricting the
size of the waiting queue. However, in this paper we use thebeun of download
slotsn* to guarantee the bandwidth per user and only investigaterthact of
the user’s impatience on the system’s performance. Wailegingis considered
with an i.i.d. random variabl®, balking i.e., taking back the download request
if the waiting queue is too long, is neglected in our model.fédris on the effect
of wasted capacity due to users’ impatience regardless ethehthey are being
served or not, and the impact of variability of the file sizetdbution, which
is expressed by the service rate. Our findings show that the ghsuccessful
downloads increases with the variability of service time.

Basically, there are several approaches on how to andlytizluate such a
system depending on the number of currently available doa¢htlotse. If n <
| %], the user's access bandwidkhlimits the download rate. For* < | %],
this effectively results in a M(t)/GH*-FCFS system with independent service
rates, since® is an i.i.d. random variable and the service rate is consiigre
service rate depends only on the file size and the users’ abegslwidth. An
analytical evaluation is provided in [76]. Far > [ |, the download rate and
therefore the service rates depend on the current state sf#ftem. On the other
hand, if the downlink of a user is not the limiting factor,.j.a user can always
utilize the offered bandwidth of the server (< R), the system approaches areal
processor sharing system with increasingvhich is investigated in [54,129]. In
the past, a lot of research has been dedicated to the anafygiguing models
with impatience. Barrer [50] was among the first to analyzevidi/1 system
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with deterministic impatience thresholds. In the follogiirmore sophisticated
FCFS models with Markovian arrival and service processe® Wweestigated
in [155], [52], and [62].

As we will see later, the general service time has a greatdinpa the per-
formance, however, it is well known that for such systems @gproximative
evaluations can be performed for metrics of interest [166t.the exact analysis
of steady-state sojourn times, we focus therefore only mple models which
are easily analytically tractable. Nevertheless, our messents of video con-
tents in Section 3.2 show that these assumptions are vadigveAalso consider
time-dependent flash crowds arrivals a transient analysideacribed later in
Section 3.3.2 is additionally required.

3.2 Measurement of Video Contents

The performance evaluation of a video content deliveryesystrequires several
input parameters. Among others, these are the arrival psotiee user behavior,
and the video duration as well as the corresponding data Isizbe case of a
centralized system additionally the number of serverss#reer discipline, and
the queue length are of interest. We focus in this chapterideog offered by
OTR or YouTube. However, as OTR and YouTube are proprietash system is
regarded as a black box and measurements are taken frometfeadge. Thus,
only the service time can be obtained, which is in our caseacherized by the
offered video file sizes. To investigate the impact of thearrimg parameters in
a OTR system, parameter sensitivity studies are perforegdby varying the
popularity of files and the accompanying arrival rate of usguests.

OTR and YouTube are both web-based server-oriented sys@hfsrecords
TV shows at the main server or mirrors, and HTTP or FTP over BGRed for
file transfer. The achieved download speed heavily dependkeoselected mir-
ror. For many mirrors, the user's DSL access speed is théitignfactor. How-
ever, a user often has to wait for an available download sitit be is served.
OTR supports different video resolutions from low qualitg@ x 120) to high
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quality (720 x 576) and post-processing of the videos allows e.g. to remove com
mercials. On the other hand, YouTube is designed for VoDisparser-created
contents and video streams are downloaded over HTTP. Dudvertssements
on the web portal, several TCP connections to different dresbes are estab-
lished. During the course of the measurements, only lowluisas (320 x 240)
are supported. Table 3.1 summarizes the statistics of tasunement studies and
considers the file size, the duration of videos, as well aztigec efficiency as
ratio between file size and video duration. The standardatiewi is abbreviated
as ‘std’, the coefficient of variance as ‘cov’, and the skesenas ‘skew’.

Table 3.1:Basic statistics for OTR and YouTube video contents

[ [ [ mean ] std. [ coef. | skew. | kurtosis | median | min | max_|
OTR duration [min] 47.21 29.27 0.62 1.14 4.42 45 1 195
11563 size [MB] 343.19 186.71 0.54 1.12 4.31 305.87 0.06 1236.87

samples efficiency [kbps] 1155.01 662.93 0.57 7.33 86.05 1038.42 0.71 16310
YouTube duration [s] 339.11 419.16 1.24 7.91 90.64 252 5 10233
21014 size [MB] 12.38 14.88 1.20 7.09 69.25 9.41 0.07 274.59
samples efficiency [kbps] 302.11 52.43 0.17 -1.61 16.81 318.54 1.12 1040.52

3.2.1 Network-based Personal Video Recorder — OTR

The measurements which were made in April 2007 consist &6BlLfile sam-
ples from 19 different TV channels. According to the infotima provided by
OTR, standard video files are encoded at a resolutiohl 2fx 384 pixels at a
video bitrate of about 750 kbps and an audio bitrate of 128kibpe measured
data contains only standard quality video files and con$ispproximately 80 %
encoded in the DivX format and 20 % in Windows Media Video (WM¥rmat.
Figure 3.2(a) shows the probability distribution of the Tvow durations in
minutes. The majority of the files (95%) are discretized iftsunf 5min. We
can distinguish 4 different categories of TV shows. Mostfiéee short features
(e.g. animation series) of about 30 min and shorter files nedfpibinstance news
shows. Another peak can be found between 45-60 min whicheisisnal dura-
tion of TV dramas or other periodical shows. Movies usuallyénthe duration
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between 90-120 min and very few larger recordings of spesiahts exist, like
the broadcasts of live sports events.

However, we are more interested in the file size distributiarder to approx-
imate the download time than the duration of the shows theesd-igure 3.2(b)
shows that the actual file size distributighhas a mean of 368.31 MB and stan-
dard deviation of 196.82 MB. It can be well fitted by a an Erldndistribution
with & = 3.34 phases and an average volume ¢V =107.67 MB per phase,
i.e., itis the sum of k| independent identically distributed random variableseac
having an exponential distribution with mearilg] and an exponential distribu-
tion with mean(k — | k]) E[V]. Due to the real-valuel a Gamma distribution
is used for numerical computation. The mean squared erttorelea the fitted
Erlang% distribution and the measured values is oAy = 0.0008. Using an
exponential distribution yields to a larger mean squaresref £2 = 0.0205.

0.25 1
M 0.9 measured
0.2 /Shon features, like Simpsons 0.8 values
. 0.7 exponential
2015 TV series, talk sh(.)ws, 06 distribution,
=l movies, W Erlang—k E2 = 0.0205
s sport events, ... 8 0.5 désmbUUOﬂ :
g 0.1hews _ 0.4 E®=0.0008
special events,
J e.g. live events, 0.3
0.05(f themes, ... 0.2
j 01
0 0
0 20 40 60 80 100 120 140 160 180 200 0 200 400 60 800 1000 1200
duration of TV show [min] size [MB]
(a) Probability distribution of show durations (b) CDF of file sizes

Figure 3.2:Measured TV show durations, file sizes, and codec efficiehOT&R

The codec efficiency is defined as ratio of the file size overdimation of
the TV show in kbps. The probability density function has stidct peak at
about 1 Mbps and is comparable to other standard qualityovidemats, such
as VCD or SVCD. The measured values could be well fitted withgalbgistic
distribution superimposed with a Dirac function at the pealkie, cf. [43].
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3.2.2 Server-based Video-on-Demand — YouTube

The measurement were conducted in December 2007. In totaflownloaded
21,014 randomly selected video streams from the YouTubeieebnd analyzed
their file sizes and durations. For the data transport, anfH@dnnection to the
server is established and the content is delivered via TQRe6tly, YouTube
uses the H.263 video codec and the MP3 audio codec, packedhiatflash
video container (file extensiafiv). The video bitrate of a random stream is about
300 kbps, while the audio bitrate is typically about 60 kbps.
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0.002 0.02
0 o 4
-15 -1 -05 0 05 1 15 2 25 0 50 100 150 200 250 300 350 400 450 500

log, , size [MB] codec efficiency [kbps]

(a) PDF of video stream sizes (b) Codec efficiency
Figure 3.3:Measurements of YouTube video streams

Figure 3.3(a) shows the PDF of the sizes of downloaded vittearas from
YouTube. Note that the x-axis is logarithmically scaleduaer-created content
is usually restricted to 10 min. With a special user accohatyever, it is also
possible to upload larger video files. In our measuremengsplserved video
durations of up to 170 min and video sizes of up to 275 MB. Agtig file size
distribution is leptokurtic highlighted by the strong pestkhe PDF at 22.85 MB
and shows a large kurtosis valueG8f25. This peak corresponds to the maximum
allowed duration of 10 min for user-created contents.

For YouTube videos, the codec efficiency shows a very stremads pt roughly
315kbps and is nearly constant, see Figure 3.3(b). Accgidithe PDF of the
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video stream durations looks quite similar to that of theatn size and is omit-
ted here. Further results can be found in the technical t¢#8}. The negative
skewness of the codec efficiency shows that the mass of ttrébdi®on is con-
centrated on the right of the figure and only a few videos medess bandwidth.

In [147], YouTube videos are evaluated by distinguishing ¢ategories and
popularity of video clips, as well as user access pattekesviews and ratings.
Small-world characteristics for video groups are iderdiféend caching or P2P
strategies for utilizing these clustering effects are pegal. Furthermore, [150]
monitors YouTube usage in a local campus network in ordenéterstand how it
is used by clients. The video files and the transfer of theogde characterized.
They also provide statistics on the most popular videosetrtuTube site and
get similar results as obtained in our measurement studies.

3.3 High-Performance Server Clusters

Currently, the majority of OTR subscribers are using sebased platform for
downloading the recorded video contents. The user eithenldads directly
from the OTR server farm or from user-created mirror sitesctviwe do not
distinguish here. Since the service provider aims at gatigfits customers with
a good QoE, such a centralized IPTV system has to be dimestsiomoperly to
provide a high-performance server cluster.

In this section, we analytically investigate the perforeaof an OTR server in
different scenarios and enhance basic queueing modelsisjdesing user impa-
tience. Since the file sizes are very large, the downloadiidurenay take longer
than the user is willing to wait. For this reason, we include tiser impatience
in our model, where a waiting or downloading user may leaeesistem before
completing the download. This is taken into account with impatience thresh-
olds during downloading and during waiting. Queuing modeith user impa-
tience can be found in [62, 129], however, those models dammapplied to our
system. Further discussions of the existing literatureevgéren in Section 3.1.3.

The OTR server model is described in detail in Section 3.Boldescribe
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the time-dynamic behavior of the system, e.g. for invesitigaflash crowds and
time-depending popularity of files, we develop a deterntimftuid model in Sec-
tion 3.3.2. To understand the key influence factors of theegysnd to dimension
the system properly, we additionally model the performamicthe OTR video
delivery service by means of a Markov model which is the magu$ of the in-
vestigation of the OTR server. The Markov model allows tawdethe stationary
sojourn time, which corresponds to the time until a typice¢rucompletes the
download of a file. An exact analysis of the stationary sojdimes distribution
follows in Section 3.3.3 which requires the derivation ¢ femaining sojourn
time and the stationary distribution of the number of usarthe system. The
key influence factors investigated are presented in Se8td and comprise the
impatience during downloading and waiting, the number @ifilable download
slots and the variation of the file size distribution.

3.3.1 Model of Centralized OTR System

In the following we will describe the model of an OTR serverigthis responsi-
ble of managing the demands of a maximum finite numbe¥ afustomers. We
assume first that user requests arrive at the server acgdaaPoisson process
with paramete’ > 0. When a request arrives and the system has free download
slots, the clientimmediately proceeds with the downlodeerT, the user becomes
a downloading clienand we also say that the customes&ved

We may further assume that the server has a total fixed uplaadwidth of
capacityC. This bandwidth is equally shared among a maximurmosimul-
taneously downloading clients. If there were more tharsimultaneous clients,
the exceeding customers would wait for a downloading sldiettome free. We
refer to those clients asaiting clients The total number of downloading and
waiting clients at the server is thus in this particularigegtfinite (with a maxi-
mum number equal t&). When downloading a file, the access bandwilithof
the client may be the bottleneck. We assume this bandwittis the same for
all customers. Clearly, the conditid®,; < C must hold.
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The average rate at which clients complete their downloésis depends on
the file size. We assume here that the file size is randomlyitaistd follow-
ing an exponential distribution reflecting the measurenmestilts described in
Section 3.2. There, Figure 3.2(b) shows that the actualifile distribution has
a mean of 368.31 MB and standard deviation of 196.82 MB. Itlmanvell fit-
ted by a an Erlang-distribution with only small residual mesquared error
E? = 0.0008. We will assume an exponential file size distribution forsake of
analytical tractability in spite of its slightly higher iidsial error, cf. Figure 3.2(b),
however, the equations developed here could be extendbd trkang case, too.

While in the system, a client might beconmpatientand decides to leave the
system after a random amount of time. We assume that thegevergatience
duration depends on the speed of the download. That is, Wieee are less than
n* customers in the system, the impatience duration is dig&thaccording to an
exponential random amount of time with averdge . In the other case, i.e., there
are more tham™ customers in the system, the impatience duration for custem
being served remains the same, but the average impatieneddi waiting cus-
tomers isd; * < 67!, If we consider impatience being independent from being
currently served or waiting in the queue, we simply use tmeloan variable®
with averaged *.

3.3.2 Time-Dynamic Evaluation with Fluid Model

User requests are assumed to arrive at the server accommgdn-stationary
Poisson process with ratgt). The time-dependent arrival rate of user requests
is a realistic scenario when looking at individual files,cainthe popularity of a
TV show highly depends on the time it was recorded. Once a ffsmomes out-
dated, the interest for this file decreases. This phenomisnaferred to as flash
crowd arrivals [10]. However, since a server may offer sa\different files, the
overall rate may remain nearly constant. The superposgifitime-dependent ar-
rival processes with different starting points can be medels stationary Poisson
process for a sufficiently large number of offered files pevese
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When a request arrives and there are free download slotsliém: may pro-
ceed with the download. We assume that the server systemtb&s éixed ca-
pacity C' which is shared among all simultaneously downloading tdién¢) at
time ¢. The maximum number of users served in parallel is resttici@*. Thus,
the time-dependent download raté) is

= 1 min ¢
0 = g {mm {D(tw}’Rd} G

for an average file size F,] and the maximum download rate is limited by the
maximum physical rat&, of each client.

In order to consider flash crowd arrivals, we use a fluid amstechnique.
The state space of transitions is shown in Figure 3.4 andiffezehtial equation
system is given in Eqn. (3.5). The partial derivative of thedtion f(¢,y) with

respect to variableis denoted a#, f (¢, y) = “tu)

d(e) -

Do) - {0 P) < a2
At) —D(t) u(t) —vW(t) otherwise

o) - {)\(t) — D) ult) if D(t) < n* -
0 otherwise

BLA(t) = D) plt) pu(t) + 62 W(1) (3.4)

OeF(t) =D(t) (1 —p(t)) pd). (3.5)

Arrivals enter the waiting populatior with rate\ or directly the download-
ing populationD, if the number of slots™* is not full. If the slots are full, waiting
users simply proceed to the downloading state with fate p D, which does
not depend oV . After entering statéD, the client remains in this state until
he either fully downloads the file and enters the finishedestor he aborts
the download when the download duration exceeds his patidmesholdo, .
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The latter is expressed by entering abort stéatén both cases the transitions are
performed at rate multiplied with a probabilityp (when the download fails) or
1 — p in the case of success. An abort occurs when the patiences afawn-
loading user is exceeded either during downloading or m@ifi he patience in
this model is characterized by the exponential random bkas®, with rated,
during downloading an®- with ratef, during waiting, while the downloading
time is exponentially distributed as well with rate= C(¢) /E [ fs]. The variable
C(t) denotes the time-dependent capacity per user,G’&) = C/D(t), and
E[fs] is the mean file size. Thus, the probability that the patiea@xceeded
during downloading at timécan be expressed as

e D(t) E[fs]
PO =50 = DWEL + CE@L’

(3.6)

Note that in the case of a single downloading s@teexponential file sizes
fs and thus exponentially distributed rajesre assumed. If we consider Erlang-
k distributed file sizes as obtained in our measurements,téie ® must be
expanded to several intermediate stdies D1, . .., D.

P

Figure 3.4:Fluid model state transitions
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3.3.3 Derivation of the Stationary Sojourn Time
Distribution

In the following, we use a Markov Model to investigate thetistzary sojourn
time distribution. Our objective is to derive the time negier an arbitrary cus-
tomer to successfully complete the download of a file. We ttédl the sojourn
time of a customer. The stationary sojourn time distributiooadi us to under-
stand the key influence factors of the system and to dimenk®system prop-
erly. In order to simplify the resulting equations, the a@pas in our model are
normalized byC, thus without loss of generality the normalized server cipa
is 1 and the access bandwidth of a clientilg/C, where R, is the maximum
physical download bandwidth of the customer afidthe real capacity at the
server. The file size is randomly distributed following apexential distribution
of parametel reflecting the measurement results described and norrddiize
the system capacity, i.e.= C/E|[fs].

The changeover poinV* reflects whether the user’s access bandwidth or the
server’s capacity is the limiting factor. Let firdt* be such that

C C

<R. .
N*—1>R and N*—R (3.7)

We assume thaV* < n*, otherwise the resulting model is trivial.

We are interested in computing the exact sojourn time a mestepends in the
system in order to completely download the entire file. Théhaewe will apply
actually consists of solving a system of differential egqueg and is inspired by
the work of Sericola et al. in [120] or Masuyama and Takine84][ However,
our system is more complex since it integrates impatiendedifferent service
behaviors according to the actual number of customers irsyaem. We first
derive equations for the remaining sojourn time distrimutdf an observed cus-
tomer, then we establish the stationary distribution ofrthber of customers in
the system and finally obtain the stationary distributiothef sojourn time of an
arbitrary customer.
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Remaining Sojourn Time

When the system counts less thaif customers, any new customer is served
at an average speed 0R,/Cp)~". Obviously, in this case the bandwidth is
not shared. However, as soon as the system counts more\thatlients, say
nq clients, the bandwidth of our observed customer shrink(;/ﬁ,md)*l, on
average. It is important to know exactly when this happens.

Itis clear that as soon as our observed customer is in seigcdownloading
the file, he will continue until either the file is completelgwinloaded or the cus-
tomer becomes impatient and leaves the system before ciompldevertheless,
we still need to take the arriving customers following hisval into account,
even if they do not directly interfere with our observed oanstr's sojourn time,
i.e. if they are waiting customers. Indeed, these waitingtamers will eventu-
ally become downloading customers. Accordingly, the servate will remain at
alevely/n*, even when a customer in service leaves the system.

Imagine now our customer entering the system counting @&resore than
n* clients. Our observed customer becomes, thus, a waitirngroes. It is then
important to know exactly how many clients were waiting ptio his arrival in
order to exactly determine when his service will start. mghme manner we also
need to record how many clients arrive after his arrival rioteo to determine the
subsequent speed of service.

Owing to the necessity to keep track of the actual numberebther clients
in the system and, therefore, to differentiate between yiséem behavior, we
define the following three different conditional randomiahtes.

ForK € {0,1,...,n* — 1}, we define the random variabl& (K, 1) as the
remaining time a customer needs in order to completely doahthe file he re-
quested, given that there ak&customers in service. Fét € {n*,...,N — 1}
andN € {n*+1,..., N}, we define the two random variabl&g (X, 1) and
W (K,0, N) according to whether our customer is in service or not. The ra
dom variable W (K, 1) is the remaining sojourn time of the observed customer
when the system count® customers. The random variadlg (K, 0, N) is the
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remaining sojourn time of the observed customer when therd{acustomers
in the system and our observed client is waiting at posifioto be served, i.e.
N —n* customers need to leave the system before our customer dbavhload-
ing the file. Note that thes& —n* clients have to be clients in service or waiting
customers located in front of our observed customer in tieigu

We denote by (z) an exponentially distributed random variable with mean
1/z and formulate Theorem 3.1, considering all possible cdsgtsan occur.

Theorem 3.1. For K € {0,...,N* — 1}, the remaining sojourn time of a
customedV (K, 1) in a system that count& customers is such that:

E(AK))

wp. Ra/C(A(K)) ™!
ENK))+W(K —-1,1)

w.p. K (1Ra/C + 01)(A(K)) ™
EAK))+W(K+1,1)

W.p A(A(K)) ™!

W(K,1) = (3.8)

whereA(K) is the exponentially distributed rate at which the next ¢wacurs
that changes the system state:

AK) = (K +1) (upRa/C +01) + . (3.9
WhenK belongs to{ N*, ..., n* — 1}, we have:

E(AMK))

w.p. (K + 1)A(K)) ™!
E(A(K)) + W(K —1,1)

w.p. (K/(K + 1) + K1) (A(K)) ™"
E(AK)) + W(K +1,1)

W.p.A(A(K)) ™

W(K,1) = (3.10)
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where
AMK)=p+(K+1)01+X. (3.11)

WhenK € {n*,..., N — 2}, the remaining sojourn time of the observed cus-
tomer, assuming he is already in service, is:
E(A(K))
wp. p(n* A(K))
EANK))+W(K-1,1)

W(K,1) = (n* — 1) /n* et (n* —1)01 4+ (K +1—n*)6o (3.12)
wp. ACK)
EAK))+W(K +1,1)
W A(A(K)) !
where

AK)=p+n 01+ (K+1-—n")02+ A\ (3.13)

When the observed customer is not in service and assuming &eposition
n* + 1, we have:

ENK))+W(K -1,1)
w.p. (1 +n*61) (A(K)) ™!
E(AK)) + W(K —1,0,n* +1)
w.p. (K — n*)0a(A(K)) !
E(A(K)) + W(K +1,0,n" + 1)
WP A(A(K)) L.

W(K,0,n" +1) = (3.14)
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In case the observed customer is at positwith N € {n* +2,..., K + 1},
we have:

E(AK)) + W(K —1,0,N —1)
u+n*91+(1\77(n*+1))92
A(K)

E(A(K)) + W(K —1,0,N) (3.5)
wp. (K +1— N) 0a(A(K))™"

E(AK)) + W(K +1,0,N)
WP AA(K)) ™.

W.p.

W(K,0,N) =

In both cases described by Eqn. (3.14) and Eqgn. (3.15), tine A& K) is used
as defined in Eqgn. (3.13). Whéfi equalsN — 1, the remaining sojourn time of
the observed customer, already in service, is:

E(A(N—1))

W(N-1,1) = wpp (AN = 1) (3.16)
S| e -y W -2 '

n* — n n*—1)0 N—n*)0
W.p. ( 1) /n* pt( ey 1%)1)+( *)62

where
AN—-1)=p+n"01 + (N —n")0,. (3.17)

When the observed customer is not in service, then assumiig dt position
n* + 1, we have:

EANN -1) +W(N —-2,1)
W.p. (g +n*01) (AN — 1))
EAMN —1)) + W(N —2,0,n* +1)
W.p. (N — (n* +1)) O2(A(N - 1))
(3.18)

W(N—1,0,n" +1) =
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In case the observed customer is at positi®rwith N € {n* +2,..., N},
we have:

EAN —1))+W(N —2,0,N —1)
WP (416 + (N — (n* +1)) 62) (A — 1)) "
EAN-1)+W(N —2,0,N)
wp. (N — N) (AN — 1)),

W(ﬂ_lvov N) =

(3.19)
where the definition of\(K) found in Eqn. (3.17) is used in Egn. (3.18) and
Eqgn. (3.19).

Proof. We only establish a formal proof of Eqn. (3.14), since theopffor all
other equations can be obtained following a similar argumen

We compute the remaining sojourn time of an observed custayiven that
the observed customer is in a system countiigther clients withK” > n*.
Moreover, we assume that our tagged customer’s service dtageh started.
However, as soon as one of thé clients already in service leaves the system,
our observed customer will begin with his download. We, tluegnpute the re-
maining sojourn time of our observed customer given thas la¢positiom™ + 1.
In this case, because of the memoryless property of the expiahdistribution,
the next event (arrival or departure) takes place after aprentially distributed
time with parameteA (K). We have, as stated in Egn. (3.13):

AK)=p+n 01+ (K+1-—n")02+ A\ (3.20)

Indeed, we may observe one of the clients in service, either finishing their
download (at a rat@/n*), or becoming impatient (at a rafe). The remaining
customers including our observed customer, thus, tiiose 1 — n* customers
that have not yet started downloading their file, may becammatient at a rate
0>. Of course, we may still observe the arrival of a new custoamerrateh.

If the departure of a served customer occurs, then our obdewstomer will
become served. This happens with the probability+ n*6:) (A(K))~" and
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corresponds to the first case in Eqn. (3.14). The second oassponds to where

a waiting customer becomes impatient, leaving our obsezustbmer still wait-

ing for service, but the system counts one customer less.h&gpens with prob-
ability (K — n*) 62 (A(K))™*. The last case corresponds to the arrival of a new
user. [ |

Let us remark the following point. Since we are interestedamputing the
sojourn time of a customer, defined as the total time needatbwmload his
desired file, we only consider successfully completed doaaé and the event
that our observed customer leaves the system due to impatiemot taken into
account in any of the equations in Theorem 3.1.

Let W be the remaining sojourn time of a typical customer. We detfiree
following conditional probabilities. FoK € {0,...,n* — 1}

R(y|K,1) = P[W > y| X = K,§ = 1]

(3.21)
=P[W(K,1) >y,

thus, the complementary remaining sojourn time distrdutf a customer in
service § = 1) in a system withi users = K). ForK € {n*,...,N — 1}

Riy|K,1)=P[W >y|X =K,S =1]
= P[W(K,1) >y]
R(y|K,0,N)=P[W >y|X =K,5=0,P = N]
= P[W(K,0,N) > 1],

(3.22)

(3.23)

whereN € {n* 4+ 1,..., K + 1} and P is the position of the observed user in
the queue of waiting users, sinfe= 0 indicates that our observed customer is
not yet in service.
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We now establish the system of differential equations inrieet theorem,
which is given without proof.

Theorem 3.2. The conditional complementary probability distributions
R(y| K,1) andR(y | K, 0, N) respect the following differential equations.

fO<K<N*

QR (y| K1) = ~AK)R(y| K, 1) + K (R/Cu+60:) R(y| K —1,1)
+AR(y|K +1,1).
(3.24)

If N* < K <n*:

OyR(y| K,1) = —A(K)R(y| K, 1)
(3.25)

K
K K-1,1 K+1,1).
+ (gt K0 ) ROTK =10 4 AR (K + 1,1
fn*<K<N-1

AR (y| K1) = —AMK)R(y| K, 1) + AR (y | K + 1,1)

* 1 * *
+<nn* w4+ (n —1)91+(K+1—n)92)R(g|K—1,1).
(3.26)

OyR(y|K,0,n" +1) = —A(K)R (y| K,0,n* + 1)
+(p+n0)Ry|K-1,1)+(K—-n")02R(y| K —1,0,n" + 1)
FAR(y| K +1,0,n" +1).

(3.27)
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Moreover, ifn* +1 < N < K + 1:

R (y| K,0,N) = —A(K)R(y|K,0,N) + AR (y| K + 1,0, N)
+(pu+n01+(N—1-n")02)R(y|K—1,0,N —1)
+(K+1-N)6:R(y|K—1,0,N).

Finally, we have

*_1 * *
+(” M+(n—1)01+(ﬂ—n)92)R(y|ﬂ—271)7

n*

OyR(y|N—-1,0n"+1)=-AN-1)R(y|N-1,0,n"+1)
+(M7177’L*)92R(y|ﬂ72,0,n*+1)
+(u+n"01) R(y|N—2,1)

and

+(p+n 0+ (N-1-n")02)R(y|N-2,0,N - 1)

whenn* +1 < N < N.
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Forn* < i < N, we define the vectorR(y, ¢) of size(i — n* +2) x 1 as
follows:
R(y|%,0,n* + 1)
R(y|%,0,n* +2)
R(y,i) = . (3.32)
R(y|4,0,i4+ 1)
R(yli,1)

Accordingly, we define the vect®(y) as composed as follows:

R(y[0,1)
R(y[1,1)
R(y|n*—1,1)
R(y) = R(y,n") (3.33)
R(y,n* +1)

R(y. N — 1)

which has the dimensio§ ((n*)* — (2N + 1) n* + 3N + N?).

The system of differential equations in Theorem 3.2 can newhtten as

,R(y) = AR(y) and R(0) =1, (3.34)

wherel is a vector of appropriate size consisting of 1. The matris defined
as composed of the following blocks:

Co Ao 0 ... 0
B Ci1 A ... 0

A=]10 By C2 ... 0 , (3.35)
0 0 0 ... Cna
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where for0 < < n*

Ci = —A(i) (3.36)
A=\ (3.37)

(3.38)

i(Rq/Cpu+601) ifO<i<N*
i/ G+ Dp+i161 ifFN“<i<n”

When: belongs to{n*,..., N — 1}, we haveC; = —A(¢)I with I the identity
matrix of appropriate siz& — n* + 2) x (¢ —n* + 2). We have

B,. — (n*_l pt it ) (3.39)

u+(n*—1)91—|—02

02 u+n 6,
Bn*+1 =|p+ n*01 + 65 0 (340)
0 L (0t —1) 61 4 2062

For2 <i < N —1 — n* the matrixBp« 1 is of size(i 4+ 2) x (i + 1) with

Brs1i(j, ) =({—(j—1)02 for1<j<i
Bne1i(j +1,5) =p4+n* 0+ 50y for1 <j<i
Brrti(1,i+1) =p+n 6

Brogi(i+2,i+1) =2Fut(n* —1)0+ (i +1) 02,

(3.41)
and other elements being equal to 0. Bot ¢ < (N — 1) — n*, the matrixA4;
is a matrix of sizg(i + 2) x (¢ + 3), whose elements are

Apitri(G,f) =X for1<j<i+1

(3.42)
Apcyi(t+ 2,0+ 3) = A

and others elements being equal to O.
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The system of differential equations with initial condit®in Eqn. (3.34) can
be easily solved and we get:

R(y) = exp(Ay). (3.43)

It has to be noted thaixp(Ay) is the matrix exponential of the quadratic matrix
Ay ofsizeN x N, i.e.exp(Ay) = 32 % (Ay)". This series always converges,
so the exponential afly is well-defined. Algorithms for the fast computation of

power series solutions of systems of differential equaticem be found in [146].

Stationary Distribution of the Number of Users in the System

Our objective is to compute the stationary distribution led time a customer
needs in order to completely download a file. When a custontergthe system,
he may find the system already occupied with< N customers. This section
aims at computing the stationary distribution of the numifecustomers in the
system at the arrival instant of the observed customer. ®treetPASTA property,

this stationary distribution is simply equal to the staipndistribution of the

number of customers in the system at any time.

Let {X(t); t € R"} be the Markov process counting the number of cus-
tomers in the system. As previously mentioned, the cormdipg stationary
random variable is given byX. We denote by the vector the corresponding
stationary distribution, that is

m(K)=P[X = K], (3.44)

with K € {0,...,N}.
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We defineQ as the generator associated to the pro¢esét); ¢ € R*}. The
elements of) are:

QUi,i+1) =2\ foro<i<N -1
Qi,i— 1) :iRd/Cp+iel for1<i< N*. (3.45)
=p+ib forN* +1<i<n*

=pu+nb+GE—n")0 forn*+1<i<N

The diagonal elements ¢f are such thaf)1 = 0, with 0 being a vector consist-
ing of entries 0 and of appropriate size. Other element@ afe zeros. Clearly,
the process{X (t); te R*} is a birth-and-death process. Accordingly, gebe

pi =M ((E+1)Rs/Cpu+(i+1)61) for0<i< N*
=N (p+@E+1)01) for N* <i<n* (3.46)
=X (u+n" 014+ (GE+1-n")0) forn* <i<N-—1.

We obtain the stationary probabilities f&f € {1,..., N}

m(K) = w(0) 1:[ pi  with  7(0) = (1 + i 1 Pi) . (347)

Stationary Total Sojourn Time

When a customer enters the system, he may either be immgdiateed or is

placed last in the queue depending on the current numberstéroers present
in the system. The complementary total sojourn time distidim of a customer
respects the following equation:

— N—-1

PW >y] = Z R(y|K,1)+ Y w(K)R(y|K,0,K+1).
=0 K=n*
(3.48)
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Fori € {0,...,N — 1 —n*}, we define the vectors(:) as:
(i) =e(i+2,i+ 1) w(n” +1), (3.49)

wheree(s, j) is a row vector of sizeé full of 0's except elemenj which is equal
to 1. Accordingly, we defin@I as composed of

H:<7T(0) 1) ... wnt—1) xm(n?) ... K(M,1)>. (3.50)

Then, using Eqgn. (3.43), we obtain the complementary distion of the user’s
sojourn time as
P[W > y] =Ilexp(Ay)l. (3.51)

For numerical results, we use an approximation using Krgiolspace pro-
jection techniques to obtain the sojourn time distributi®h= ITexp(Ay). It
is available as a software package that provides matrixrexqdal routines for
small dense or very large sparse matrices [60]. It does nopate the matrix
exponential in isolation but instead, it computes diretttly action of the expo-
nential operator on the operand vector. This way of doindlewa for addressing
large sparse problems and improves computational speeiicigtly.

3.3.4 Understanding the Key Influence Factors

In this section we will provide some numerical results anigfly discuss the
influence of some of the important parameters on the systéravim®. Let us
consider an OTR mirror server site with a total capacity/of= 20 Mbps. Note
that while the analytical Markov model used rates normdlibg the server's
capacity, we give absolute values here, as we are intergstbd actual down-
loading durations and they are more meaningful for vergytine plausibility of
the results. The average file siz¢/fE] is 359.87 MByte and the maximum down-
load rateR, of all users is 4 Mbps as specified by the ITU G.992.2 standard f
ADSL Lite. Since we assume this is a mirror site operated byiaie person,
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it is reasonable to assume that the maintainer only limitese to a relatively
small number of concurrently served downloads, @g.= 10 and N = 20,
due to the following consideration. Many existing mirronses indicate the cur-
rent queue length and the expected waiting time until a doadislot will be-
come free. In the above scenario, a user at the first posifitreavaiting queue
would have to wait 20 min and at the last (i.e. 10th) positicsuld require a
waiting time of 200 min. A requesting user who would be fadiagvait so long
before service would obviously select a different mirree sieforehand. As fur-
ther parameters, if not indicated otherwise, we assume westa@rrival rate of
XA = 107 % requests/s as well as the impatience thresholdsgof = 2h and
6;' = 1h for downloading and waiting users, respectively. Furthaen we
verified the accuracy of our numerical implementation bywudations.

Influence of Impatience During Downloading

Let us first consider the impatiené® and its influence on the sojourn time of
a successful customer as shown in Figure 3.5. On the leftigur& 3.5(a), the
CDF of the sojourn time as computed from Equation (3.51) ashwith dif-
ferent impatience thresholds for downloading ugkrs. Darker lines represent
smaller values ob; *. Obviously, the sojourn time increases when the patience
threshold increases. This can be explained by the fact thah; * is small,
only small files are actually downloaded and users downiwgtirger files will
have a large tendency to abort their attempts, so on avehegeojourn time
in the system will be small. This is also suggested when wk &idhe steady
state distribution of the number of users in the system, sge3/5(b). For all
considered values, in particular whep' is small, the probability of finding an
empty system upon arrival, i.e(0), is greater than zero. A largé[ ! shifts the
weight of the distribution toward a larger number of custenén the case of
67! = 60 min we can see that(IN) > 0, leading to blocking of potentially new
arrivals.
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