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Abstract—We consider the problem of mesh-pull based video Packet transmission - .
broadcast in peer-to-peer networks. We propose a novel algo __-___ Packet request .
rithm for constructing the distribution overlay, where peers are
arranged in neighborhoods that exhibit similar latency vales
from the origin media server. We analyze the properties of tle
resulting mesh and show that it increases data sharing betvea
neighbors, hence improves the system performance compared
to random constructions. The nodes are further equipped wib
a novel streaming strategy that is built on utility-based paket
scheduling and proportional resource sharing in order to fidt
against free-riders. The utility is driven by both the packe

importance f_or the video qualit_y the _packet popularity within Fig. 1. lllustration of a mesh-pull based P2P broadcasesyst
the peer neighborhood. Our simulation results show that the

proposed protocols increase the performance of a mesh-pull

P2P broadcast system. Significant improvements are registd

;?/'g:glgee t?j e?:)ggit;lngg rZ?éUt('j%neS t'(;‘ ttﬁémsagie?\gﬁgguﬁ#ghgn (?dthe performance if they delay and latency constraints. Thea, th

mesh construction algorithm. The latter provides further gains presence of free-riding in a ;ystem also has a.negatlv_etﬂ‘ffec

in performance in terms of frame-freeze and playback lateng ~the overall performance as it counters the main premise Bf P2

relative to a conventional approach where peer neighbors @& overlay networks where the available system bandwidthlshou

selected at random. Corresponding gains in video quality & increase with the number of peers. Specifically, free-ddee

registered due to the improved continuity of the playback peers that want to obtain content from other peers, but that d

experience. : : L
not want to serve peers with their own content. Hence, this is
manifested as a reduction in serving bandwidth to some peers

|. INTRODUCTION which in turn causes extended delays and variable audiesvid

With the rapid developments of P2P networks, overlguality of the multimedia presentation at these peers.
video streaming has been gaining a lot of interest and everin this paper, we present a comprehensive streaming frame-
becomes a common place that is frequently encounteredwark that attempts to address the above issues in mesh pull-
the Internet. Propelled by the steady increase of resientiased P2P systems (see Fig. 1). Peers typically requests
access bandwidth and an audience ever more hungry fovideo packets from their neighbors in order to form the
multimedia experience on the Internet, P2P video streaminigleo stream that is passed to the decoder. At the same
applications have been successfully deployed and tested time, they try to satisfy the requests of other peers and
broadcasting or multicasting pre-encoded content or lremts  forward requested packets as long as the bandwidth camtstrai
to large audiences in the Internet. Systems like PPLive [Hermit it. We first design a mesh construction procedure
PPStream [2], and Coolstreaming [3] are among the mdhkat builds neighborhoods with peers that exhibit similar
popular solutions for P2P streaming. delivery delays relative to the broadcast media servers Thi

Still, the present P2P multimedia experience is marred Iycreases the likelihood of data availability among nemyisb
uncontrollable start-up delays, frequent freezes of thitime- thereby reducing the playback latency and the frame freeze
dia playback, and significant fluctuations of audio and viddoequency of the media presentation at the peers. In additio
quality. Among the reasons for these apparent shortcomings design a receiver-driven algorithm for requesting media
we count the following. First, the design of the existing P2Packets from neighboring peers that prioritizes packetetha
streaming applications have been mainly carried over froom their utility. The utility of a packet is based on the patke
earlier P2P file sharing applications. As such they are dlelivery deadline and its importance for the reconstructio
equipped to deal with the specificities of multimedia datguality of the media presentation. The utility also depends
such as delivery deadlines and unequal importance of packet the popularity of a packet within the neighborhood so
for the video quality. In particular, the construction ofeththat the delivery of less frequently encountered data units
overlay delivery network and the data exchange mechanisimdacilitated. A peer equipped with our algorithm can thus
employed by the peers can contribute to poor P2P multimedeguest the media packets that maximize the performance of




its media presentation. This simultaneously contributesatd vertical position of the existing nodes in the overlay repras

the same goal at neighboring peers. Therefore, a globatheir respective latencies relative to the origin mediaveser
optimized performance of the presentation over the who8pecifically, going top to bottom in the figure the delay
peer population is achieved. Finally, we design a bandwidih receiving original media packets becomes larger at each
sharing procedure that targets robustness against fteesri subsequent node.

In particular, a sending peers distributes its upload baditiwv ~ Now, assume that in one case the new peer selects Node
among its requesting neighbors in proportion to their owh and Node 3 as its neigbours. Then, the delay configuration
contributions in terms of data rate to this peer. Hence, & fredbetween these three nodes may be as the one illustrated in
rider is effectively shut down from receiving any useful aatFigure 2(a). Specifically, the new node exhibits longerraje
from its neighbors, as its rate contribution to them wouleklative to Node 1, which is expected, as it is connecteddo th
typically be non-existing. We demonstrate through simatat media server through this node. For the same reason, the new
that the proposed framework provides an efficient solut@n fnode may exhibit shorter latency relative to Node 3. Hence,
video broadcast in P2P systems. It substantially outpedor such a configuration typically creates a unidirectional flww
existing mesh-pull based algorithms over several perfonea media packets from Node 1 through the new node to Node 3

indices: in the end.
1) significant reductions in frame freeze and playback On the other hand, if the new peer selects Node 2 and Node
latency due to novel overlay organization 3 as its neighbor then the prospective latency disposition o

2) increased average video quality and useful decoditfte three nodes may be as the one shown in Figure 2(b).
bandwidth thanks to utility-based packet scheduling Here, Node 2 and Node 3 exhibit similar delays relative to
3) improved resiliency to free-riders due to proportiondhe origin server and the newly joined node thus exhibits a
upload bandwidth sharing. similar latency too. Such a delay configuration may contgbu
The rest of the paper is structured as follows. First, in Set@ media packets being exchanged between Node 1 and Node
tion II, we describe the proposed mesh construction pragedd through the new peer in both directions, as illustrated in
and analyze in details the properties of the resulting ayer|Figure 2(b). The Node 1 could further send packets to Node 2,
network. Next, we describe the utility-based packet sctiegiu Node 3, or the newly joined node, with a similar efficiency. In
framework in Section Ill. Then, we describe the organizaticRddition to contributing to a more balanced distributiomlafa
of the P2P streaming system in Section IV. Specific perfofows in a neighborhood, the second configuration in Figure 2
mance aspects of the whole system are examined in SectiorP{@vides a more consistent delivery of media packets in the
followed by a discussion of related work in Section VI. advent of node departures. In particular, in the case exaiin
in Figure 2(a) a sudden departure of Node 1 may disrupt
Il. L ATENCY-BASED NEIGHBORHOOD CONSsTRucTIoN  (albeit temporarily) the timely delivery of media packets t
the rest of the nodes in the neighborhood (in this case the new
o peer and Node 3). On the other hand, if Node 2 decides to
_The organization of the mesh that connects peers hagegye the newly joined peer can continue to receive new media
direct influence on the performance of the P2P video Stre@m'ﬁ‘ackets from Node 3 in a timely fashion due to the similar

system. In particular, an efficient construction shouldofav jatencies that are involved in the scenario from Figure .2(b)
data exchange between peers that are direct neighbors in#fi¢; scenario is clearly more efficient for video streaming
mesh. Such packet exchanges typically happen when ne'ghgﬁblications.

peers are synchronized or experience a similar latencyeo th Overlay construction algorithms commonly select neigsbor
streaming server. We propose in this section to organize e, rangom from an existing population of nodes. While the
peers in neighborhoods that gather peers based on theyateng,iting overlay exhibits some appealing propertieshsuc
they experience in order to make best use of the bandwidll 5yrong network connectivity, it is likely to resemble the

resources. scenario described in Figure 2(a). Since random neighbor

A. Motivation

@ ®  Existing node se_lection appears inappropri_ate f_or the context of dataeatgl _
with deadlines, we propose in this paper to select peer neigh
@ N O New peer bors based on their delay characteristics relative to thaiane
Delay : by Connection server, similarly to the scenario in Figure 2(b). We propose
(2) Random (b) Delay -based below an algorithm for delay-based neighborhood constmct
and we analyze the characteristics of the resulting overlay
Fig. 2. lllustration of two possible configurations when avneode joins

the P2P overlay.
B. Neighborhood selection algorithm

As a motivation for such a mesh construction, we considerWe propose to organize peers into neighborhoods that
the following example shown in Figure 2. It illustrates théeature similar delays from the media server for all their
scenario of a new node joining an existing overlay of peenniembers. In other words, we aim to construct a neighborhood
The new node is represented as a full circle in Figure ®ijth K peers, such that each of these peers exhibit a roughly
while three of the peers already present in the overlay agqual latency in receiving the media packets sent by the
denoted with white circles marked with numbers. The retativserver originally. This will increase the likelihood of hag



the peers in that neighborhood exchanging packets with edtgorithm 1 Neighborhood selection
other. Peers in a neighborhood are likely to be synchronised: Initialization : Setp, P, X
as they request at the same time the packets that exhitdt for m=1,...,N — K +1do

similar decoding timestamps. Increased data exchangénwith3: for j=1,..., K do
a neighourhood improves the performance of the whole systerh l(j)=5+m-—1
in terms of resource usage, delay and video quality. 5: Construct setZ,,, C P
Let assume an existing overlay formed by a set of node§: Compute latency spredd|”

P = {p1,....,pn}, with N > 1. Let Ap = {6;,...,65} 7 endfor
be the corresponding latencies of these nodes relativeeto t8: end for
origin server. Without loss of generality, we assume that th 9: Find m* = arg min|A|#
nodes are sorted according to increasing values of laténcy..g. Return: neighE)norhood Qf is Z,y,-
new nodep can connect to the overlay via any nodefn Let
App = {0p—pis---,9p—py | DE the corresponding network
delays between the new peer and the nodeB.ifrinally, let
X = {x1,...,zn} denote the relative latencies of the new
peer to the server through the different nodeg’inNote that
we havez; = J,_.p, + 0; or equivalentlyX = A, _,p + Ap.
Recall that we want to favor data exchanges among nodes
that exhibit similar latency. The new peer is thereforerinte
ested in finding the subset of peefsC P of size K < N
such that the distribution of latencies seen by the peeutiro

these nodes relative to the origin server exhibits the ssiall g sener

variance. In particular, e = {p;1),...,pix)} be a subset 55 Neighborhood

of peers fromP, wherel(;) is a mapping function witl(;) €

{1,...,N} for j =1,...,K. LetY = {y1,...,yx}, With Fig. 3. An example of a minimum delay mesh construction. fher sake

of clarity, the figure does not include every connection leemthe nodes in

Yj = Op—py;, + 015 be the relative latencies from the peer " vonc

to the server through the nodesiin Then, let\Z, = minY

and \%2, = maxY denote respectively the minimum and

maximum latencies that sees to the server through the peefd/e analyze below the characteristics of the resulting ayer!
in Z. Finally, the spread of latencies characterizing the subsmth from statistical and graph theory perspectives.

Z can be expressed 457 = \Z, . — \Z. . The subsetZ*

that exhibits the smallest latency spread relative to thgiror

o C. Increased Likelihood of Data Sharing
server is given by

We provide here a statistical characterization of the pro-
Z* = arg glcl% INZ. (1) posed neighborhood selection algorithm. Specifically, we a
alyze the latency distribution that a new peer experiences
The problem of Eq. (1) can be efficiently solved by perthrough its selected neighbors. We study the statisticabem
forming the following three steps. First, we form subset dfes of this distribution and we compare it to the correspond
peers by sliding a window of siz& on the setP. In other ing distribution for the case when neighbors are selected at
words, form =1,..., N — K 4+ 1 we create the set8,, € P random. In summary, we show that the former distribution
with the mapping function(j) = j+m—1,forj =1,..., K. has a tighter/narrower support and features smaller medn an
Then, for each sef,, we compute the corresponding delayariance values related to the random selection case. This
spread|s|?~. Finally, we find the indexm for which the contributes to increased likelihood of data sharing among
latency spread is the smallest over all sBts. Let this index neighbors.
be denotedn*. The corresponding set,,- represents the We look at the distribution of the latencie$ that peers
solution to Eq. (1). We summarize the algorithmic steps ekperience while receiving media packets from the server.
the procedure described above for computing the solution\we consider that this distribution is bounded, i.e., it &iisi
Eqg. (1) in Algorithm 1. Note the in general, one may have ta lower and an upper limit on the values it can produce.
sort the peers according to latency values before runniag tBpecifically, the lower bound,,;, can be related to the data
Algorithm 1. rate at which packets are sent to the direct neighbors of the
We show in Figure 3 an illustration of a mesh constructezkrver. The upper bound,,.. in turn can be related to the
using our procedure. Going radially from the center, wheraaximum distance or depth (in terms of number of hops)
the media server is located, we can see that the latermmtween the origin server and a node on the "periphery” of the
from the server to the nodes increases. Still, nodes withinogerlay. We further consider th&f represents a sample set of
neighborhood, denoted as dashed clouds in Figure 3, exhileializations ofV random variable(,’s that are independently
similar latencies in receiving media packets issued by tlaed identically distributed over the range described bytwee
server earlier, which in turn increases their collaboratio bounds, i.e.,[zin, Tmas]. SoOrting X along the increasing
delivering these packets to one another, as argued préyiougalues of the delay then corresponds to creating an order



statistics of the originalV random variables(;, X,,..., Xy We analyze now the properties of the proposed overlay
denoted asX(y), X(2), .., X(n) [5]. Given the formalism of construction when the latencies are uniformly distributed
order statistics, the selection of a neighborhdggdas defined this case, the distribution of the latency spreadtis,;) and
in Algorithm 1 corresponds to computing the realizationta t 1,, can be computed analytically, as given in Appendix
random variabldV,, defined as A. These latency spreads correspond to the outcome of the
overlay construction proposed in Section 1I-B, where the
Wi = Xn) = X(m), (@) subset of neighborg,,, is selected optimally or respectively

where the random variables,,,, and X, have realizations by picking randomly any indexn € {1,...,N — K + 1}.

2(m) anda,) that corresponds to the respective latency valu¥e compare these statistics to the statistics of randomayver
for the first and last entries (member peers) in the&gt as construction wherds peers are selected at random from the

selected from the sorted array of delay¥s Note that, when S€t of peersP. The latter statistics are computed empirically
the size of the se¥,, is set tok, the difference between theSince there is no closed form expressions for the mean and
indicesm andn is always equal td — 1. standard deviation when the overlay is constructed rangoml
Next, let f(«) and F'(z) denote respectively the probability

; . ; e . p (%) | o (%)
density function (pdf) and the cumulative distribution étion Random | 152.64 | 45.50 (%) | o (%)
(cdf) for the random variableX;, i = 1,..., N, with respec- W, 13.61 | 8.77 Wi 891 | 19.28
tive realizations inX, as explained earlier. Then, it can be Wm@ | 490 | 2.14 Wi | 321 [ 470
shown [5] that then-th order statisticsX,,,) is characterized (&) Relative to a Uniform random (b) Relative to a Random overlay
with the following pdf: variable construction

TABLE |
N! M
_ m—1 N—m EAN (1) AND STANDARD DEVIATION (o) FOR DIFFERENT NEIGHBOR
fm(x) - (m _ 1)!(]\7 _ m)! F (x) (1 - F(x)) f(x) SELECTION METHODS IN PERCENT OKfig, 02) FOR A CHOSEN
1 REFERENCE NEIGHBORHOOD SIZEK = 8.

_ m—1 _ N—m
Furthermore, given Eq. (3), we can derive the pdf for the We compare the. distribution of the Iaten_cy spread in a
random variable introduced in Eq. (2). Specifically, firstan neighborhood for different overlay constructlpn methods t
be shown that the joint pdf.....(, ) of two random variables the values ofu,, ando, that represent respectively the mean

Xy, Xy for 1 <m < s < N andz < y can be written and standard deviation of the uniformly distributed latenc
as(w[gi (m): - - - samples inX (see Table la). It can be observed that selecting

neighbors at random contributes to a 52% higher mean value
fmn(x,y) = Cpy F™ Y (2) f(z) (F(y)—F ()52 f(y) 1—F(yfof e latency spread of the neighborhood relativeuto
(4) On the other hand, the standard deviation of the latency
where we have used the fact that m = K —1. The constant spread is approximately 55% smaller thap. Furthermore,

term C,, is given as it is encouraging that the latter two approaches createhneig
NI borhoods characterized with latency spread statisticsatea
Cn = much smaller than those for the origin delay distribution.

— DK —2)I(N —y)!’
(m = DUK = 2N —y)! Specifically, W,,, exhibits mean and standard deviation that
Then, using Eq. (4) and a transformation of varialfles)) — represent fractions of 14% and 9% only, relative;tp and
(z,wn,)* wherew,, = y — x, we can obtain the pdf ofV,,, o, respectively. Further improvement is provided By, 1)

g(wp,), by integrating out the pdf,,,(z,w.,) overz, i.e.,  that is characterized witly and o representing very small
o portions of 5% and 2% of the corresponding statistics for the
g(wp) = Cm/ Smn (2, wp,) d. (5) original distribution, as seen from Table la.

Next, in Table Ib we examine the relative valuesiofind
Recall that the proposed overlay construction techniqgefor W, and W, ;) compared to the respective statistics
computes the realizations of the variablés,, for every set in the random node selection algorithm (denoted Random
Zm, With m = 1,...,N — K + 1. Therefore, it produces in Table 1). It can be seen that both methods significantly
an array of values corresponding to these realizations, i&prove performance in terms of latency deviation within a
(w1, ..., wn_k41). The algorithm then selects the smallegteighborhood relative to Random. In particulép, o) for
of these values whose corresponding indexdetermines the W, are only 9% and 19% fractions, respectively, of the
neighborhood of peerg,,- that the new node will join. This corresponding quantities for Random. In the caséiof)
procedure corresponds in fact to finding the order stagitic an even more significant reduction of the magnitude of the
the variabledV,, i.e., Wy, (1), - . ., Win(v—x+1) and selecting statistics of the latency spread is registered, as seen from
the neighborhoodZ,, that corresponds to the first orderfable Ib. The sizes ofyu, o) for W, ) represent 3% and
statisticsW,,,(1y. Finally, the cumulative distribution function 5% fractions of(y., o) for Random, respectively.
of the first order statistic8/,,,(;) can be computed from Eq.(3) Finally, in Figure 4 we illustrate the cumulative distrilmrt
by usingm = 1 and G(w,,) = [ g(wy,). functions of the latency spread in the case of Randdry,,
and W,,1). As corroborated by the previous results from
1The Jacobian of this transformation has a unity modulus. Table I, we can see from Figure 4 that the support of the cdf



a statistical lower bound fay as the average of the clustering
coefficients for each of the two classes. Finally, we show

Distribution functions of different neighbour selection methods: K = 8

1
ol — V| experimentally that the actual clustering coefficient ielsshed
08 - =W ] in simulations follows the computed bound closely.
! Rand 1 Let N; and N, denote respectively the minimum and the

o
3

maximum sizes of a neighborhood in the overlay. These
correspond respectively to the initial number of neightibes

a node can be associated with in the network and to the
maximum number of neighbors that the node can possibly
accept during his association with the overlay. In steady
state, we model each peer in the cl@ssas featuring dense
local clustering of edges amony; of its neighbors, while

‘ ‘ ‘ ‘ the remainingN, — N; neighbors correspond to connections
02 4 o0 o8 b P to other dense clusters. The remaining — N; neighbors
that also feature a densely clustered set of nodes, though

Fig. 4. Cumulative distribution function of different néigor selection rather smaller than the former one. Therefore, the clusderi
coefficientn; for a node inC; should be at least as large as

methods forK = 8.
N] N2—N1
( 2 ) + ( 2 ) . (6)

n >
(2)

o
=)

Prob{X < x}
o
w0
T T

F(x) =
o
=

o
w

°
[N}

=]
[
= T T

oo

and the mean and standard deviation values¥qy,) are the

smallest, while those for Random are respectively the &rge . )
This confirms that the latency-based mesh organizatioritsesu FOF nodes in the second claSs, it holds that they can be

in small latency difference between neighbors, hence asere  cONNected to as many a6, /(N, — IV, ) different small dense

likelihood of data exchange. Finally, we note that selegtirfluSter conduits featuring/, — N, neighbors each. Hence, a
the neighborhood by picking the index randomly in the lower bound on the clustering coefficiemt for nodes in the

Algorithm 1 represents an interesting compromise betwe8Rcond class can be computed in this case as
computational complexifyand performance. Althoughv,, Ny | (Ner)
performs relatively worse relative td/,, 1), it still provides No- My B 2
a substantial improvement in latency divergence perfogaan ( 2 )
relative to Random, as shown in Figure 4. Finally, we estimate the overall clustering coefficient thoe
entire network as the statistical average of lower bounds fo
D. Small World Property the clgsterlng coefﬂments_for the nodes in the two classes,
i ] : given in (6) and (7). That is,
We show in this section that overlay networks constructed
using the proposed procedure exhibit small world propertie n=vy-m+1-7) n, (8)
4]. Small world networks are represented by a class of ggaph ) .
[41 - . pres ya gap wherey = N[N/ represents the fraction of nodes of
that exhibit density of edges that is much higher than tth sse<C: in the 01\\/[erla
of random graphs. This means that such networks featu %n Fi lljre 5 below vale examine the bound forfrom E
clusters of highly interconnected nodes and a few conmtio( comg ted for d'i‘ferentN and N. values tcf)@ether q"éh
between nodes of different clusters. The benefit of such @ i plIJ | fl the clusteri 1V # . tgd i Wi d
node configuration in the network is that once a pack € actua tvafuetsh or the cu? erlﬂg c(cj)e '(.:Ii?) r(]eerdmmua |
reaches a cluster it can be readily obtained from the CIUSF@?‘:,[?;LT;” ii Ic;r| u?esgglsvgesvr\wlg\:v ;ne Sgl'ﬁ] q c;rndoct)hesﬁitsﬁar
members. Furthermore, the smaller number of connectio\% 6 form as agfunction of the network siz& for N: — 8
between the dense clusters ensures short overall hop codnts —nN 6. It can be seen the actual value folllo_ws
between different nodes, which in part can control the end-t 2T S 1P
end latency. closely our estimate, which justifies the modeling employed
. . - , ira our analysis for computing the bound in Eq. (8). Similar
We estimate the clustering coefficient in the Proposec : .
. . . Iy ehaviour can be observed from Figure 5b where we compute
overlay construction algorithm. The clustering coeffitien . )
) . . . the bound and the actual value fpas a function ofVy, while
describes the density of edges in the neighborhood of a peer, ". . 3
L . egping the network size a@f = 10° and Ny < N; + 6. It
which is the ratio between the actual number of edges and the . .
: . . can be seen from Figure 5b that again the actual value of
maximum number of edges in the neighborhood of the pe?r )
W . . . ollows closely the estimate.
e approximate the total population of peers in the overfay a . .

. ' : We conclude the section by comparing the values obm-
belonging to two classes;, andC,. The first one comprises ed for an overlay constructed using the proposed approac
nodes that are mostly embedded in local dense clusters. Agr% for a random yra h of the sameg\]/ertef siSe S ec?ificall
the second class features nodes that mostly serve as cand grap . 3 P Y.
S . we set the number of peers in the netwdykto 10° and the
i.e., interconnects between different clusters. We thenmge .. . ) .

initial and maximum neighborhoood size for a nodé\ip= 8
and N, = 14 peers. The corresponding clustering coefficient

2We only need to maintain an ordered list of peers in the nétaocording : ’ -
to their respective latencies from the origin media server. for this parameter configuration was computed to be 0.472.

()

v

12



Clustering coefficient for N2 - N1 =6and N‘ =8 Clustering coefficient for N2 - N‘ =6andN=1e3
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Fig. 5. Clustering coefficient) as a function of (a) Network siz&/, for N1 = 8, and No = 14, and (b) neighborhood siz#/;, for N, = N; 4+ 6 and
N =103

The corresponding value farin the case of the random graphcontent is originally compressed. The encoding procesdese
is only 0.0122. The significantly larger clustering coeffiti dependencies between the data units that can be abstracted a
in the former case confirms that the proposed delay-basedirected acyclic graph [7]. , as illustrated in Figure 6clta
technique creates overlays that indeed belong to the cfassnode in the graph represents a data unit, and an arrow from
small-world networks. data unitl to data unif’ in the graph signifies that for decoding
data unit/, data unit’ must be decoded first. Each data unit in
the presentation is characterized with the following qitizst
) ) ) (i) By, the size of data unitin bytes and (ii)}4; is its delivery
A. Receiver-driven packet scheduling deadline This is the time by which data unitneeds to be
received in order to be usefully decodedPackets arriving
after the delivery deadlines of the respective data unig$ th
they contain are discarded. Furthermatél” = {1,...,1}
is the set of data units that the receiver considers for error
concealment in case data uhis not decodable by the receiver
on time. Finally,Adl(ll), for I, € Nc(l), is the reduction in
reconstruction error (distortion) for the media preseatat
when data unif is not decodable but is concealed with data
unit [; that is received and decoded on time. Note thdf”
denotes simply the reduction in reconstruction error when
data unit/ is in fact decodable. The media source model
presented here has been adopted from [8], which in turn
represents a generalized version (accounting for decaodar e
concealment) of the model originally introduced in [7].

Then, each peer maintains a sliding windéwof packets
. . that are useful to him at a given point in time. The window
The delay-based overlay construction algorithm propos?(gica”y comprises the packets with the video information

above increases data sharing among neighbor peers. HowetYth has to be played back in the near future. The peers

it is known that data packets in multimedia streams haYJeuffer the already received data units from this window,levhi

;i:jy ti?r?itr?roi?\?(?r?::t?or?h[z;;a(lz':elgsggfnelg ttt?er;:;or%f I?;ﬁg::j};} eey seek to request the rest of them from its neighbors. Let
g ) P M c S denote the set of missing data units at pe€fhe peer

to carefully prioritize packets so that data exchanges in n?ay experience different reconstruction qualities of tredlia

neighborhood maximizes the video quality at all the peers, . . .
o . : . presentation played at its end commensurate to the media

We propose a utility-based receiver-driven packet schieglul . i ,

: o ; . .. packets received in response to different request schedule
algorithm, where the utility of a packet is driven by it o . . .

. . - : . . herefore, the peep is interested in computing the optimal
rate-distortion characteristics and its popularity withthe ; ) .
schedule for requesting data M from its neighbors, such

neighborhood. that the reconstruction quality of its media presentatien i
First, we consider that the video stream comprises data q y P

units that are output by an encoding algorithm when the3in MPEG terminology this is the so called decoder time-stamp

Il. UTILITY-BASED PACKET SCHEDULING

Fig. 6. Dependency graph for data units of a video presentati



maximized. Typically, the peep tries to receive the most Finally, the peer is interested in minimizing the expected
important packets first. We formalize below the problem fadistortion D(7) such that its downlink capacitg'(¥) is not
rate-distortion optimal packet scheduling. We then prepas exceeded as a result. In other words, the pe&r interested
low-complexity solution based on the notion of packet wtili in computing the optimal policyr* given as

: o * = in D 1. <CcW, 11
B. Packet scheduling optimization problem T argﬂr-mn (m),  SstR(m)<C (11)

Let w denote the collection of request schedules for the Using the method of Lagrange multipliers, we can refor-
data units inM, i.e.,® = {m1,..., 75}, Wherem,  is the mulate (11) as an unconstrained optimization problem. That
request schedule for data uiit € M, form = 1,...,|M|. is, we seek the policy vectar that minimizes the expected
Each request scheduts,, represents a matrix of siZé| x LagrangianJ(w) = D(w) + AR(m) for some Lagrange

N, whereP denotes the set of neighboring nodes of peer multipliers A > 0, and therefore achieves a point on the
The row indexn and the column index of =, correspond lower convex hull of the set of all achievable distortiotera
respectively to the neighbgr, € P from which data unit,, pairs(D(w), R()). As shown in [9], a policy vectorr that

can be requested at time slgt ;, forn =1,...,|P| andi = minimizes the expected Lagrangiafiw) can be computed
1,...,N. In particular,tg, t1,...,ty_1 represents a horizonusing an iterative descent algorithm called Iterative Sieitg

of N time instances for requesting data units starting from tialjustment (ISA) [7]. However, due to the complexity of such
present time. Given the abover,, comprises binary entries an approach, we propose instead an approximate yet efficient
an; € {0,1} that signify whether data unit,, is requested solution to the problem of Eq. (11), which is more suitable fo
at time slott;_; from neighborp,, (a,; = 1) or the opposite being incorporated as a part of an actual system. We describe
is true, i.e.,a,; = 0. It should be noted that a data unit ighis low complexity approach in the next section.

not requested beyond its delivery deadline. Therefore, ate s

ap; = 0forn =1,...,N and time slotst;—y > tqu,. for ¢ | qy complexity packet scheduling algorithm
every data unit,, € M. Similarly, we seta,; = 0 for i = ) )
1,...,N for every neighbop, that does not have available FOr €ach data unit,, € M, we defines;, to be the

sensitivity of the media presentation to not receiving dati
I, on time. This quantity can be computed as the overall

increase in distortion affecting the media presentationthey
at decoding, i.e.,

data unitl,,, in its current sliding window. Finally, let(m;,,)
denote theexpected erromor the probability of not receiving
data unitl,,, on time given its request schedute, .

Following the approach in [9], the expected distortiondtPSeNnce ot
the media presentation at peeas a function of the request

scheduler can be expressed as St = Z Ad,?’)a (12)
J€D(Um)
Iy
D(m) = Do - Z Z Adl(m) _ H (1= e(m;)) whereD(l,,,) is the set of descendaftsf data unitl,, and
tm €M 1 entm) seAli) Ad§j) is the reduction of reconstruction distortion associated
with data unit j. Furthermore, we defind;  to be the
H 1- H (1 —e(my)) |+ (9) current importance of data unit, for the overall quality of
L2E€C(m, 1) la€Al2)\A(l) the reconstructed presentation. Using (12) we compute this
where Dy is the expected reconstruction error for the preduantity as
sentation if no data units are received(l;) is the set of s,
ancestors ofy, includingly. C(I,,, 1) is the set of data units 4, = ﬁ - Qu,, (kP - U(t, tay,,)- (13)

JE Nc(l””) : 7 > 11 that are not mutual descendants, i.e., for

j.keC(l,ly):j ¢ D(k),k ¢ D(j), whereD(j) is the set of ~ We explain each of the multiplicative factors in (13) in the

descendants of data unjitincluding data unitj itself. Finally, following. The termsS;,, /B,,, represents the sensitivity of the

“\” denotes the operator “set difference”. We refer the read@edia presentation per source byte of data Upitin other

to [9] for details on the derivation of the expression in (9). Words, S, /B, describes the distortion-rate tradeoff for the
Now, a request schedule will also induce a certain data raf@dia presentation associated with requesting dataljnitr

on the downlink of peep. This is the expected amount ofhot. We denote the second ter@y,, (k,[P|) the popularity

data that the neighbors iR will send in response tar. This factor for data uniti,, in the neighborhood of peer. This

quantity can be computed as quantity describes how often this data unit is encountered
among the peer nodes 1. Specifically, based on the number
R(w) = Z Bi,.p(m,,)s (10) of replicask of data unitl,, found in P and the size of
lm€M the neighborhoodP|, the popularity factor returns a number

that is inversely proportional to the ratib/|P|. When the
frequency of coming acrods, in P increases, the popularity
factor decreases and vice versa. The motivation behindyusin

where B, is the size of data unit,, in bytes, as introduced
before, andpm,,) is the expected cosbr redundancy of
requesting data unit,, under policyn;, . Precisely,p(m,,,)
denotes the eXp_eCted number of bytes sent per source byte q:for example, for the first "B” data unit in Figure 6 this is thellection
l» on the downlink of peep. of data units encircled in dotted red.



such a factor is to alleviate the dissemination of data ueits Algorithm 2 Packet scheduling algorithm

frequently encountered among nodes in the overlay. Finallyt: Initialization : NodeSchedule 5}, DataUnitSchedule =
the last multiplying factor in (13) accounts for the various {}

delivery deadlines that different data units may have ikedab cform=1,...,|M| do

the present time. In particular, theurgency factoi (¢, t4,,,) for I,, € M do

provides a measure of relative urgency of data épitwith ComputeZ;,,
respect tot and among the data units . As the deadline end for
of a data unit approaches its urgency factor increases. 6: end for

Conversely, for data units with delivery deadlines far itie : Sort{Z;, } in decreasing order- M
future, this factor should exhibit respectively smalletuess. cfor j=1,...,|M| do
The idea for employing an urgency factor when evaluating the:  for Im, € M do

O NOOaR N

present importance of the data unitsiifiis to be able to give 1o0: for k=1,...,|Pq, | do

preference to data units that need to be received sooner fay for pn, € Pu,, ) do

peerp due to their more pressing delivery deadlines. 12: ComputePr]ob{RTT(pypn ) <tap, }

The proposed light weight optimization algorithm for com-3. end for ¥ !

puting the request schedule for the data units)Mhthen 14 end for

operates as follows. First, the current importance valoes fis. Find M AX = max{ PTOb{RTT(p,pnk) < td,lmj}}
i — i Pn

data unitl,, € M andm = 1,...,|M| are computed using it MAX > 0 thon

(13). These quantities are then sorted in decreasing drder.

M™" denote the corresponding set of 'sorted’ data units. Thégf Update schedules:

is the index of data unit,, in Mson, form = 1,...,|M]|, ' Find p, = argrgix{ PTOb{RTT(p’p"k) <
corresponds to the location/position of its current impoce td, i, +}

7;,, in the sorted list of these values. Next, starting from th&9: NodeSchedule $NodeScheduley;,, }

first element of ™" and moving toward its last one, we 20: DataUnitSchedule {DataUnitSchedulé,,,, }
compute for each entry in/™" the likelihood of receiving 2L end if

this data unit ap before its delivery deadline. In particular, let22: ~ end for

L, € M*" for j = 1,...,|M], be the data unit considered23: end for

in the algorithm presently. Furthermore, &, y C P denote 2% Execute schedules :

the subset of neighbors gfthat have data urJIEL;nj available 2% for n=1,...,|NodeScheduledo )

in their sliding windows at present. Then, for every nodg® P» = NodeSchedule(n),, = DataUnitSchedule(n)

Pn. € Py, ) we compute the probability that data unjf, 2 ie}nd request to node, for data unitl,,

will arrive at peerp no later thant + to,,, in response 2% €N 107

to a request sent by to nodep,, at present, i.e., at time

t. In other words, this is the probability of experiencing

a delay shorter tham,; between the events of sendinglescribed above. First, we assume that a registry serveskee
the request on the forward channel— p,, and receiving track of the peers in the network. For each peer the server
the data unit on the backward channg), — p. In the maintains an entry comprising the peer's IP address and the
terminology of computer networks this delay is called theinimum delay that this peer measures with respect to the
round-trip time and we denote it heRfTT(p,pnk)- Hence, we media server. Th(_a rggistry server maintain§ a §o_rted lithef
compute Prob{ RTT(;, 5.} < tdu,.,} for pn, € P, ) and registered peers in increasing order of their minimum leyen
k=1,...,Pq, | from statistics of the channel and estimatéo the server.

of the bandwidth, as described in Appendix B The algorithm A connect procedure for a peer joining the network com-
selects to send a request fr; to the nodep,,, that exhibits prises the following steps. The peer contacts the registyes

the highest nonzer@rob{ RTT(;, ,, ) < td.,,}- Otherwise, and provides it its IP address. In return, the server pravide
if there is no such valfethe data unit is not requested and théhe sorted list of peers that the connecting peer can use to
algorithm proceeds to the next elementidf”". Finally, once S€léct its own neighborhood in the network, according to
p goes through all data units in the 'sorted’ set, it sends t&90rithm 1. In order to trade off computational complexity

computed requests to the appropriate node® iThe major and performance, the algorithm does not necessarily shlect
computational steps are summarized in Algorithm 2. neighborhood with the smallest latency spread but rather on

of the latency-based neighborhoods that still accept nates
discussed in Section II-C. Specifically, the peer beginsto ¢
tact the nodes in the network starting from the head of the lis
A. System description checking for the following two quantities. The peer wants to

We describe in this section a P2P streaming system that kmow first if the contacted node can accept a new neighiar
tegrates the mesh construction and the utility-based sttimed

IV. UTILITY-BASED P2PSTREAMING SYSTEM

6The nodes usually maintain a bound on the number of neightbais
5The probability of receiving this data unit on time from any the they are willing to accept in order not to overwhelm theira@ses by the
prospective senders is zero. demanding/requesting neighbors.
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the same time, the peer measures the network delay from thehis way, a peer can sort its neighbors based on their send
node, based on the data rate that the node is willing to spaatke contributions to this peer. Then, the peer can peradigiic
on sending packets to the peer. Once the peer has a sufficreplace the least contributing neighbor with a new peer se-
number of nodes willing to accept it as their neighbor, therpelected at random. Furthermore, if the peer experiencesptault
creates its own neighborhood with these nodes. At the sam@ghbor nodes with no rate contribution, it will simultane
time, the peer provides to the registry server its own mimmuously replace all of them with newly selected neighbors.
delay entry which the peer computes as follows. The peersAt the same time, the nodes can also check periodically if
adds the delay it measures from neighbors to the valuestlireir minimum delays have changed. This can happen as the
the sorted list provided by the registry server. The smatés data rates at which they receive data from their neighbars ca
these values for the neighborhood of the peer is returneddoange over time. Hence, a node can update then its minimum
the registry servér This concludes the connect procedure fadelay value stored with the registry server. At the same time
a peer. Each neighborhood can accept a maximal numbertl# node informs its neighbors that its own minimum delay
peers that is equal t&,,,, < K. has changed so that they can revaluate in turn and if needed
Note here that for the peers that first join the networlthe minimum delay values for their respective neighborlsood
the delays that they measure and store with the registipte that the case of departure of one or multiple neightsors i
server actually represent the latency at which they receigevered with the above consideration as then the data yate(s
data directly from the media server. Subsequent peers t@wethe departed neighbor(s) to a node would also change (become
cannot directly access the media server any longer, oteerwzero). Lastly, a departing node can inform the registry eserv
the server would be overwhelmed with requesting connestionf its decision so that its registry entry can be removed.
These peers register their network delay from the mediaeserv
indirectly, through nodes to which they connect to the nekwoc Resiliency to free-riders
when establishing their own neighborhoods. i - . .
Once the overlay is established, each peer requests vi ebn or-der 0 .f|ght eff|C|e.n.tIy anlnst free-riders that.consaum
Y X pe q % ndwidth without participating to the stream deliverye th
data from a subset of other peers that form its neighborhoad. . . . .
The peer is interested in requesting these data units s&ﬁges share their upload bandwidth in proportion to the

that it maximizes its video quality. Each peer maintains %umber of bits received from the neighbors. Typically, arpee

L . . o ends more packets to a neighbor that provides it with a lot
sliding window S of data units that periodically advances. If) data. In particular, the algorithm for sharing the upload

buffers the already received data units from this window arbandwidth of & peer amond its requesting neighbors operates
periodically exchanges maps describing the presencelebse p 9 d g helg b

(w) i
of data units with its neighbors. In this way, a peer can disco as follows. LetC"*) be the upload bandwidth of pegrand let

at its neighbors the availability of data units presentlgsirig P I denote the subset of neighbors from whjchas pending

in its window. The peer then computes the optimal schedurlequeStS at present. Then, to every ngdec PR, peerp

for requesting missing data from neighbors that maximikes taﬁocates a share of its uplf)ad bandwidth computed as
reconstruction quality of its media presentation. It péigally _ "(pk,p) o) (15)

. . r = —~
runs the Algorithm 2 in order to compute the sequence of (P.P%) > prePR T(orp)

requests it should send to its neighbors. where,, , denotes the present estimate of the sending rate

c . d from nodep,. to peerp. Hence, nodes that contribute more of
B. Connection updates their sending rate to pegrwill receive in return a larger share

In order to deal with the dynamics of P2P systems, ths its own upload bandwidth, as provided through Eq. (15).
neighborhood of a node in the overlay needs to be redefined

continuously. Each peer periodically discards the neighbo V. SIMULATION RESULTS
with the smallest rate contribution, and selects a new pegr

to be included in its neighborhood using the procedure from S|rrTuIat|0r.1 setup .
Algorithm 1. In this section, we examine the performance of the proposed

A peer periodically estimates the respective downloadsratéamework for streaming actual video content. We first araly
from its neighbors. This is done by computing the totd[€ influence of the urgency and popularity factors in the
amount of data received from each neighbor since the last tiffrformance of the utility-based packet scheduling atgori
the download rate was computed. For example,¥t*+) Then we study the benefits of utiliy-based packet scheduling
represents the set of data units that peéras received from and efficient upload bandwidth sharing on the performance
its neighborp,, within the last download rate estimation perio@f the streaming system. Finally, we look at the advantages

T. Then,p computes the the received rate contribution froipffered by the delay-based mesh construction over random
D as overlay architectures.

In the simulations, we employ the common test video
- _ > ieputen B (14) sequencé&oremanin CIF image size encoded at 30 frps using
"pep) = T : a codec based on the scalable extension (SVC) of the H.264
; _ standard [10]. The content is encoded into four SNR-scalabl
We assume that all the latency between two nodes in the rietwoours at

their access points. Hence, a joining node always measusasaber overall layers! with data rates_ of 455 kbpS, 640 k.bpS,. 877 kbps,
delay to the media server through a node higher in the soised | and 1212 kbps, respectively. The corresponding video tyuali
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of the layers is 36.5 dB, 37.8 dB, 39.1 dB, and 40.5 dBind compute the corresponding functions &, t,;,,) (left)
respectively, measured as the average luminance (Y) PSHIRIQ;, (k,|P|) (right) in Figure 7. For ease of presentation,
of the encoded video frames. The group of pictures (GOB) polynomials in the case of each factor attain the same
size of the compressed content is 30 frames, comprising theximum value that is additionally normalized to one in
following frame type pattern IBBPBBP..., i.e., there aretwFigure 7. In brief, it can be seen from Figure 7 théat, ¢4 ;,,)
B-frames between every two P frames or P and | frames. T@eft) and @Q;, (k,|P|) can indeed place a great degree of
300 frames of the encoded sequence are concatenated multiplative importance between different data units dependm
times in order to create a 900 second long video clip thattiseir respective power parameteisand 3, and arguments
used afterwards in our simulations. (t/tau,,) and (k/|P|).

The P2P network in the experiments comprises 1000 peersyVe observe how the specific forms of the polynomials for
out of which 5% are free-riders, while we distribute the iiast the urgency factor and the popularity factor, i.e., thegpec-
two categories: cable/ds| peers and ethernet peers, irative rtive polynomial power parameters, influence the qualityhef t
7:2.5. The upload bandwidth for ethernet and cable/dslspeeeconstructed media presentation at each peer. In patticul
is 1000 and 300 kbps, respectively, while the correspondimg conduct experiments where we varyand 3 in the range
download bandwidth values for these two peer type categor[6,2] and measure the corresponding average video quality a
are 1500 kbps and 750 kbps. The downlink data rate for frdés standard deviation. In Figure 8, we show these quasiitie
riders is set to 1000 kbps. The uplink data rate of free-gsidethe case of cable/ds| peers. In particular, in Figure 8)(le&
is irrelevant for the investigation here. In the simulatipnshow the gain in dB of the average video quality (Y-PSNR)
we measure performance as the average Y-PSNR (dB)refative to the case when the urgency and the popularitgrfact
the reconstructed video frames at each peer. The contenaiie not employed, i.e, 5 = 0. It can be seen that the
originally stored at a media server with an upload bandwidgain can reach as high as 1.3 dB when the power parameters
of 6 Mbps. The play-out delay for the presentation is set ®re in the range [1,1.5]. As the range of variations for the
the peers to 15 seconds. This is the initial amount of data th@PSNR gain in this rangeo( € [1,1.5],5 € [1,1.5]) is
each peer needs to accumulate in its buffer before stattieg tjuite small, to maximize performance the values for these
playback of the presentation. The size of the sliding windoparameters can be selected to correspond anywhere in this
S for keeping track of data units at each peer is 30 secondspiteau. Hence, for ease of implementation we opted totselec
data. Sending requests to its neighbors is considered bgra gbe same value for both of them, and that is one, in the rest
at intervals of 1 sec. The contribution of each sending peef the experiments in this paper. Finally, we can see from
in terms of data rate is measured by the receiving peer evéigure 8 (right) that the optimum range farand( in the case
30 seconds of time. The exclusion of the least contributing Y-PSNR gain also corresponds to the biggest reduction in
peer in a neighborhood and the consecutive selection of a netandard deviation of this quantity relative to the caserwhe
replacement neighbor is done by a peer every 30 sec. Igitiall (¢, t4,,,) and@;,, (k,|P]) are not employed. Specifically, for
each peer selects 8 other peers as its neighbors. Th&safe « € [1,1.5],8 € [1,1.5] we observe a plateau of maximum
a neighborhood for a peer can grow subsequently to contatlandard deviation reduction of 25% in Figure 8 (right). It
up to K. = 14 other peers. should be mentioned that similar observations and coraigsi

can be made for the case of ethernet peers. These results are

B. Influence of Urgency and Popularity Factors not included here due to space considerations.

In this section, we examine the influence of the urgengy. Utility-based scheduling
factorU(t,t4,, ) and the popularity facta®;,, (k, |P|) on the
overall performance of our system. We model these two fact
as simple polynomials composed of a single term that sati
the functional requirements ot (t,t4,,) and Q;,, (k,|P])
described in Section IlI-C. Specifically, for data ubhjt they
are computed at time as

Here, we are interested in studying exclusively the perfor-
ance advantages that our utility-based scheduling and-ban
dth sharing techniques from Section IV provide. Therefor
in this section we opt to employ a standard technique for
mesh construction and maintenance, where each peer selects
randomly other nodes in the overlay as its neighbors. In

t \“ Figure 9, we show the cumulative distribution function o th
Ult:tar,) = (H) ’ (16) average video quality for each peer type. It can be seen from
|P'|m 8 the figure that free-riders experience the media presentati
Qu,,(k,|P|) = <7) (17) avery low quality. This is actually desirable as these pders

not contribute their upload bandwidth resources to serdatg
where the parametess 5 > 0 are the powers of the polynomi-to other peers in the network, as explained earlier. Hemee, t
als forU(t, tq,,,) and @, (k, |P]), respectively. This formu- degraded video quality that they receive may in fact conteb
lation allows for a simple implementation that at the sanmeti to them changing their bandwidth sharing policy when they
provides a lot of flexibility in terms of the range of valuesth connect to the network next time. On the other hand, cable
can be covered bW (¢,tq4,,,) and @, (k,|P|) as a function peers and ethernet peers exhibit distributions of videditjua

of the parametera andg. In Figure 7, we illustrate the formsthat are quite narrow in range and steep in slope, and most
that these polynomials can attain as a function of the powierportantly of much higher amplitude relative to that ofefre
parameter. Specifically, we selee{3) € {1/4,1/2,1,2,4} riders, as also seen from Figure 9. Furthermore, the cuivalat
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case of cable peers.
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return. Hence, ethernet peers exhibit video quality thainis (kbps) for different peer types.
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Next, we briefly go over the cumulative distribution of vided-igure 11. Note that similar observations can be drawn when
decoding rate for the different peer types. This is the arhowomparing the corresponding results for the cable peer. type
of data received by a peer that the peer can actually uBeese results are not included here for space considesation
toward reconstructing the media presentation at its end. In
other words, a peer may decode only a part of its received data
as duplicate packets constitute an unnecessary redundancy
It can be seen from Figure 10 that ethernet peers exhibitHere, we present the relative improvements in performance
much higher decoding rates than the cable peers do, whichmgen the mesh construction algorithm (Min Spread) from
expected and is due to the different bandwidth capabilites Section Ilis employed, instead of the standard (Randompmes
these two peers types, as explained earlier. Furthermotk, bconstruction technique where each peer selects its neighbo
cable and ethernet peers receive substantially larger ot random. The metrics over which we measure performance
of useful video data relative to free-riders, as observedfr in this section are (i) frame freeze duration, (ii) normetiz
Figure 10. This is desirable, as we would like ethernet pedity-out time, and (iii) ratio "send rate / receive rate”.
and cable peers to spend as much as possible of their bandirst, in Figure 12 we compare the difference in frame
width resources between them, i.e., to share as little asilpes freeze duration experienced by the peers when each of the two
of them with the non-contributing free-riders, as discdssénesh construction algorithms is used. Frame freeze duratio
previously. Finally, note that the results on video decgdiate is the percentage of time relative to the duration of the whol
from Figure 10 correspond to those on average video qualigesentation during which a peer experiences frozen video
from Figure 9. content on its display. Remember that this happens whenever
a video frame is not received and decoded by the peer by its
decoding/delivery deadline. In order to compensate fay; thie
peer conceals this frame with the last decodable frame that i
has in its buffer. The content of this latter frame is kept on

Minimum latency spread neighborhoods

Average video quality of ethernet peers for Foreman
45 T

40-
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5 10
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the screen (hence the name freeze frame for this concealment
method) until a subsequent frame is decodable and therefore
ready to be displayed next.

Specifically, in Figure 12a we show the cumulative distri-
bution functions of the frame freeze duration for the three
peer types in the case of random mesh construction, while in
Figure 12b we show the corresponding results for the case
of minimum latency spread mesh construction. It can be seen
that by employing the latter algorithm both ethernet peads a

cable peers experience a significant reduction in frameéree
duration. For example, now 90% of the cable peers experience
frame freeze for not more than 5% of the time while the
media presentation is playing at their ends, relative taiado

To examine the resilience of the proposed framework 0% of the time for the case of random mesh construction,
the influence of free-riders, we conducted the following exas observed from the corresponding graphs in Figures 12b
periment. We increase the percentage of free-riders in taed 12a, respectively. Similarly, when the minimum latency
overall population to 10, 15 and 20 percent, and we measuigatead algorithm is used none of the ethernet peers experien
the corresponding average video quality for the three pedeame freeze longer than 2 - 3 % of the time, compared to the
types. In Figure 11, we show these results for ethernet pee@ase of random mesh construction where 10% of these peers
together with the corresponding performance for ethereetp experience frame freeze in the range 5 - 9 % of the time.
in the case when sending peers share their upload resourcekhe reduction in frame freeze duration when the Min
uniformly. In other words, in this latter case, peers sertd tta Spread algorithm is used should result into a corresponding
their neighbors at same outgoing data rates. It can be seen fimprovement in average video quality observed by the peers
Figure 11 that when our framework is employed, the averagden playing the media presentation. This is confirmed with
performance of the video presentation for the ethernetspethie graphs shown in Figure 13 that represent the distribwatio
does not vary substantially, as the number of free-ridethén video quality for the different peer types when our algarith
network is increased. However, in the case of uniform senfir mesh construction is used.
rate distribution we can see that the average video qudlity o Next, we study the differences in normalized play-out time
the ethernet peer population degrades substantially, as mmr a peer between random and minimum latency spread
and more resources in the network are consumed by the noresh constructions. Recall from earlier that a peer has a
responding free-rider peers. For example, even at 20% frg@rameter denoted play-out delay that is set ahead of time.
riders in the network the reduction in average video quétity As described previously, this parameter corresponds to the
ethernet peers does not exceed 0.1 - 0.2 dB under the weighaatbunt of data that the peer needs to buffer from the initial
send-rate allocation of our framework, while it reachesiath part of the presentation before the playback actually stairt
6 dB in the case of uniform allocation, as evident fronthe peer. Typically, it would take a peer a longer period of

Fig. 11.  Influence of free-riders with and without propantd upload
bandwidth sharing.
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construction techniques.

initially and the minimum value of this quantity, as desedb
above.

In Figure 14, we show the cumulative distribution functions
of the normalized play-out time for a peer for each of the
two mesh construction algorithms. As expected, we can see
from Figure 14 that when our algorithm is employed the peers
observe much shorter play-out times which in turn improves
their audio-visual experience of the media presentatiam. F
example, for 90% of the peers the playback of the presentatio
can start no longer than twice the preset play-out delayen th
case of minimum latency spread mesh construction, compared
to about six times the preset play-out delay for the same
percentage of peers for random mesh construction.

In the last results in this section, we examine the diffeesnc
in the distribution of the ratio between the send rate and the
receive rate for the different peer types and for each mesh
construction algorithm. With the ratio "send rate / recee”
we actually measure how much of its uplink bandwidth a peer
contributes over time for sending data to its neighbordixela
to the amount of data the peer has received from them during
the same period. This ratio indicates how much the peergshar
their bandwidth resources in the network under each mesh
construction algorithm.

The results are shown in Figure 15. It can be seen that
cable/dsl peers contribute more rate (hence data) to their
neighbors in the case of Min Spread mesh construction. This
is because the CDF of the ratio "send rate / receive rate”
for cable/dsl peers in Figure 15b is more skewed toward
larger values relative to the corresponding graph in Fid%ae
Furthermore, the distribution of this ratio for etherneerse
remains more of less the same for both mesh construction
algorithms, as evident from Figure 15. Hence, when Min

time than the actual value of its play-out delay parameter 8pread mesh construction is employed, the joint distrilouti
gather the necessary amount of data for the playback to staftthe ratio "send rate / receive rate” for both cable/dsl and
Furthermore, one can compute the absolute minimum of thathernet peers exhibits an average value of one, while for th
guantity based on the hop distance of a peer from the medase of random mesh construction this average value isesmall
server and the data rate at which the server is streaming than one (around 0.88). Similarly, in the former case the
presentation (typically the encoding rate of the presamtpt standard deviation of this distribution is 30% smaller tieta
Hence, we define normalized play-out time as the ratio of the the latter case. Therefore, given these observatiorsibe
actual time that a peer requires to fill up its play-out buffesaid that Min Spread mesh construction provides for a more
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desirable distribution of bandwidth sharing in the netwdtk neighbor is commensurate to the rate contribution received
should be noted that the CDF graphs of the ratio "send rdtem this neighbor. Still, there are several significantfedti

/ receive rate” for free-riders are not shown in Figure 15 a&nces between the two works, e.g., the delay-based overlay
they represent an impulse value of one at the value of zexonstruction proposed in the present paper relative to the
for this ratid. Hence, as such these results are irrelevant faandom neighbor selection employed in [15]. In additiorg th
the analysis presented above. Finally, it should also bedhopresent work considers content created using generic video
that the statistical quantities described and discussedesdre encoding that may not be layered necessarily. Furthermore,
computed empirically based on our experimental data. a more sophisticated utility-based model is proposed here t
determine the packets’ importance when requesting data tha
may be overlooked if only the index of the video layers to

Due to its promise as a novel technology for deliverin hich the packets belong is cqnsidered, as, p_ro_posed by the
multimedia over the Internet at lower cost, P2P streamirgy h uthors of [15]. L‘?‘S“V’ yve_deglgn a deterministic ".’"9‘"“h
been studied considerably thus far. The solutions are glyer or_upload _bandW|d_th distribution over the requestmg peer
built on either tree-based or mesh-based organization ef lWh'Ch -con3|stently, .., all of the time, rewards. conttibg
peers. Despite the plethora of prior work on tree-push bastf’s instead of doing that on the average, as in [15].
P2P streaming, e.g., [11], we still have to wait to witness an Another body of prior work that needs to be mentioned
actual deployment of such a system on the Internet. Vigualin the context of the present paper is on exploiting locality
all such systems to date are rather mesh-pull Pasel we information for improving the efficiency of P2P systems.
will therefore focus on this type of solution, which genéral Specifically, random peer selection combined with flooding-
offers increased robustness to the dynamics of a P2P systeased approaches for content search in overlay networks

From the plethora of prior work, we describe first the studieontribute to excessive amounts of traffic even in moderate
that are the most closely related to the present paper fronsizae networks [16, 17]. Most of this traffic is unnecessarg an
system-wise perspective. In [13], the authors address #shmis caused by the mismatch between the logical topology of the
construction and design a global pattern for content dsliveoverlay and the actual underlying physical network. Thespro
in mesh-based overlays that can utilize the upload bantwidém is exacerbated by blindly flooding message on multiple
of most of the peers. In addition, a sweet range for trgaths that in effect may have the same destination in the end.
peers’ degree is identified that maximizes the deliveredityua Therefore, such networks can suffer from scalability issue
to the individual peers in the scenario under consideratidii8]. Another study that illuminates this mismatch problam
Furthermore, the work in [14] presents a method to monitft9] which shows that only a small percentage of the overall
the network-wide quality of the media presentation, baged aumber of connections in a Gnutella [20] overlay link peers
the buffer maps constructed by peers in mesh-based overlaythin a single autonomous system. In order to account for
in order to facilitate exchange of data with their neighborthis, there have been proposals for constructing more effici
Finally, [15] is probably the most relevant prior work rélat overlay topologies in recent years, such as [21, 22] thattetu
to our paper. The authors propose to use layered videopeers based on the closeness of their IP addresses, [281§36]
order to provide incentives in P2P live streaming. In patdc, determines the closeness between two peers based on their
video packets are requested from neighbors in prioritizdéo latency to common landmark servers, and [24][x] that select
based on their layer index and the probability of serving reighbors based on estimates of delay distances between pee

_ S The works outlined above exhibit an analogy with our overlay

°Remember here that free-riders do not share their uplinkdisth  onstruction procedure in the sense that they all attempt to
resources with other peers in the network . . P

9An interesting overview of mesh-pull based P2P video dejivend its ClUSter peers based on some notion of distance. Still, in the
commercial success for IPTV applications can be found if.[12 present paper we create neighborhoods exhibiting mindgsten

V1. RELATED WORK
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spread across their member nodes relative to the origireserNow, the integral in (19) can be solved by employing the
This does not necessarily mean that two neighbors will eansformation of variables = y(1 — wy,) in which case one
close to another according to the distance metrics employaatains the following expression

above. K—2 N-K+1
Lastly, from the perspective of packet scheduling in P2P 9(wm) = 1w )wy, (1 = wpn) ' (20)

systems, the present paper is related to prior works @8} 0 < w,, < 2,4, and where the terni(w,,) is given as
optimized video streaming in tree-based overlays such as N

[25] that proposes to employ priority-based mechanisms for (wy) = C /W

allocating resources across different packets at a node in a miTmEm oy
multicast tree. Differently, the present paper consideilgyu
based scheduling for efficient video streaming in mesh-pull We note here that the variablés’,, are identically dis-
based P2P overlays. Maximizing a utility function of otheffibuted with a pdf given in (20).

parameters in a P2P streaming system, such as the playbadkor ease of presentation we can normalize the interval
buffer content reserve or the processor task scheduling [&tin: Tmas] and respectively the samples ii to the unit

a peer, has been investigated previously in [26] and [27Rnge[0,1]. Consequently, this restricts the support of the
respectively. functions f(z) and F(z) to the latter range, which in turn

allows for simplification of some of the expressions devebbp
thus far. In particular, the integrdiw,,) in (21) simplifies to

y" T A —y)N Ty (21)

min
1—wm

VII. CONCLUSIONS

We have proposed a mesh-pull based P2P streaming frame- _ ! m—1 N—n
work. The framework comprises three major building blocks: wm) = Cm/ yr )Ty (22)
(i) an overlay construction algorithm that creates peegimei = CpnB(m,N—-n+1)
borhoods that exhibit similar latencies from the media serv 1
across their member nodes; (ii) an algorithm for requesting - B(K—1,N—K~+2)’

data from neighbors that maximizes the video quality at the ) ) _ i
peer while taking into account the popularity of the datetsuni"_\’here the c_onstanB(a, b) replacing the mtegral n t_he first
within the neighborhood; (iii) a technique for sharing thdne of (22) is also known as the Beta function [6], i.e.,
upload bandwidth of a sending peer that effectively maigina 1 w1 b1

izes the influence of free-riding in the system. Through ex- B(a,b) :/ (1 —2)" de

periments we established that utility-based packet sdhmedu o 0

and effective upload bandwidth sharing provide a signiticafi"d for which it holds

improvement of the performance of a mesh-pull P2P streaming AN 1

system. Both average video quality and decoding bandwidth (3) S ((+D)BE—j+1,5+1)’

increase with respect to the corresponding ones for a h&sel(j]l roperty that we used earlier in Equation (3). Consequentl
P2P streaming systems. In addition, free-riders are éffdgt property a ’ m

L?wm) in (20) becomes the density of a betaiK.1, N —n+
c

shut_dovx_/n from degrading the performance of the system § variate. Finally, given the above the pdf of the first order
wasting its resources unnecessarily. The new mesh constryg .. .. . . )
atisticsW,,,(1) obtains the following form:

tion procedure further provides significant reductiongamfe-

freeze time and play-out delay. The improved continuityhef t _ 1 _ _ _ N—1
playback experience in this case provides for further g'ainstm(“(w) - B(1,N) (1=l (K =1, N=K+2)) 7 f (wm)
video quality in the media presentation. (23)

where I,.(a,b) in (23) denotes the incomplete beta function
[6] that is sometimes also known as the regularized (due to

o . _ . the denominator ternB(a, b)) incomplete beta function. Its
A. Statistics of the latency spread for uniform delay dbstri expression is provided below

tion
We can compute the pdf d¥,,, when the pdf of the delay L.(a,b) = ﬁ/ t 11 —t) tae.
f(z) is uniform in the interval[z,,in, Tmaz]. 1N particular, (a,0) Jo
we can obtain closed form expressions in (4) and (5) andAlmost surprisingly, the above integral can be worked out,

APPENDIX

fmn(z,y) becomes in the case of integeti, b, for example by using integration
_ _ _ by parts. This is exactly what we have in (23). Therefore, for
_ m—1 K-2 N—n
Frn (2, y) = Crm (y =) -y (18) completeness we include the solution here

when z,, < < y < Zmaee, and0 otherwise. Similarly, atb—1 Y

with some work and by noting that(y) = f(z + w,) =0 I.(a,b) = Z : (@+b-1)! —gd (1 — )t

for © > max — wm, g(w,,) can be succinctly written as i—a jHa+b—1-7)
FmawTtm Replacing in Eq. (23), we obtain the pdf of the first order

g(wm) — Cm xmflwﬁd(l —r— wm)an dr. p g q ( ) p

statistics W,,,(1), in the case where delays are distributed
(19) uniformly.

Tmin
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it estimates the parametérbased on the jitter of the inter-

We describe here how the statistical distribution of th@Tival imes of these data units. Finally, igf, ) denote the
round trip time is computed in the packet scheduling aRrésent estimate of the download rate from npdethat peer
gorithm. It should be mentioned first that for computing Nas* and letDi/ denote the set of data units previously
Prob{ RTT{,,,,) < ta.,, } the algorithm takes into accountrequested fronp,, that has not been received yet. Then,

(i) the statistics of the communication channel from npde
to peerp, (ii) any previous (pending) requests to this sender
for which peerp has not received yet the corresponding data
units'®, and (i) the estimated transmission bandwidth of the

computess as

> iepu Bi+ B,
KR =

T(

(26)

Py, sP)

channelp,, — p. In particular, requesting a data unit com- Once the peer has values fer 6, andeg, it can compute
prises sending a small control packet to a designated neightProb{ RT'T{,, ., ) < ta., } using (24) and (25) as
k] nk ? mj

Moreover, the frequency of sending such packets is typgicall

much smaller than the rate at which the corresponding deﬁa
. . . . T

units are returned in response. That is because multipke dat

units can be requested with a single request packet. Hence,

requesting data units typically consumes a very smallifsact
of the transmission bandwidth between two peers. Thus, it
is reasonable to assume that the network effects in terms
delay and packet loss that requests experience on the frwgp)
channelp — p,,, are quite marginal and can be ignored for(3
practical purposes. This is the approach that we follow here
as we associate the overall del&®!'T|,,, ) in receiving
a requested data unit to the characteristics of the backward
channelp,,, — p only. [5]
Now, in order to be able to computerob{ RTT(,,, ) <
td,lmj} we need a statistical characterization for the backwarf$]
channel. Here, we mode),, — p as a packet erasure channelm
with random transmission delays [7]. Specifically, packets
carrying requested data units sent on this channel are &tte
with a probabilityes or otherwise they experience a random®]
transmission delay, generated according to a certain prob-
ability distribution f(y). Then, Prob{ RTT{,,, ) < td,lmj}
can be written as [l

[10]

f(y)dy.

(24) 1]
In our case, we characterize the delay as exponentially
distributed with a right shift of. This means that the delay[12]
y comprises a constant component associated wind a
random component exhibiting a exponential distribution with
a parametef. Thus, f(y) can be written as
fe—0(w—r)

fy) { 0

We attribute the existence af to the prospective backlog
of previously requested data units frgm, that has not been [15]
received yet byp and in addition to the required amount of
time to empty out data untt,,; itself from the transmission
buffer of nodep,, . Furthermore, we relate the random comH6l
ponent of the delayr to transient bandwidth variations of
the network links comprising the channg}, — p which
in turn are caused by random occurrences of cross traffic BAl
these links. The requesting peer estimatedased on gaps in
sequence numbers of arriving data units freyp and similarly  [18]

PTOb{RTT(p_’pnk) < thmj} = (1 — EB)/

y<td,lmj

(23]

Y > K,

otherwise. (25)

[14]

0This includes any data units,, € M fori=1,...,j— 1, that are
going to be requested in this round prioritg; from the same sendery, .

Ob{RTT(pvpnk) < tdalmj} = (1_63)/

td,Lmj

fe 0W="dy .
(27)

K
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