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Abstract—We consider multi-rate peer-to-peer multi-party However, it places a heavy CPU and network bandwidth
video conferencing applications, where different receivers in purden on the server and thus incurs heavy deployment and
the same group can receive videos at different rates using, yq\ting bandwidth costs. In the ad hoc simulcast approach

for example, scalable layered coding. The quality of video ,_. o . - -
received by each receiver can be modeled as a concave utility(F'g' 1(b)), each peer splits its uplink bandwidth capacity

function of the video bitrate. We study and address the unique €qually among all receivers and sends its video to each
challenges introduced by maximizing utility in the multi-rate  receiver separately. That is, fomgparty conferencing session,

setting as compared to the single-rate case. We first determine aneach peeli measures its upload capaci, and sends one
optimal set of tree structures for routing multi-rate content using conferencing session at coding bit r&é(n - 1) to each of the

scalable layered coding. We then develop Primal and Primal- 1 oth . icast. Th h simple to impl t thi
dual based distributed algorithms to maximize aggregate utility "~ + OtNer PEErs via unicast. 1hough simpie to impiement, this

of all receivers in all groups by multi-tree routing and show approach suffers from poor quality of service, especialhew
their convergence. These algorithms can be easily implementedthere are peers with low upload bandwidth, as those peers are

and deployed on today's Internet. We have built a prototype forced to use very low coding rates which degrades the dveral
video conferencing system to .show thgt this approach offers .Iow experience of the other peers. In recent work [2], overlay
end-to-end delay, low complexity and high throughput, along with - . . .
automatic adaptation to network conditions and user preferencs. routing an,d allocat'or_] of source rates in a. P2pP my!tl_-party
conferencing system is formulated as a multicast optiritnat
problem subject to peer uplink bandwidth constraints. Iswa
shown that the overall system utility can be maximized in a
fully distributed manner, by using multiple-trees delivend
|. INTRODUCTION AND MOTIVATION running distributed algorithms on participating peers.

Providing Quality-of-Service (QoS) in P2P multi-party eon However, above solutions assume a single-rate setting,
ferencing (voice and/or video conferencing) applicatidss where all receivers of the same multicast group receiveernt
challenging. To maximize the aggregate quality of exper@t the same rate. In practice, this assumption does not treflec
ence of participating peers, the conferencing system needdhe possibly diverse needs of peers and available resources
properly allocate the shared network resources, in paaticuFor instance, by using a scalable video codec, sources can
peers’ upload bandwidth, and route peers’ video strearignerate one video stream that can be decoded at diffetent bi
in an efficient way. The quality of experience of a videdates. As a result, receivers with larger screens, for ei@mp
conferencing peer is measured by a utility function, whigh £an receive the video at a higher rate than those with small
usually represented by the Peak-Signal-to-Noise-RaBiNg® ones, and get a better experience.
of the decoded video [2]. In this paper, we consider the P2P utility maximization

There are several existing solutions for conducting PZ®oblem for amulti-rate multicast setting, where different
multi-party conference. The client-server approach (E{@)) receivers in the same group can receive at different rates.
ensures that the entire upload bandwidth of each peer canlb&ontrast to the above single-rate case, multi-rate oasgti
used for the delivery of just that peers audio/video streadgldresses the very diverse needs of peers. Our work isgdrget
to the server and the central server (called Media Conti® multi-party video conferencing systems. In suclosed
Unit - MCU) then distributes the data to all other peer$ystems, all participating peers are willing to contribtiteir

upload bandwidth to maximize the aggregate utility, and the
A short preliminary version of the paper appeared in IEEE ICME number of peers do not go beyond 10 - 15 most of the time.

2009 [1]. In this version, we have included proofs of all tterns, expanded - . - . . .
some sections, and improved presentation. As such, issues involving peer incentives and scalabibty t
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(a) MCU-assisted (b) Simulcast (c) Peer-assisted

Fig. 1. Different types of content delivery for a three-peieteo conference scenario. Delivery of péés content to the two other peerB,andC, is shown
by arrows. Media Control Unit (MCU) represents a central/sedistributing media data of each peer to all other peers.

network. deal with non-strictly concave optimization under nondine

« Multi-tree Based Formulation and Distributed Algo- constraints. By exploring the Proximal approach, or a slow
rithms: We provide a new multi-tree based formulatioriimescale traffic engineering control approach, or exjpmgss
for P2P multi-rate multicast utility maximization problemthe constraints involving maj(terms with equivalent lin-
where the variables are rates of individual trees. Thear ones, distributed Primal, Dual sub-gradient and Primal
is in contrast to the nonlinear constraints in previousual algorithms are proposed to maximize the sum of non-
formulations using link rates or path rates as variablesoncave utility functions, or minimize the cost of using the
We design a packet-marking based Primal and a queuingtwork [7] [8] [9]. Chiu et al. [10], for example, compare
delay based Primal-dual distributed algorithm, and prothe maximum achievable throughput using network coding
their global asymptotic convergence to optimal solutionsith routing in P2P networks and concludes that there is
of the problem. no advantage of using network coding. However, their star

. Virtual Lab Evaluation: We have implemented a pro-network model is very simple and captures only the essential
totype multi-rate multi-party conferencing system usinglements of a P2P network in an ideal case with optimal rout-
the delay-based Primal-dual algorithm, and evaluated itgy. Their model does not apply to our practical conferegcin
performance over the Virtual Lab testbed [3]. The resulscenarios. We prove that for some common P2P topologies
show that the system can achieve the optimal utility asetwork coding is not necessary and routing through a linear
predicted by theoretical analysis. The strict end-to-emtimber of multicast trees per source is sufficient to achieve
packet delivery time requirements for conferencing atbe same rate region as can be obtained by network coding.

also satisfied. Various types of fairness definitions across users of a
P2P system can be warranted by choosing different utility
A. Related Work functions [11]. Moet al.[11] describe an end-to-end window-

. L . . based congestion control and provides a generalization of
Utility maximization based rate control for multicast rimgt

: . Kelly’s concept ofproportional fairness[12] and relates the
is a well-studied problem (e.g., [4], [5]), though a 'argfdi”‘? fe?irness to the optimization problem in order to addreskes t

of the work assumes single source, single rate, and sin promise between user fairness and resource utilization

(given) tree settmgs_. Most of these approaches use I'msr_aﬁ‘heir algorithm uses information about a propagation delay
or path rates as variables, and hence need to handle nanlin

Which is unfortunately unknown to end users. They suggest
constraints in their formulations. The multi-rate settiiog a y y sug9

. . . ._using the minimum of delays observed so far as an estimate
single source, single tree case has also been considerét |n( hich is also what TCP Vegas [13] uses). Our implementation
Almost all of prior related work focuses on underlay netvegrk

d . dditional functionali h tcastnd described in Section IV uses a similar technique in the
and requires adaitional functiona ity, suc as muiticzan queuing delay estimation. The major difference is that we
maintaining per-flow states, to be deployed in routers; en

th difficult to depl todav’s Int ¢ Gre using one-way delay measurements in contrast to round
€y are diicult to deploy on toaay's internet. . trip times. The problem with these queuing delay estimates
In contrast, we consider theulti-source multi-rate multi-

t probl th | work i PoP setii is that they fail to adapt to the route change when the new
cast. problem ?n edovleray ne k\:vor in at p tset myere tro te is longer than the original one. A solution which tries
routing 1s perlormed along a chosen Set ot ees CoMpUlgdyqiact re-routing and resets the minimum delay is prapose

as part of the solutionOur work focuses on optimal usage, [14]. One-way delay measurements became recently used

of peer uplink band_vwdths 3”0' ready d_eployment n _thSy popular P2P software uTorrent [15] in order to prevent
current Internet, and is a multi-rate extension of our presi congestion and minimize added delay [16]

work on single-rate multi-party conferencing [2]. Usingeth
uplink bottleneck property of P2P topologies, we obtain new
formulations and optimality results for multi-rate mu#igt tree
selection in the overlay network and distributed rate aantr
on the trees for utility maximization. The rest of this paper is organized as follows. We formu-
There is also work focused on multicast scenarios wheae the problem and present the analysis in Section II. We
routers can perform intra-session network coding [7] [g] [9propose distributed algorithms and prove their convergenc
with and without given multicast trees. The challenge is i@ Section Ill. We discuss the practical implementation of

B. Structure of the Paper



our solution in Section IV and evaluate its performance iof codec development and decreased compression efficiency
Section V. Section VI concludes our paper.

Il. PROBLEM STATEMENT

compared to single description video coding. However, the
availability of good codecs is expanding and so will the popu
larity of scalable coding; also the compression gap contpare

The key notations used in this paper are listed in Tabletf single-layer coding is being minimized.
We use bold symbols to denote vectors and matrices of thes&Ve use Scalable Video Coding (SVC) in our approach
quantities, e.g.x = {x;,¥r € R;,¥s € S}, 22 = {z,,0 < £ < where both the number of layers each user receives and the
IRs| — 1}, andG® = {G,0 < £ < |Rg| - 1}.

TABLE |
KEY NOTATION

layer rates together provide the video quality scalability

B. Layer Assignment

Notation | Definition
N set of all nodes
(E: set of all Ufplln:fskof nodes Suppose for a given sourcgthe receiver rates are ordered
e capacity of uplinke s S S i i
S set of all sources asx, <X <...< X"szg We cons_tructhsl multicast sessions
Rs set of receivers for source as follows. The rates’ can be interpreted as a base layer
6’55( N receiverr’s rE_CI_eivir}g rate of sources video rate, multicasted frons to all receivers irRs. The next higher
X; receiverr’s utility of receiving S ; :
P Sourcess video at ratec layer, quer 1', has rgtexfg x:) and is multicasted frons to
yr flow rate on linke corresponding to all receivers inRs — {i1}. In general, layer, 0 < £ < |R¢ -1
¢-th layer video froms to r has rate )(is,u - xiS[) and is multicasted frons to all receivers
(23?5 ;aette ocf)frzg:ir\;::f’ss cff-tzo\tglrdg It’az/r?rvideo layer in{ice1,ic2, ..., iiry}. We summarize the above procedure into
( = .
&m rate of treem Algorithm 1.
Ae aggregate rate of upling

A. Video Coding Model

To address thenigh variability in the demand for video .

Algorithm 1 : Layer Rate and Session Group Assignment.
1 /I Input: ordered receiver rates < X <. < Xism
2: /I Output: Layer ratez® and session grou@®

=%, G5 =Ry

quality and resourcegach peer contributes to the conference,. tor ¢ from 1 to|Ry — 1 do

session, we use multi-rate multicast, where differentivece 5. s_ys _ s

H H H ] t TN+l Xi(
may have different demands on the video stream quality ang.  gs _ vt ivs2s e osiRy)
thus may receive different rates of the same video. Scalable oq%or
video coding can address the very diverse needs of peers. Jt Output z° and G°
encodes the content once and then offers the video content

as streams of various quality. It is particularly attraetiwn

scenarios where the bandwidth capabilities, system ressur By transmitting its layered video in theg® multicast

and network conditions are not known in advance. sessionss can deliver its video tdRy receivers at the above-
There are two common approaches for sources to pi@entioned rates.

vide multi-rate streams, nameMultiple Description Coding
(MDC) and Layered Coding MDC [17][18] is a coding
technigue which, instead of generating a single mediarstrea
creates multipleindependentsubstreams called descriptionsC. Rate Region with Intra-session Coding
Receiving any description is enough to decode the video,
though receiving more descriptions improves the decodedFor (single- or multi-) session multicast, it is known that
video quality. network coding, where nodes can mix incoming packets and
On the contrary, layered coding, used for example in Scgend out coded packets, can enlarge the achievable mtilticas
able Video Coding (SVC, or H.264/AVC Annex G), [19][20]rate region as compared to routing [21]. Depending on whethe
generates a base video layer and several enhancement lagaiekets from different sessions are mixed or not, we can
All receivers need the base layer to successfully decode fHassify network coding into two typesnter-session coding
video. Enhancement layers can be used to improve the videgackets from different sessions are mixed, amtra-session
quality. However, unlike the case of MDC, the layers in lager coding if only packets from the same session are mixed. It
coding are not independent. The first enhancement layt&s been shown that nonlinear inter-session coding couéd gi
depends on the base layer and each subsequent enhancefigd@rgest possible rate region [22]; however, computinghs
layer depends on all the lower layers. Such dependenceniixing and coding is still a largely open problem.
layers makes layer coding less flexible than MDC. However, For intra-session coding, i.e., only packets belonginghéo t
layer coding typically has a coding efficiency noticeablgtter same layer from the same source can be mixed, the rate region,
than that of MDC. denoted byB, can be described as follows:e 8 if and only
In spite of the benefits scalable video provides, it i€ for some choice of the routing variablégs",r € G;.0 <
not widely adopted today mostly because of the complexity< |Rs — 1, s€ S} the following constraints are satisfied:




Rate RegiorB (Intra-session Coding) . Depth-1 type tree: Rooted at a given source and
reaching asubsebf receivers inRs through direct link(s)

+z ifi=s from s
Dy - Y=z dfi=r (1) . .
o °€ e 0 t therwi . Depth-2 type tree: Rooted at a given sourcgreaching a
k() ?GE O otherwise receiverr € Rq or helperh € H through a direct link from
VieNrefips, ... irgh0<l<|R|-1s€S s, and from the latter node reachingsabsebf receivers
IRl in R through direct link(s).

2, D, maxyd)

seS (=0

IA

Ce VeeE @ An example of these two types of trees for a single source

are shown in Fig. 2. Fig. II-D then shows all multicast treés o

= min(X’) ¥seS - i .
% reRs( ) the types described previously for two conferences, onk wit
S = t+1 three peers and a helper, and one conference with four peers,
¢ EQ}Q(XT )~ mln(xr) respectively.

V1<l<R{-1secsS

whereE~ (i) denotes the links going into noda@ndE* (i) links
leaving node, and mit to denote the/-th minimum of a set
of numbers (e.g., minis the usual minimum).

The constraints in (1) are the flow balance constraints. That
is, for any node other than sourceand receiver, the amount —{r}
of outgoing traffic must be equal to the amount of incoming
traffic. For sources and receiverr, the difference between
these two traffic amounts must be equal to £k video layer Fig. 2. Depth-1 type and depth-2 type multicast trees. i@tserves as an
rate. The constraints in (2) are the upload capacity cdnggra €xample subset dRs.
That is, for uplinke € E, the amount of outgoing traffic across
all sessions must be less than its uplink capaCityThe max

term models the coding within a session. Q /\ L, A )\

Over the convex regio, the multi-rate multicast utility

maximization problem can be stated as (H) L /\ A A
Problem 1 (Multi-rate Multicast Utility Maximization): er E /\ i A

max Ses Srer, UF(X), St xe 8. ) | AL AN

depth-1 type tree depth—2 type tree  depth-2 type tree

D. Achieving Rate Regiofs in P2P Topology

(A
We now consider how the rate regighcan be achieved. In A A A L A
®) ©

the widely accepted P2P topology model [23][@&er uplinks

are the only bottlenecks in the network, and every peer can A /’\ L A

directly connect to every other peer through routing in the (b) 4 peers 4, B, C, D)

underlay. g. 3. Depth-1 type and depth -2 type multicast trees forairses for two

Under this model, a powerful theorem established in [23]fferent conference scenarios.
states the following. Considersangle-rate single-sourceul-
ticast scenario over a P2P network, with the sowgce set of ~ Suppose we know the ordering of receiver ratgs € Rg
receiversRs, and a set of helpetid. A helper is neither source for each sourcs € S, and denote this ordering by= (7% s e
nor receiver, but an intermediate node which receives d&h wherer® is a permutation of the receiverse Rs. The
from source and distributes it to receivers. Then, the egon number of such different is []«s |Rs! We user to denote
achieved by intra-session network coding, can also be wethie thei™ receiver in the permutation order for soursd et B(m)
by packing at most % |R¢| + |H| multicast trees as follows: (i) be the subset of rate regidi where the receiver rateg’
One depth-1 tree rooted atand reaching all receivers iRs, for any given sources are ordered according te. We first
(i) IR depth-2 trees, each rooted stand reaching all other establish that the rate regiaB(r), achieved by intra-session
receivers inRs via differentr € Rs, and (iii) |H| depth-2 trees, network coding, can also be achieved by routing.
each rooted as and reaching all receivers iRs via different ~ Theorem 1: The rate regior3(x) can be achieved by pack-
h € H. Notice that this result is valid for thgingle-rate single- ing depth-1 type and depth-2 type trees. The tree constructi
sourcemulticast scenario. It has been recently extended to taeocedure for a sourcgis given in Algorithm 2.
multi-source single-ratenulticast scenario [2]. Proof: Consider a given source € S. For this source,

We now extend the above result to theilti-source muiti- the receiver rates are orderedxs< X3, < ... < XS . Using
rate scenario, for which we need the depth-1 and depth-2 treg&lgorithm 1, we construct Iayered V|deo sessuﬁr%and the
to be more flexible as follows: corresponding rateg® for sources.



Since for rate regiorB, there is no network coding across Theorem 2: The optimal solution in rate regio can be
layer sessions. To achie®(r), it is then sufficient for every expressed as a linear superposition of flows along deptpel ty
sources to route its layer’s video to receivers iis; (0 < £ < and depth-2 type trees for every sousan S.
|IRs| — 1), using one depth-1 type tree reaching all receivers in Proof: Since the rate regioB can be expressed as a
G; from s, andG? depth-2 type trees reaching one receiver innion of rate regiong3(r) over allx, we haveB = U, B(n).

G; from s and then the rest of receivers Gf. From Theorem 1, we know that the optimal solution in each
We summarize the above tree construction process fotrae regionB(r) can be expressed as a linear superposition of
sources in Algorithm 2. m flows along depth-1 type and depth-2 type trees. By taking the
best solution among the optimal solutions for each rateoregi
Algorithm 2 : Layer Trees Construction. B(n), we obtain the optimal solution for rate regigh This
1: // Input: Session groufs® of sources establishes the result. u

2: /I Function: Construct depth-1 type and depth-2 type trees

_ ]EO dgelflvers’g layFe{red i"geo E. Tree-based Formulation For P2P Multi-rate Multicast It
: for ¢ from 0 to|Rs/ - 1 do ity Maximization

w

4:  Construct a depth-1 type tree reaching all receivers i ) ] .
G from s For a treem with rate&,. Receiver nodes on a tree receive
5. for r e GSdo the same content at the same rate. With a slight abuse of
6: Construct one depth-2 type tree reachingrom s, notation, we also denote bs/th_e set of tr.ees rooted at source
and then to the rest of receivers @f — {r} s. Let the aggregate rate of linkbe A, i.e., the sum of the
7. end for rates of tree branches passing throegland is given by
8: end for o = Z Z bg]fm, VeeE, (5)

SES mimes,eem

The lemma below states that certain trees need not b me
considered when distributing the layers for a given sourcvélﬁerEbe is the number of branches of traethat pass through

In particular, for layert, these are the depth-2 type trees thé&hyswal uplinke. Since different branches of a tree e_manatlr_lg
Ly . out of the same node pass through the same physical uplink,

use a helper which is a receiver of a lower layer but not : : .

layer ¢ e tree rate may be counted multiple times when computing

: L m
Lemma 1: In anoptimal solutionfor the rate regior(r), g‘e aggreg%t}e rate 02f link, h;ence Ithte r;ulttl)pl)llcation bfil’lel- )
for each sources € S, noder; (for any 0< j < R - 2) will asec on fheorem 2, we reformulate Froblem - as 1ollows:

not be a helper in the depth-2 type trees considered fordayer "TOPIEM 2 (Tree-based Multi-rate Utility Maximization):

(¢ + 1) and higher.

Proof: We prove this by contradiction. Suppose the above max Z Z u? Z &m (6)
is not true. Then, the additional rate received by neglas a SES reRs mmesrem
helper in any of the depth-2 type trees in higher layers can be St de<Ce VeeE

used to assign it a higher rate. This might change the positio Remarks: This tree based formulation avoids the max term
of nodex; in the resulting ordering, but it can be verified thaf, (0) that is present in a link flow based formulation as in
the new set of rates is still feasible. Since this increabes tproplem 1. Moreover, by using flows on trees as variables, our
ut|I|t¥ received by noder}, it contradicts the optimality of the ¢q,tion explicitly takes routing of sub-streams into agwo
solution. _ B and facilitates a distributed rate control based solution.
Note that non-receiver nodes for soursean participate niti-party conferencing scenarios, the utility functiiaelf

as helpers for depth-2 type trees for this source. Thus, &, jepend on the nature of the video source and the receivers
number of trees used to dlstrlbutg layer O for sousds at g, example, a video for a source with heavy motion will
most L+ |Rs|+(IN|~|Rs|~1) = IN|. Using the above lemma, they,aye 4 tility function that offers steep increase for addni

total number of trees that need to be considered for routipgte range, and may thus favor a higher coding bit rate, while
data from source in order to achieve the rate regi@{x) for  he gource with low motion will have a utility function that

any givenz is flattens quickly with the increase of the coding rate, and may
IRsl-1 IRJ|(IR4| — 1) thus be satisfied with a relatively low coding bit rate. Algte
Z (IN[=¢6) = INIRs - — 5 — L1 (4 utility function depends on receivers’ preference, forragie,
=0

the display resolution with which they currently viewingcha
which is at mosfquadraticin the total number of peer nodesyideo from each source.

in the network.

Since receivers’ rates for the same source may be different . . .
in the multi-rate multicast problem, we cannot directly us(?ée'.| The Case of Receiver-Independent Utility Functions
the multi-source single-rate multicast result in [2] totries N a special case when all receivers for the same source
the number of trees to be considered in order to achieve fi@ve the same utility function, it can be expected that an
rate region. The theorem below establishes that the optim@ptimal solution allocates equal rates to all receiverstlier
solution in8 can indeed be expressed as a linear superpositne source. This is, in fact, true and is established in the
of flows along depth-1 and depth-2 type trees. following theorem.



Theorem 3: For rate regiors, if U? =U® VreRs,seS equal rates of
receiver utility functions are identical for the same
( y . tical for the same SB)r  , (r)_2) pu(Rd- 1)
then there exists an optimal solution in whigh= x° Vr € ri—1 * R
Rs, s€ S (receiver rates are identical for the same source). IRl = IR

1 a Bn
Proof: Let {x*$} denote an optimal solution for the prob- ﬁ(z Ry - 1t 2Ryt (IRl = 1)ao)
lem in rate regiorB in which the receiver rates for the same ST h

source are not all equal for at least one source. We will show _  (Rsl— 1)(a N Za )+ (|Rs| -1, i)zﬁh
that there exists a feasible solution in which IR 0 ' IRl IR -
> (|Rs| 1)(a0 n Za’f i Zﬁh) _ (|Rs| 1)A§.
s Seer XT R - R
X =X=—"7— VreR,seS.
IRs| Hence, with receiver; added to the receivers for layer 2,
the new rate reaching all receiversRg decreases by a factor
. L . . (BED relative to the earlier ratas reaching all receivers
Then, using Jensen's inequality for concave functions, W& RS—S {i1}, while the total served by sourceto all receivers

hav . )
ave in layer 2 remains the same.

We can repeat this procedure similarly for layers 3 and
higher so that flows for each layer are distributed to all
Us(e) > Us(xy). 7) Mher SO : . . !
Z Z () = Z Z () ) receivers inRg (subject to node uplink constraints). Since the
total rate served by sourgremains the same at every step of
the procedure, the final rate received by each receiv&; is

1 %S _ .
This shows thatx?} is a feasible solution with objective clearly 25 ¥rer, X'r = X*. Hence, the rateg¢} are a feasible

function value at least (and hence equal to) that of the gptinvolution for the problem. This completes the proof. =
solution {x'}, thus proving the theorem. If the utility functions U are strictly concave, then it can

be shown thatny optimal solution will have equal receiver

. - s
It remains to show the feasibility of the ra_texg}. 0 rates for the same source. We summarize this observation as
establish this, we start from the feasible solutip6;y} and fcglows

show that receiver rates for each source can be adjusted to Eorollary 1: For rate regiors, if US=US Vr e Ry se S
. 1 r — Ss

equal while preserving the feasibility of the solution. and the utility functiondJ s arestrictly concave, then in every
Consider sources and let the receiver rates in the giverpptimal solution, we have® = x° ¥ r e R;,s€ S.
optimal solution be ordered a8 < x> <--- < x°?

> |\RS\.

seS reRg SeS reRg

Each receiver irRs receives layer 1 (the base layer) with I1l. DISTRIBUTED ALGORITHMS
rate x*is1 . Layer 2 is received by each receiver g — {i;} at ) ) )
rate AS = 'S — x*S. The distribution of layer 2 for source A. A Packet Marking Based Primal Algorithm
can be decomposed into flows along depth-1 and depth-2 tree$he Primal algorithm follows the penalty approach by
as follows. Letag be the rate associated with the depth-1 treelaxing the constraints by adding a penalty to the objectiv
To rooted ats and reaching all receivers iRs — {i1} directly. function whenever constraints are violated. In partigules
Let a; be the rate associated with the depth-2 ffeeooted study the following penalty version of the problem:
at s and using receiver € Rs — {i1} as helper. Lep, be the :
rate associated with the depth-2 tfBerooted ats and using s _ ¢
non-receiver noddr as helper. Then, the rate for layer 2 is mgaxZZUr{ Z fm] ;fo Gew)dw. (8)
given by A3 = ao + X @ + X fh. .

We now add receiver node to upload from the helper nodeWhere [ ge(w) dw is the price associated with violating the
in each of the treed, and Th, S0 as to obtain tree§; and capacity constraint of uplink. _

T/ respectively. Without using additional uplink bandwidth a If Qe() is non-decreasing, continuous and not always

the he|per node of each depth_z tree, ﬂ"¢e’;an now support zero, then the above optimization problem is concave and
a rate ofwsiz) to all receivers inRs and treeTr’] can now has at least one equilibrium [12] The strict Concavity of

IRs N . . . )
support a rate Oﬁhqgs'fl) to all receivers irRs. This frees up U,(-A) |nd|cate§ thatx is 'unlque for any optimal solution. If
© - fo ° ge(W) dw is also strictly concave, thel, e € E, are also

. . ar ﬁ_h
uplink capacity of §, "+ 2Zh |Rs|) at sources. urigue.

We now remove tred, from the solution, thus freeing up \ye choosege(w) = ®W=—Co)" for link e. In terms of ECN
= )

additional uplink capacity of[Rd — 1)ao at sources. The marking [24], it represents the packet marking probability

total freed up uplink capacity at sourceis now used t0 e consider the following Primal algorithnt's € S, Vm e
serve all receivers ifRs through a depth-1 tre&; with rate ¢

A (e m + Zh iy + (R = D).

We have now redistributed the flow for layer 2 (subject to & = f (&) u’s Eml= > bMge(t) |, (9)
node uplink constraints) so as to reach all receivelRsiwith moomen ;n ' m:rr;;rem " ;n e e

SeS reRg mmesrem



where fn(ém) is a positive function adjusting the rate ofmulticast scenario. However, the result does not diregipglya
adaptation fo,, and can be chosen arbitrarily. to the P2Pmulti-rate multicast scenario.

It can be shown that trajectories of the above systemiIn the following theorem, we show trajectories of the
globally asymptotically converge to one of its equilibriay Primal-dual system in fact converge to the equilibria, ie th
using La Salle principle, and following the classical argumis P2P multi-rate multi-party conferencing scenario. The key is
by Kelly et al. [12]. Moreover, it is also possible to show thato utilize the unique structure of the multicast trees usealir
the convergence is actually semi-globally exponentiadigtf solution, and the fact that peer uplinks are the only botibén

by using a readily available lemma in [25]. in the network to verify that the sufficient condition propds
in [2] is satisfied.
B. A Queuing Delay Based Primal-dual Algorithm Theorem 4: For P2P multi-rate multi-party conferencing

ﬁcenario, all trajectories of the system in (13)-(14) cogee
to one of its equilibria globally asymptotically, K, are the
same for all the treeme s.

Proof: We utilize Theorem 1 in [2] for the proof. This
L& p) = Z Z UVS[ Z fm] B Z Pe(le—Ce).  (10) theorem gives a sufficient condition for the Primal-dualoalg
SES TR Ammesrem eE rithm in (13)-(14) to converge to a saddle pointlofn (10).
wherepe is the price of using uplink. There is no duality gap, \we show that the sufficient condition is satisfied in our P2P
since the original problem is a concave optimization pnwblemylti-rate multicast case.
with linear constraints, and strong duality holds. Let A be the connectivity matrix, where thé, [) entry
As a result, any optimal solution of the original problems the number of branches of treje passing through link
and its corresponding Lagrangian multiplier forms a saddje Note that this is different from connectivity matrices in
point of L over the set§ > 0, p> 0}, and any saddle point of ynjcast scenarios, as the entriesAaiow can take nonnegative
L gives an optimal solution. It is known that, {0) is a saddle \3jyes other than 1 or 0. Ldf = diagkm,m € S s € S},
point of L if and only if it satisfies the Karush-Kuhn-Tuckerc — diagiC;, j € J}, whereJ is assumed to contain only the

Another way to solve the concave optimization problem i
a distributed manner is to look at its Lagrangian:

conditions:¥se S,¥Yme s Vee E, bottlenecks without loss of generality. L& be the matrix
Pe>0, 1e<Ce Pe(le—Ce) = O, (11) representing relation between the receiving rates andréfee t
rates, with thei( j) entry being 1 if receiver is on treej and
Z U;s[ Z fm] _ Z bf'pe = O. (12) 0 otherwise.
rem mmesrem &em In the case of multi-rate multi-party scenariB, can be

The optimal Lagrangian multiplier can be nonzero only if thgxpressed as follows:
capacity constraint of linle is activated, i.e. e = Ce. B, 0
There could be multiple saddle points &f since the B= [ 0 B, ]
objective function in the original optimization problem (&) ) )
is not strictly concave. We consider the following Primaiatl where B, contains|S| rows corresponding t& peers each

+

+

algorithm to pursue one of the saddle points, over the ggf:eiving_ only base layer contents from a unique source, and
(£>0,p>0) VseS,Vmes andee E, Bo contal_ns other rows. Clgarly, Suéh _always exists in multi-
. rate multi-party conferencing scenario.
. , To satisfy the condition shown in Theorem 1 in [2], it is
&m = km(Z UFS( Z fm] h Z b?pe] . (13) sufficient to show ranl@KAT) = |J|. In multi-rate multiparty
rem. o mmesrem eem ém conferencing, we havgl| = |S| since every user is a receiver.
Pe = 1 (e — Co)t, (14) Moreover, ifky = ks, m € stake the same value for the same
Ce ¢ sources, then BKAT = KsBAT, whereKs = diagks, s € S};
whereky, is a positive constant controlling the adaptation rateence, we have
of treemand(a); = aif b> 0, and is max(0a) otherwise. It B 0
is known thatp, adapted according to (14) can be interpreted BKA" = KsBA" = Ks ([ Ob B ]) AT,
as queuing delay [26] on uplink ¢
In [27], the authors show that trajectories of the abov@onsequently, it is sufficient to shoWsByAT has rank|S|.
Primal-dual system globally converge to the equilibriumgier Writing out A and working out the math, we hawesB,A™ =
single-path unicast setting. This result, however, does s (ISI1 + (S| — 1)D), whereD be a|S|x|S| matrix with every
apply to our problem since we are under multi-tree multicaehtry being 1.(|S|I + (/S| — 1)D) is positive definite matrix
setting - there are multiple receivers for every source,thace since it is the sum of one positive definite matrix and one
are multiple paths between the source and any of its receivegositive semi-definite matrix. AKs is a positive diagonal
Under multi-tree/multi-path delivery setting, it is shotivat matrix, Ks (|S|1 + (S| — 1)D) has rankn. Hence, the system
the queuing delay following (14) can oscillate indefinitalyd in (13)-(14) for multi-rate multi-party conferencing carges
may never converge [28, Section 2.5]. In our previous wotk its equilibria, which are the saddle points lof |
in [2], we give a sufficient condition for the Primal-dual s The Primal-dual algorithm described in (13)-(14) can be
in (13)-(14) to converge to the equilibria, and use it to shounplemented by each link generating its queuing delay and
the convergence of the Primal-dual system in Bifgle-rate each source adjusting the rates of its trees by collecting



70 T aggregate utility the conferencing system optimizes is1the
60} ] given by

| 5 Zﬁsﬁflog{ 5 s]

. 1 SeS reRg mmesrem
30 —+— Akiy i . .
—+— Foreman and is strictly concave.

PSNR [dB]

L —Tennis 1 . i i )
2 Akiy approx. Sources also sorts all receivers according to their receiver
L F . 1 e . . .
10 Tgrnen?lagpifffx utility coefficients. Assuming that the receiver rates didtow
O 10 20 30 m‘"io [kbsﬁo 500 700 800 this order, the source determines the number of layers to
itrate [kbps]

construct, assigns layers to receivers as described inoSect
Fig. 4. The logarithmic approximation of PSNR curves of Akigréman |I-B, and builds the set of trees to distribute these laydrs o
and Tennis video sequence, cite from [2]. video according to Algorithm 2.

incentives to increase the tree rates from different recsjv B. Queuing Delay. Measurement _
i.e., the derivative of their utility functions, and sum ¢fet We use the difference in th&elative One-Way-Delay
queuing delays introduced by using the trees. The algorishm(ROWD) to measure the queuing delay between two peers.

suitable for implementation in a distributed manner in fosla ROWD is the relative difference between the packet sending
Internet and is discussed further in Section IV. time at the sender peer, and the packet receiving time at the

receiver peer. It is the sum of propagation delay, queuing

delay, and clock offset between the two peers. It is known
... that queuing delayp. between two peers can be estimated
. . ) tﬁ the difference between current ROWD and the smallest
algorithm (13)-(14) in a prototype of a P2P multi-rate Multipyyp ever seen for this peer. The advantage of measuring

party y|deo conferencing sy_stém L delay based on ROWD is that it does not require any time
In this system, each peer is a source of its video stream alfl chronization across peers

wants to receive videos from all other peers. Besides engodi In particular, we follow the following procedure to measure

and decodl_ng v_|deo_ streams, every peer builds a set of i S queuing delays of peers’ uplinks and to distribute them
used to deliver its video stream and updates them upon Pegrs

S . . . . ong peers.
joining and leaving. The peer is also responsible for cdlirigp wh q ; q K i

the flow rates of this set of trees according to (13), based on® | ene\r/]er da peer sends orforwards a pac et, a timestamp
the measured queuing delays it collected from other peers. IS attached to It

All multicast trees in our system have depth at most two; * Each of its offsprlbng peeLs on fche tree compltJ)tes th;
hence, a packet traverses at most one overlay hop before current ROWD, subtracts the minimum ROWD observe

reaching its destination. This is important for keeping the so far for the sending peer, and generates a measurement

total end-to-end delivery delay lgvthus satisfying the strict of the queuing de_lay of the sender's uplink. )
requirements of real-time multi-party conferencing syste - Each peer periodically sends the aggregated queuing de-
lay measurements to all sources it is subscribed to. If the

- . ) target source is also a receiver of the peer’s video stream,
A. Utility Modeling and Layer Assignment the queuing delay measurements can be piggybacked to
Peak signal-to-noise ratigPSNR) is the de facto standard its next video packet which guarantees their distribution.
metric in video processing to provide objective qualityleva The overhead of distributing the delay information is negli
uation between the original frame and the compressed Offhle as it only requires few bytes per packet received and a |
As shown in Fig. 4, we empirically found that the PSNRyfthe overhead can be saved by aggregating the measurements
of a sourcess video coded at rates can be approximated jnto fewer packets and by piggybacking the delay infornratio
by a logarithmic functiorBslog(zs), with larges for videos ith video packets.
with large amount of motion and smaf for almost still  sych method is well adopted in the context of measuring
videos. This parametgi, calledsource utility coefficientcan  congestion [29]. We use it in this paper for a different piseo
be obtained from the video encoder during encoding procegsmeasuring queuing delay. The disadvantage of using ROWD
In our implementation, when a peesubscribes to a video to measure the queuing delay is that its measurement can be
stream of sources it submits areceiver utility coefficient inaccurate if the underlying route between peers changeee t
denoted bysr, to the source. The coefficief takes value have been efforts to overcome this drawback [29].
between 0 and 1, and corresponds to pegipreference on  ypon collecting pe (e € E), source peers computes an
receiving high quality video. The smaller ti, the lower average queuing delay for each peer on its trees, by doing a
desire for high quality video receivar has. UsingB, the running average over the last three queuing delay measure-
source reconstructs receiveis utility as Bs8710g(x?). The ments for the peer. The purpose of doing so is to achieve a
N _ . _ . balance between robustness to measurement noise and quick
Please note that we consider only the transmission of videarss in this "
paper as audio stream rates are typically small and mostitansompared '€SPoNnse to network condition changes. Sowrtieen updates
to the video stream rates. its tree rates according to (13).

IV. PRACTICAL IMPLEMENTATION



V. EXPERIMENTAL RESULTS In this scenario, each peer encodes its video into two layers

We use a set of virtual machines in a Virtual Lab infrasd base layer and an enhancement layer. Each layer's video
tructure [3] to conduct experiments in Scenarios 1 and &€ sent along a set of depth-1 and depth-2 trees which are

prototype described in Section IV. instance, as shown in shown in Fig. 6(a), péeuses three

trees to send its base layer video, and uses one tree for its
enhancement layer video.

We also evaluate how the system adapts to cross traffic and
source utility coefficient changes in this experiment.idtiy
the conference starts witBy = Sg = Bc. At 240th second,
Be is increased by 30% as the motion characteristics of the
video of userB changes, e.g., the participant starts moving
a lot. After another 240 seconds, pegrstarts some other
application which consumes half of its uplink bandwidthtwit
UDP traffic, and thus its uplink bandwidth available for the
conference reduces from 384 kbps to 192 kbps.

The experimental results are shown in Fig. 7 and Fig. 8(a).
Fig. 7 shows the layer and individual tree rates, as well as th
average and aggregate queuing delays of the trees. Fig. 8(a)

Fig. 5. (a) Topology of Scenario 1 and peer uplink bandwidttirsg. (b)
Topology of Scenario 2 and peer uplink bandwidth setting.

Layer0 4 A A Layer1 4 shows the utilities of individual peers and the aggregaiteyut
L achieved by our system.
B ¢ B ¢ B ¢ c As seen in Fig. 7(b), the low-bandwidth pe@rdoes not
(a) utilize its depth-1 tree, because it requires twice as ntish
Layer 0 S1 S 51 S scarce bandwidth compared to sending content through high-
S L l l l bandwidth peerdA or B. Moreover, for peerd\ and B, rates

‘/1%\‘ ,/?\« }/194\‘ ’/‘35\‘ of the trees labeled bly0—C are close to zero. This indicates
peersA andB do not use the low-bandwidth pe€rto forward

S, Ss Si S5 Ss Su Ss S Su S5 Sy S S5 S2 Sz 8 2 : . ) . }

POUSOSE TS TR o T T ™ their video, allowingC to use its entire uplink bandwidth to

Layer 1 S S1 Sy distribute its own video.
S i i L At 240th second, peeB’s utility coefficient Sg increases.
s 2 % Seen from the increase in peBis video rate in Fig. 7(a),
4Ly sﬁ/ \«Ss SAS/ \«55 s:/ \54 our system rea_lcts to thi§ utility f:hange by aII.oc_at_ing more
peer A's bandwidth to delivelB's video, thus optimizing the
Layer 2 S S Layer 3 overall system-wise quality of experience. Péeis chosen
Sy l i S1 to be the victim because its utility coefficient is the same as
/\ Su 5 l peerC but it has more uplink bandwidth to help. The system’s
L L behavior makes intuitive sense.

Sy Ss Ss S4 Ss ..
®) The cross traffic |p|t|ated at pedy at 480th second causes
an immediate drop in layer rates for all peers because peer
Fig. 6. (a) Multicast trees delivering data of video layefssourceA in a  now has less bandwidth to forward their videos. Conseqyent!
3-party conference_ in Scenario 1. (b) Multic_ast trees'deili\g data of video the queuing delay of peek's uplink increases dramatically.
layers of sourceS; in a 5-party conference in Scenario 2. . .
The system quickly adapts to this change, and both tree rates
and aggregate utility converge quickly to new optimal value
) ] . All above observations highlight how the conferencing peer
A. Scenario 1: The case of cross traffic, utility change, angyoperate to maximize their overall video qualities in our
receiver-independent utility function system, in the presence of network condition and conference
The first scenario that we study consists of three péers characteristic changes.
B andC. The topology and peer uplink bandwidth are shown We also observe in Fig. 7(b) that rates of the trees for
in Fig. 5(a), from which we can see pe€rhas the smallest enhancement layer videos are close to zero which is expected
uplink bandwidth. The propagation delays between any tvexcording to our established result for the receiver inddpat
peers are set to be 20 ms. utility case (Theorem 3 and Corollary 1). Intuitively, ths
We study the case where all receivers of a source hdvecause all receivers have the same utility, and optimady t
the same utility functions, i.e., the receiver-independsitity  should receive the source’s video at the same rate, which is
case. For this, we set all receiver utility coefficients tolbe achieved by using only the trees for base layer video.
Consequently, receiverof s, wheres,r € {A,B,C} ands#r, We can also see that even though the rates for individual
has a utility functiorgslog(x?) according to our utility model- multicast trees vary (Fig. 7(b)), the total layer rates evge
ing in Section IV-A. The aggregate utility our multi-raterco quickly to the optimal solution (Fig. 8(a)) and stay relativ
ferencing system tries to maximize ¥5,capc).s Bs109(X).  stable (Fig. 7(a)).
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Fig. 7. Experimental results for Scenario 1: (a) Layer raté® { base layerL.1 - first enhancement layer) of sourcAsB, andC, respectively, with the
average tree queuing delays. (b) Tree rates for multicass$ wé source®\, B andC, respectively, with the aggregated tree queuing delaygehés show the
tree layer and also the intermediate node for depth-2 tyms.tre
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Fig. 8. (a) The aggregate utility achieved by the system ian&do 1 and the utilities per source. (b) The aggregatéyutichieved by the system in
Scenario 2. The optimal utility values are depicted by doliteels in (a) and (b). (c) Layer rate&@ - base layerli - i-th enhancement layer) of sourc8s
1<i <5, and the average tree queuing delays, in Scenario 2. Legfewis layers and the corresponding node indices of peeswirag the layers.

In order to verify the optimality of our distributed algdrith  observe the delay variability is within the acceptable eng
we run Mosek [30] to solve Problem 2 under the settings &r a smooth conferencing experience.
this experiment. The optimal tree rates allocation geedrby
Mosek confirms the optimality of our algorithm.

Out system takes 62 ms on average to deliver one pacﬁet
from a sender to a receiver. If we distributed the videos in aWith topology and peer uplink bandwidth shown in
simulcast way, it would be only 20 ms but the peers wouldig. 5(b), we study a 5-party conferencing scenario where
receive the videos at much lower quality, specifically foe thpropagation delay between peers are 20 ms. We choose source
peers with low uplink bandwidth. For instance, our systemitility coefficientsgs, (i = 1,...,5), to be the same, and set
delivers peeC’s video at rate 115 kbps, much higher than 6#eceiver’s utility coefficients for sourceS; to Ss to values
kbps if simulcast approach has been used. shown in Table II, representing highly diverse peer demands

In our approach packets travel through at most one inter-Under this setting, each peer needs to construct 4 video
mediate node and therefore it leads to lower average end{yers to meet the diverse peer demands. Each peer orders
end delivery time compared to the server-assisted appyroaith receivers according to their receiver utility coeffitig
such as [31], where packets always need to go through fanms layer session groups as described in Section II-B,
intermediate server. On the other hand, in our approachepac&nd distributes its layered video to these session groups by
jitter can be higher due to multi-tree delivery. However, wasing the depth-1 type and depth-2 type trees constructed by

Scenario 2: The case of diverse peer demands
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TABLE I
RECEIVER UTILITY COEFFICIENTS IN A5-PARTY CONFERENCE IN [5] S. Deb and R. Srikant, “Congestion control for fair resmuallocation
SCENARIO 2. in networks with multicast flows,JEEE Trans. Automat. Conrpp.
274-285, April 2004.

receiverr | S1 | S» | S3 | Sa | Ss [6] K. Kar and L. Tassiulas, “Layered multicast rate contraised on
& lagrangian relax_atlon and d_yna_m|c programming,1HEE Journal on

; - 1 05)075] 1 1 Selected Areas in Communicationsl. 24(8), August 2006.
2 0.5 - 0.75 | 0.875 | 0.875 [7] L. Chen, T. Ho, S. H. Low, M. Chiang, and J. C. Doyle, “Optraiion
>3 05 1 - 1 0.5 based rate control for multi-cast with network coding,”Rmoceedings

Sa 051 05 05 N 05 of IEEE INFOCOM Anchorage, Alaska, May 2007.

rss : . : . [8] Y. Wu and S.-Y. Kung, “Distributed utility maximization fonetwork
r 05]065| 08 1 - coding based multicasting: a shortest path approad®EE J. Select.

Areas Commun.no. 8, pp. 1475-1488, Aug. 2006.
[9] D. S. Lun, N. Ratnakar, M. M. edard, R. Koetter, D. R. Kargé Ho,

: by b : E. Ahmed, and F. Zhao, “Minimum-cost multicast over coded packet
Algquthm 2. A_n example of peeSl dISt_”buFmg its 4 Iayers networks,"IEEE Trans. Inform. Theoryno. 6, pp. 2608-2623, Jun. 2006.
of video by using 13 trees are shown in Fig. 6(b). [10] D. M. Chiu, R. Yeung, J. Huang, and B. Fan, “Can NetworkdiDg

We run the conference system for 250 seconds, and study Help in P2P Networks?” ifProceedings of the IEEE Second Workshop
: : _ of Network Coding (NetCogdBoston, April 2006.
the SyStem performance in the presgnce of diverse peer HE] J. Mo and J. Walrand, “Fair end-to-end window-based gestion
mands. Fig. 8(b,c) show aggregate utility, layer rates,auea- control,” IEEE/ACM Trans. Networkingio. 5, pp. 556 — 567, Oct. 2001.

age tree queuing delays. To satisfy the diverse peer demarit® F. P. Kelly, A. Maulloo, and D. Tan, “Rate control for comnication

: : : networks: shadow prices, proportional fairness, and lgigbiJournal
each peer uses more trees to deliver its video and forward [ - Operation] Research Sociefp. 237—252, 1998.

others’ videos. Thus, we have many more trees competifig] L. S. Brakmo and L. L. Peterson, “TCP Vegas: end-to-endgestion
for uplink bandwidth than in Scenario 1, and the tree rates avoidance on a global internetEEE J. Select. Areas Communol. 13,

; no. 8, pp. 1465-1480, Oct. 1995.
dynamlcs are eXpeCtEd to be more complex. Nevertheless, [WA? R. La, J. Walrand, and V. Anantharam, “Issues in TCP Vggachnical

can see from Figs. 8(b,c) that both the layer rates and agigreg ~ Report, UC Berkeley, 1998.
utility still converge nicely and the achieved system tytilis  [15] A. Norberg, “uTorrent Transport Protocol Draft.” [Oné]. Available:

: : http://www.bittorrent.org/beps/bep029.html
almost the same as the theoretically optimal one (compu S. Shalunov and G. Hazel, “Low Extra Delay BackgroundrBport

by Mosek optimization package [30]). This shows that our = (LEDBAT), Internet-Draft” [Online]. Available: http:tbols.ietf.org/
system is capable of achieving good performance even under html/draft-ietf-ledbat-congestion-02

: P ; : [17] V. K. Goyal, “Multiple description coding: Compressiomeets the
the complex conference setting studied in this scenario. network,” in IEEE Signal Processing Magazineol. 18(5), Sept. 2001.

[18] R. Puri and K. Ramchandran, “Multiple description saurcoding
VI. CONCLUSION through forward error correction codes,” IBEE Proceedings Asilomar
. . Conference on Signals, Systems, and Compu@cetober 1999.
We have presented a novel framework for multi-rate multj29] H. Schwarz, D. Marpe, and T. Wiegand, “Overview of theal@ble

source multicast that maximizes the aggregate utlhty oPB P H.264/MPEG4-AVC Extension,” inEEE International Conference on

. Image Processing (ICIP’06)Oct. 2006.
system. The nature of P2P topologies allows us to solve H. Schwarz, D. Marpe, and T. Wiegand, “Overview of thalable video

difficulties arising in the general network case. We show tha ~ coding standard,” inEEE Transactions on Circuits and Systems for
by routing along a quadratic number of multicast trees per  Video Technology2007.

hi th t . that obt [%é]d R. Ahlswede, N. Cai, S.-Y. R. Li, and R. W. Yeung, “Netkanforma-
source, we can achieve the same rate region as that obtal tion flow,” IEEE Trans. Inform. Theoryno. 4, Jul. 2000.

through (intra-session) network coding. We have developgd] X. Yan, R. W. Yeung, and Z. Zhang, “The capacity regiom foulti-
Primal and Primal-dual distributed algorithms to maximize  source multi-sink network coding,” iB007 IEEE International Sympo-

.- . sium on Information Theory (ISIT20QMlice, France, Jun. 2007.
the aggregate Ut'“ty and proved their gIObal convergem'te. [23] J. Li, P. A. Chou, and C. Zhang, “Mutualcast: an efficieméchanism

developed algorithms are practical and easy to implement for content distribution in a p2p network,” ifProceedings of ACM

in a P2P overlay over the current Internet. Experimental SIGCOMM Asia Worksho2005.

[]24'] S. Floyd, “TCP and explicit congestion notificatiolACM Computer
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