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Abstract—We consider the problem of distributing “live”  that is webcasting a high school football game.) Furthermore,
streaming media content to a potentially large and highly there is some evidence that even large sites (e.g., CNN) are
dynam_lc popu_latlon _of hosts. Peer-to-peer content _dlstrlbutlon is moving away from CDNs to in-house server farms [22].
attractive in this setting because the bandwidth available to serve . . . .
content scales with demand. A key challenge, however, is making An alternative to these mfrastructure—_ba.sed.solut|ons is end-
content distribution robust to peer transience. Our approach to host-based or peer-to-peer content distribufioh. P2P ap-
providing robustness is to introduce redundancy, both in network proach is attractive in this setting because the bandwidth avail-
paths and in data. We use multiple, diverse distribution trees to able to serve content scales with demand (i_e_, the number of
provide redundancy in network paths and multiple description  jsarested clients). This then forms the basis for the approach
coding (MDC) to provide redundancy in data. . .

We present a simple tree management algorithm that provides CoopNet system we presen-t In th|s. papetr.. CoopNet makes
the necessary path diversity and describe an adaptation frame- Selective use of P2P networking, placing minimal demands on
work for MDC based on scalable receiver feedback. We evaluate the peers. The goal is only to help a server tide over crises

these using MDC applied to real video data coupled with real gych as flash crowds rather than replace the server with a pure
usage traces from a major news site that experienced a large flash P2P system

crowd for live streaming content. Our results show significant .
benefits in using multiple distribution trees and MDC. We also 1 here are a few key issues that need to be addressed

present a method for combining MDC with traditional layering in CoopNet. First, users may be wary of dedicating their
to accommodate bandwidth heterogeneity. Our layered MDC bandwidth to the common good, especially when ISPs charge
construction enables a novel hybr!d parent- an.d child-driven pased on (upstream) bandwidth usage. We address this issue
congestion control scheme appropriate for situations where the in CoopNet by insisting that a node participate in (and
last-hop links of end-hosts are prone to congestion. ) . PV
contribute bandwidth for) content distribution only so long as
l. INTRODUCTION the user is interested in the content. It stops forwarding traffic
when the user tunes out. This requirement makes CoopNet

We consider the problem of distributing “live” streaming,ngamentally different from many other P2P systems (e.g.,
media content from a server to a potentially large and hlghﬂxo]) where nodes are expected to route traffic so long as

dynamic population of interested clieritDue to the lack of they are online, even if they are themselves not interested in

widespread support for IP multicast (especially at the intgf;o corresponding content. We also insist that a node only
domain level), the server resorts to unicasting the stream dgnribute as much (upstream) bandwidth as it consumes (in
individual clients. However, this approach only scales up {e downstream direction). This creates a natural incentive
a point. A surge in the client population, say due to a flashiycture where a node may tune in to higher bandwidth (and
crowd, could easily overwhelm the server's bandwidth.  petter quality) content if and only if it is also willing and able
A range of solutions have been proposed in the literatug sorward traffic at the higher rate.

and employed in practice. The content provider could purchaseA second key issue is that the nodes in CoopNet are
additional bandwidth and install a (possibly distributed) C'”Stﬁ‘iherently unreliable. The outgoing stream from a node may

of servers. Alternatively, the services of a content distributiqg), disrupted because the user tunes out, the node crashes or
network (CDN) such as Akamai could be used to achieY§ses connectivity, or simply because the upstream bandwidth
the necessary scallng,_ thereby relieving .the content prov'qg’rtemporarily used up by a higher-priority user task (e.g.,
from the task of scaling their server site. However, thesgnging out an email with large attachmehta)e traditional
approaches may not be cost effective, at least for small 95, 5ach to end-host-based application-level multicast, which
med|_um sized sites, _bGGaUSG the normal traffic _Ievels may Wolves constructing a single distribution tree, is vulnerable
be high enough to justify the cost of purchasing additiong) g,ch fajlures because the descendants of the failed node
bandwidth or subscribing to the services of a CDN. In fact, theiqh experience severe disruption until the tree is repaired (or
volume of traffic at a small site, even during a flash crowd, ma)e fajled node is revived). We address this issue in CoopNet
be toq low to .be of commercial interest to a CDN operat%y introducing redundancy, both in network paths and in
(Consider, for instance, a flash crowd that overwhelms a seryg, - multiple, diverse distribution trees spanning the set of

“For more information, please visit the CoopNet project page g)tartlmpatlng nodes are constructed, thus providing redundancy

http://www.research.microsoft.com/projects/CoopNet/.

Iwe use the term “live” to refer to the synchronous distribution of content 2We use the terms end-host-based multicast and peer-to-peer multicast
to the clients; the content itself may either be truly live or a playback of $ynonymously in this paper.
recording. 3We term these as “failures” although the node may not have actually failed.



in network paths. The streaming content is encoded usingtwork congestion. We present our layered MDC construction
multiple description coding (MDC) [18] and the descriptionand briefly discuss a novel hybrid parent-and-child-driven
are distributed over different trees. As our experimental resuttsngestion control scheme. We conclude in Section VIII with
show, this approach significantly improves the quality of the summary of our contributions and an outline of our ongoing
received stream in the face of a high level of node churn. work.
In CoopNet, the server plays a central role in constructing
and managing the distribution trees. The availability of a
resourceful server that is likely to be far more robust than anyWe now discuss the problem of constructing and maintain-
individual peer greatly simplifies the system design. Note thiatg the distribution trees. The key challenge is to keep up with
in this “centralized” design, the most constrained resource, vibe frequent node arrivals and departures that may be typical of
bandwidth for forwarding the data stream, is still contributefiash crowd scenarios. As noted in Section |, we assume that
by the distributed set of peers and scales with the populatinades participate (and contribute bandwidth resources) only
size. In this respect, our design is akin to that of the erstwhiler as long as they are interested in receiving content, so they

Il. TREEMANAGEMENT

Napster system. While the central server does constitutemay depart or fail with little notice.

single point of failure, it is also the source of the data stream.
So failures of the server will disrupt the data stream regardl€ss
of how tree management is done.

Here are the specific contributions of this paper:

Goals and Design Rationale

There are many (and sometimes conflicting) goals for the
tree management algorithm:

1) A simple, centralized tree management algorithm to 1) Short trees: The trees should be as short as possible,

2)

3)

4)

construct and maintain a diverse set of trees.

A framework for adapting MDC based on scalable
receiver feedback.

Evaluation of tree management and MDC adaptation
using real video data coupled with real usage traces
derived from the access logs of the MSNBC news
site [2] that experienced a large flash crowd for live
streaming content on Sep 11, 2001. Our results show the
significant benefits of using multiple, diverse distribution
trees and MDC. Our results also indicate that MDC
outperforms pure FEC in the face of wide variation in
loss rate across clients.

A method for combining MDC with traditional layering
to accommodate bandwidth heterogeneity. Our layered
MDC construction also enables a novel hybrid parent-
and child-driven congestion control scheme appropriate
for situations where the last-hop links of end-hosts are
prone to congestion, say due to competition from other
applications running on the hosts.

2)

In a previous workshop paper [28], we sketched the basic
idea of CoopNet (viz., combining multiple distribution trees
with MDC) and presented some preliminary analysis. This
paper is substantially different in many respects. The tree
management algorithm significantly improves over our pre-
vious algorithm. The adaptation framework for MDC based
on scalable receiver feedback as well as the parent- and child3)
driven congestion control scheme are novel contributions of
this paper. So is the application of MDC to real video data for
performance evaluation.

The rest of this paper is organized as follows. In Section Il,
we present the centralized tree management approach used
in CoopNet. We discuss our MDC construction in Section
Il and the adaptation framework based on scalable receiver
feedback in Section IV. We then present a performance4)
evaluation of these in Section V using real video data and the
flash crowd traces from MSNBC. In Section VI, we outline
our approach to accommodating bandwidth heterogeneity and

i.e., have a minimal number of intermediate end-hosts
between the root and the leaves. Shortness would mini-
mize the probability of disruption due to the departure,
failure, or congestion at an ancestor node. For it to
be short, each tree should be balanced and as wide as
possible, i.e., the out-degree of each node should be as
much as its bandwidth will allow. However, making the
out-degree large (and thus consuming more bandwidth)
may increase the the likelihood of disruption in the
CoopNet stream due to competing traffic from other
applications.

Tree diversity versus efficiency:The distribution trees
should be diverse, i.e., the set of ancestors of a node
in each tree should be as disjoint as possible. The
effectiveness of the MDC-based distribution scheme de-
pends critically on the diversity of the distribution trees.
However, striving for diversity may interfere with the
goal of having efficient trees, i.e., ones whose structure
closely matches the underlying network topology. For
instance, if we wish to connect three nodes, one each
located in New York (NY), San Francisco (SF), and
Los Angeles (LA), the structure N%SF—LA would
likely be far more efficient than SENY —LA, where—
denotes a parent-child relationship. Note that shortness
could make a tree more efficient but not necessarily so.
Quick join and leave: The processing of node joins and
leaves should be quick to ensure that an interested node
starts receiving streaming content as quickly as possible
after it joins (or migrates to a new parent, as discussed
below) and with minimal interruption (in case one or
more ancestors depart or fail). In particular, the number
of network round-trips needed for the joins and leaves
to complete should be minimal.

Scalability: The tree management algorithm should
scale to a large number of nodes, with a correspondingly
high rate of node arrivals and departures. For instance,
in the extreme case of the flash crowd at MSNBC on



September 11, the average rate of node arrivals atiek failure or disconnection of the root is likely to disrupt the
departures was 180 per second while the peak rate vaa stream aldo
about 1000 per second (both aggregated over a cluster )
of streaming servers). While a distributed algorithr®- Centralized Tree Management
might scale better, it is generally at the cost of a larger The root coordinates all tree management functions. When
number of network round-trips. For instance, consider node wishes to join, it contacts the root, which responds
that content lookup take®(1) network round-trips in with a designated parent node in each tree. The new node
a centralized system such as Napster or Google hhen contacts the parents to have the flow of data started.
O(log N) (or more) hops (wheréV is the number of (Alternatively, the root could directly notify the parent nodes
nodes in the system) in a distributed system such as q@encurrently with its message to the new node), thereby
based on DHTs [33], [36]. reducing the join time by about an RTT.) When a node leaves
Some of these goals (appear to) conflict with each other, g@cefully, it informs the root. The root then finds a new parent
we prioritize them as follows. Since resilience is our overalbr the children of the departed node (in each tree) and notifies
objective, we choose to focus on building short and diversiee children of the identities of their new parents.
trees with short join and leave times. In addition, there is the problem of ungraceful leaves where
We prioritize shortness and diversity over efficiency becausenode departs because of a network disconnection, host crash,
in the CoopNet setting, the peer nodes and their often cam-another reason that gives it no opportunity to notify the root
strained last-hop links are likely to be the causes of disruptiofor its children). To accommodate such ungraceful leaves (and
So it makes sense to try to minimize the number of ancestggsneral variability in network quality), each node monitors the
that a node has and maximize their diversity. And since tipacket loss rate of the incoming stream on each tree. Losses
live streaming application we consider is non-interactive, are deduced from gaps in the packet sequence number, or a
modest delay (from the root to a node) of even 10 secondsstoppage in the packet stream (for instance, because the parent
S0 may be acceptable. That said, having efficient trees woglot disconnected).
likely benefit the network as a whole by reducing bandwidth If the loss rate on a tree exceeds a threshold, the node checks
consumption on the backbone links. So we include efficiengyith its parent to see if the parent too is experiencing a high
as a secondary goal. loss rate on that tree. (The network round trip needed for this
To enable quick joins and leaves, we use a centralizeteck can possibly be saved by having the parent piggyback
tree management scheme, where a central node (possiblyithgacket loss rate information on the data stream it forwards
streaming server) coordinates tree construction and mainge-ts children.) If the parent is also experiencing a high loss
nance. We refer to this node as the “root” to connote thate, then the cause of the problem is probably upstream of
probability that it is (or is collocated with) the root of thethe parent. So the node holds off for a while before checking
distribution trees in practice. Leveraging the (often resourcith its parent again, hoping that the parent (or one of its
ful) root greatly simplifies tree management and consequenélicestors) will resolve the problem in the meantime.
makes joins and leaves quick. A join or leave operation would If the parent is not experiencing the problem or it fails to
only require one or two network round trips — one to the rogkspond or resolve the problem, the node contacts the root to
and possibly one to the new parent. request a new parent for itself in the affected tree. In addition
The dependence on the root means that the systemidSeturning a new parent to the requesting node, the root also
not self-scaling, but only so with respect to control traffigecords the “complaint” against the old parent. Such complaint
pertaining to tree management; it is still self-scaling witihformation could be used to guide future parent selection and
respect to (the more expensive) data traffic. Our (untungghssibly scale back the level of participation of the suspect
prototype implementation can keep up with about 100 joirarent. We touch upon some of these issues in our discussion
and leaves per second on a 1.7 GHz Pentium-4 PC. The tggecongestion control (Section VI), but do not consider it
management task is CPU-bound (the memory and netwdtitther here.
bandwidth requirements are quite low) and should scale withwe now consider the question of how exactly the root
CPU speed. Should the tree management processing on @héoses the set of parents for a node. We discuss two tree
root node become a bottleneck, it would be easy to scale gighstruction algorithms — randomized and deterministic.
using a (possibly distributed) cluster of roots and directing 1) Randomized Tree Constructiofihis algorithm was pre-
each client to one of the roots, say at random. A client woulitnted in our previous workshop paper [28]. The motivation
retain its association with the assigned root until it deparis simple: since we would like the trees to be diverse, we ran-
the system. If in addition the aggregate bandwidth of the rogémize the process of tree construction within the constraints

nodes (i.e., the source nodes of the data stream) is scaledjgiposed by node bandwidth and the desire for short trees. The
it would result in shorter, and hence better, trees.
Another criticism of centralized tree management might be*This statement is not strictly true because Internet connectivity is not
that the root is a single point of failure. Nonetheless, this m ictly transitive [4]. A node may lose direct connectivity to the root and
L . nce be unable to exchange tree management messages with the root, yet it
be a moot point in our setting because the root (or a no %y be able to receive the data stream routed via its ancestors (i.e., an overlay
collocated with it) is also the source of the data stream. $axh).
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algorithm proceeds as follows. For each tree, we start at thsterile trees”). The goal is to roughly balance the number of
root (i.e., the source of the data stream) and search down thgile nodes in each tree.
tree until we get to a level that has one or more nodes withTo insert the new node into its fertile tree, we start at the
spare bandwidth to support a new child. (Note that this seanaot and proceed down until we reach a level that either has
is performed in the local data structures maintained at the r@hode with room (i.e., with spare bandwidth) or a node with
and does not involve any network communication.) We themsterile child. If a node with room is found at that level, we
randomly pick one of these nodes with “room” as the paredesignate it as the parent. Otherwise, we designate a node with
of the new node in that tree. To further increase diversity, westerile child as the parent of the new node and find a new
could randomly pick the parent from among nodes within parent for the sterile child, as discussed below. (The idea is to
levels of the first level that has roonk would typically be have the upper levels of the tree populated by fertile nodes,
set to a small value such as 1 or 2 to avoid sacrificing taghich can support children.) In both cases, the parent is chosen
much in terms of the shortness of the tree. deterministically (say the first node meeting these criteria that
2) Deterministic Tree ConstructionWhile randomization is encountered in the search through our data structures). The
would result in a degree of tree diversity, the question #isjointness of the interior (i.e., fertile) nodes across the trees
whether we can do better. We leverage the insightful obsenakes randomization unnecessary.
vation made in the recent work on SplitStream [9] that the To insert the new node into one of its sterile trees, we use a
outgoing bandwidth constraint of nodes can be honored bimilar procedure as above except that we only consider nodes
making each node an interior node in just one tree. (Thaith spare bandwidth when searching for a parent. Since the
said, there are some crucial differences between SplitStreaaw node is sterile in this tree, there is nothing to be gained
approach and ours, which are discussed in detail in Sectibom substituting an existing sterile node in the upper levels
VII-A.) In our setting, the centralization of tree constructiorof the tree with the new node.
makes it relatively easy to honor the bandwidth constraintsWith this deterministic algorithm, it is possible (although
of each node. But we can use the idea of making each naglgite unlikely in practice) that a tree runs out of capacity to
an interior node in exactly one tree to make the trees widsmpport new nodes. This can happen, for instance, because a
and henceshorter Figure 1 illustrates a simple example wheréarge number of departing nodes all happen to have been fertile
doing so results in shorter trees than if tree construction whetedes in the same tree. When a tree runs out of capacity, we
randomized. pick a fertile node from the tree with the largest number of
fertile nodes and “migrate” it to the tree that is starved of
capacity. Migration involves changing the designation of the

() (/) node from fertile to sterile in one tree (and finding new parents
SIONO) for each of its children in that tree) and designating it as fertile
1) ) (2) (a) in the starved tree.
@@ () 3) Tre_e_Effi(_:iency:As noted in Section _II-A, making the

@) °° 0 @) °° ; trees efficient is a (secondary) gpal. The idea is to make the

tree structure match the underlying network topology to the

OO © extent possible, thereby minimizing duplication of traffic on

(a) Randomized construction (b) Deterministic construction network links. Towards this end, we would like the parent of

Fig. 1. The (total) out-degree limit for the root (R) is 4 while the limit for® NOd€ 10 be close to it in terms of network distance (and
the other nodes is 2. By concentrating the out-degree of each node in @@rhaps even on the same ISP network to conserve expensive
tree (its “fertile tree”), deterministic tree construction (case (b)) yields shortgrgress bandwidth), where possible. Note that such proximity
trees than randomized tree construction (case (a)). to parent nodes (in all trees) does not necessarily compromise
tree diversity (and hence robustness) in the CoopNet setting.
Making the set of interior nodes in each tree disjoint als@iven the high rate of node churn, departures or failures of
contributes to tree diversity and hence robustness. The fail@md-nodes and/or their network links are more likely causes
of a single node would only disrupt one tree. However, iaf disruption than failures in the interior of the network.
the MSNBC scenario considered in Section V, multiple nodesWhat we need is an efficient way to pick a proximate
can fail concurrently, so it is less clear to what extent thgarent for a node without requiring extensive P2P network
disjointness of the interior nodes helps. measurements. We use the simple delay-coordinates based
The deterministic algorithm proceeds as follows. When “&eoPing” technique, proposed in [27] for a somewhat differ-
new node joins, we first decide the tree in which it is goingnt application (viz., determining the geographic location of
to befertile (i.e., be an interior node that can have children)nternet hosts). Each node maintains its “delay coordinates” of
the node will besterile (i.e., a leaf node) in all the remainingping times to a small set of landmark hosts (say 10 hosts). The
trees. We keep track of the number of fertile nodes in eapings are repeated at a low frequency to keep the coordinates
tree, and (deterministically) pick the tree wth the least numbepdated. When it wishes to join the distribution trees, the node
of fertile nodes as the one in which the new node will be fertileeports its delay coordinates to the root. Once the root has
(we term this the “fertile tree” of the node, the rest being itglentified a set of candidate parents in a tree (subject to the



bandwidth and tree level considerations discussed abow H
picks the one whose delay coordinates are closest to th
the new node (in terms of Euclidean distance). @fg&;?@?gf%{

In Section V-A.3, we evaluate the efficacy of this dele

coordinates based approach in finding proximate peers. + . ! Retedistortion
ever, since we do not have delay coordinates information 5 ) Curve
. . . . o D(R))
the clients in the MSNBC trace, we do not consider proxin R R R R R
in the rest of our evaluation. Ermbekided b sream
[1l. M ULTIPLE DESCRIPTIONCODING — e ekt 1
. [T T Packet 2
A. MDC Overview T Packet 3

Multiple description coding (MDC) is a method of encodil
an audio and/or video signal intt/ > 1 separate streams, ( o
descriptions such that any subset of these descriptions o 2 prior i cetization of . (GOR). Th

: H : . 1g. 2. riority encoding packetization of a group of frames . e
be, recelv.ed an_d decoded. The dlgtortlon with respect to _léb%rce bits in the rangéR;_1, R;) are mapped ta source blocks and
original signal is commensurate with the number of descriprotected withd — i FEC blocks. Anym out of M packets can recover
tions received; i.e., the more descriptions received, the lowks initial 2, bits of the bit stream for the GOF.
the distortion and the higher the quality of the reconstructed e
signal. This differs from layered codifdn that in MDC every g Sran -

.. . rame 2 |t Prioritizer | RO _—————— FEC | Packetizer ==
subset of descriptions must be decodable, whereas in layered Fames | | Lo [0 pmm Peckeize =t
. M
coding only a nested sequence of subsets must be decodable. N desriptions
Frame 10 anager

For this extra flexibility, MDC incurs a modest performance
O/Q?% Internet 05%% &
=

penalty relative to layered coding (Section llI-F), which in

turn incurs a slight performance penalty relative to single @j

description coding. _ | —Hamtainn 222 orrtzn ] oot || e |
Many multiple description coding schemes have been inves- m<m (truncated)

. . . descriptions

tigated over the years. For an overview see [18]. A particularly " Client

efficient and practical system is based on layered audio or
video coding [29], [23], Reed-Solomon coding [37], priority

encoded transmission [3], and optimized bit allocation [15],
[32], [25]. In such a system the audio and/or video signal i gescriptions on the fly [35], assuming that the signal is

partitioned into groups of frames (GOFs), each group haVi'?;\Qready coded with a layered codec.
a duration ofT" = 1 second or so, for example. Each GOF

is then independently encoded, error protected, and packetiB2dFEC, Layered Coding and MDC
into M packets, as shown in Figure 2 and elaborated in Sectiony,, independence and priority encoding of the MDC de-
i-C. ) L scriptions offers efficient data redundancy needed for robust
[Ifany m < M packets are received, then the initidl, eer.to-peer media streaming. Both layered coding and For-
plts .of thg bit stream for the GOF can be recovered, resultif)h .4 Error Correction (FEC) are building blocks for MDC.
in distortion D(R,,,), where0 = Ro < Ri <--- < Ry @nd | guered coding is used by MDC to prioritize the streaming
consequentyD(Ro) > D(R1) > --- > D(Rar). Thus @M yaia Forward Error Correction (FEC), such as Reed-Solomon
packets are equally important; only the number of receivedh-oging, is then used to offer different levels of protection
packets determines the reconstruction quality of the GQf yata units depending on their prioritie. descriptions can
Further, the expected distortion)s,,_, p(1m)D(R:), Where  4ccommodate up t7 priority levels for the data units. In fact,
p(m) is the probability thain out of M packets are recelved.pure FEC is a special case of MDC where all the streaming
Givenp(m) and the operational rate-distortion functibii R),  gata is accorded the same priority. Hence, it is much less
this expected distortion can be minimized using & Simpig.yipie in adapting to wide variation in packet loss rates across
procedure that adjusts the rate poifts ..., Ras SUbjeCt 10 @ jients as is likely in the CoopNet setting. We compare MDC

constraint on the packet length [15], [32], [%5]By assigning ,nq FEC using real video data and real flash crowd traces in
the mth packet in each GOF to theth description, the entire gaction \LG.

audio and/or video signal is represented My descriptions,

where each description is a sequence of packets transmitted aiCoopNet MDC System Architecture

rate 1 packet per GOF. It is simple to generate these optimizeqn this section, we present the CoopNet MDC system
SLayered coding is also known as embedded, progressive, or scala%rghltecwre' Figure 3 shows the architecture we have |mple—

coding. mented. The input stream is from a layered codec; in our
6The “optimizer” in our system (Figure 3) performs this function. implementation, we use the PFGS codec (also known as the

Fig. 3. CoopNet MDC System Architecture



SMART codec) reported in [38]. The sequence of operation*®v=2 40rvi=2 = 4Omv=s 1 40rv=16

is as follows: N=10 N=10 N=10 N=10
1) Frames in a GOF are partitioned into a set of dat:

units that carry rate-distortion information. The prior- % 2 %0 2 0 8 0 16
itizer prioritizes and sorts these data units accordin(’[M=2_ —1 *“°[w=a ] *O[w=s J *0 (=16
to their contribution towards reducing signal distortion. |\ o> N=1000 N=1000 N=1000
The larger the reduction per byte a data unit offers, thi rﬂw
higher its priority and the greater the protection it is 0 8 0 16
given using FEC encoding. The prioritizer produces ar'® M=8 O1v=16
embedded bit strearfi.e., the sorted data units), and N=1000D N=10009
rate-distortion information (RD Curve). The latter is fed i
into the optimizer. 0 0 s 0 16

2) The optimizer computes thgm) distribution (i.e., the

probability distribution of the number of descriptiongd: 4 SNR in dB (line) and probabiliity distribution (bars) as a function
. . of the number of descriptions received, when the probability of host failure

received by clients) based on the scalable feedbagk — ;o

received from clients (Section V).

3) Using the number of descriptiond/), the packet size
(P), the p(m) distribution, and the RD curve (receivedkbps, packet size”? = 1250 bytes and a GOF siz&' = 1
from the prioritizer), the optimizer produces a prioritysecond,A/ = 16 descriptions would be generated. However,
encoding profile (FEC profile)ry, ..., R, for optimal this does not necessarily mean that 16 distribution trees would
packetization (Figure 2). be needed. When the number of tré@ss less than)/, %

4) The packetizer FEC-encodes the embedded stream #egcriptions would be distributed over each tree. For example,
is produced by the prioritizer according to the FEQuith 7' = 8 trees, 2 descriptions would distributed over each
profile from the optimizer, and produce® packets, tree.
each with the GOF numbenr) recorded in its header .
(Figure 2). The streaming server distributes these packgl’s Analysis ofp(m)
over its trees. The distributionp(m) can be used to optimize the multiple

5) The M packets traverse multiple CoopNet trees an@escription code by choosing the rate poifg R, ..., Ry
may experience different amounts of delay in reachingt@ minimize the expected distortioy ,_, p(m)D(R,,) sub-
client. The packets received at a client are synchronizi&$t to a packet length constraint. Now, we analyZe:) in
using the GOF numbem]j contained in their headers.the CoopNet setting. Suppose that the server encodes its AV
Due to network congestion or disruption caused by noggnal into M descriptions as described above, and transmits
departures, some packets may be lost, and only a suf$ét descriptions down/ different distribution trees, each
of the M packets (descriptions) corresponding to a GOfooted at the server. Each of the distribution trees conveys
may be received by a client. its description to allN destination hosts. Ordinarily, alV

6) Upon receiving a subset of the/ packets in a GOF, destination hosts receive all descriptions. However, if any
the de-packetizer at a client FEC-decodes the receivetithe destination hosts fail (or leave the session), then all
packets, and assembles an embedded stream which & 4he hosts that are descendents of the failed hosts in the
prefix of the original embedded stream generated at thdh distribution tree will not receive thenth description.
server. The number of descriptions that a particular host will receive

7) The de-prioritizer retrieves the individual data units frorfepends on its location in each tree relative to the failed
the embedded stream and sorts them by their medi@sts. Specifically, a host will receive themth description
decode time. The quality of this reconstructed GO none of its ancestors in theith tree fail. This happens
depends on the number of descriptions received. ~ With probability (1 — ¢)#~, where 4,, is the number of the

8) Finally, a media player decodes the GOF and renderd@st's ancestors and is the probability that a host fails

at the client. (assuming independent failures). If hosts are placed at random
o sites in each tree, then the unconditional probability that any
D. Configuring MDC given host will receive itsmth description is the average

A number of parameters affect the MDC construction: thgy = (1/N) 22’21(1 —¢)4» across all hosts in the tree. Thus
stream bit rateR, the GOF durationG, the total number the number of descriptions that a particular host will receive is
of descriptionsM, the packet sizeP, and the probability randomly distributed according to a Binom(i&d, 0,) distri-
distribution p(m). We fix P to be 1250 bytes, leaving aboutbution, i.e.p(m) = (M) (1—0x)™ ™. Hence for large)/,

250 bytes (in a 1500-byte network packet) for headers atitk fraction of descriptions received is approximately Gaussian
auxiliary information as necessary. Given a desired streamith meanfy and variancedy (1 — 6y). This can be seen
bit rate R and packet sizeP, M and G are related by in Figure 4, which shows (in bars) the distributiptvn) for

M = GR/P. For example, for a stream bit rafe = 160 various values of\/ = 2,4,8, 16 and N = 10, 1000, 100000.



In the figure, to computéy we assumed balanced binary treesespectively), as the number of trees increases less redundancy

with N nodes and probability of host failure= 1%. Note is needed. This is because the standard deviatiop(of)

that asN grows large, performance slowly degrades, becaudecreases as$//T, making it less and less probable &s

the depth of the tree (and hente- 6y) grows likelog, N.  grows that there can be a large fraction of descriptions lost. As
Figure 4 shows (in lines), the quality associated with ea@xpected, as the tree failure rate increases, more redundancy

p(m), measured as SNR in dB, i.el0log,,(c?/D(Ry)), is needed.

as a function of the number of received descriptioms,—=

0,1,...,M. In the figure, to compute the rate points a5l ggzs

Ry, Ry,..., Ry we assumed an operational distortion-rate e 4 Troes

function D(R) = ¢222%/5 which is asymptotically typical |8 Trees

for any source with variance?, where R/s is expressed in e

bits per symbol, and we assumed a packet length constraint

corresponding tak/s = 8. (For example, if the source pro-

ducess = 20K symbols per second, thek = 160 Kbps and

the packet length constraint is given By= GR/M, whereG

is the GOF duration and/ is the number of descriptions.) We

can see that a®’ increases, the SNR decreases becatise

increases withV, resulting in lower probability of receiving 0 5 10 15 2

mth description. AndM = 16 has the highest possible SNR Tree Failure Rate (%)

because it has the least redundancy (Figure 5). Fig. 5. Redundancy vs. Failure Rate vs. Number of Trees (1 second GOF)
In this section we have analyzed optimizing the MDC

system to the unconditional distributiop(m) derived by

averaging over trees and hosts. Given any set of trees, howe

the distribution of the number of received descriptions varit

widely across the set of hosts as a function of their upstre:

connectivity. By optimizing the MDC system to the uncondi

tional distributionp(m), we are not minimizing the expected

distortion for any given host, but rather minimizing the sur

of the expected distortions across all hosts, or equivalent

minimizing the expected sum of the distortions over all host
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F. MDC Evaluation

In this section, we evaluate FEC overhead as a function
the number of trees and the tree failure rate, and we disci
the choice of GOF duration. For FEC overhead, we use a:
measure of redundancy the ratio of the total number of sout
plus parity bytes to the number of source bytes (i.e., the rec
rocal of the channel coding rate). We assume that tree failur__, :
caused by client departures, dominate the packet loss, and [._h
the trees fail independently with probabili#y So, either all or trees
none of theM /T descriptions distributed over a tree for a GOF
are received. Hencg(m) = (mT/M)HT mT/M (1 — gymT/M We also experimented with GOF size. For GOF sizes of
for m a multiple of M/T and p(m) = 0 otherwise. In 1 second and 2 seconds, we computed the peak signal-to-
Section V, we will considep(m) constructed from real traces,noise ratio (PSNR) of the average distortion over time for
capturing both network loss and client dynamics, using othie Akiyo clip (Section V-A.2). (PSNR is computed from
scalable feedback mechanism. the luminance distortio as PSN R = 10Log;(255%/D).)

Figure 5 shows the average redundancy as a function of tiegure 7 shows the difference between the PSNR values for
failure rate forT = 1,2,4,8,16. Correspondingly, Figure 6 the two GOF sizes as the number of trees and the tree failure
depicts the packet layout for all 16 packets under various faikte are varied. We find that a 2-second GOF offers significant
ure rates and numbers of trees. The light color spaces represpratlity improvement for the 1- and 2-tree case. Also, the
FEC bytes. The thicker the light spaces are, the higher priorijgp is wider for higher tree failure rates. However, as the
and protection the source bytes below them receive. Except famber of the trees increases, the advantage of the 2-second
the 1-tree case, which permits no redundancy, and the 2-t@@F diminishes. For the 16 tree case, the qualities are nearly
case, which is relatively constrained combinatorially (in thatlentical. Note, however, that a GOF size of 2 seconds admits
the packet layout permits only a mixture of redundancy factoid = 32 descriptions and hence upto 32 trees. The best quality
1x and 2«, corresponding to zero and 100% redundancthat a 2-second GOF can offer using 32 trees is somewhat

10%

20%

b el b e W
kB R
]

T=1

Packet layout for each configuration of failure rate and number of



Video Prioritizer+Optimization Packetization| DePacketizatiop  the data streams sent down the trees.) The use of more than
Akiyo 8.8 ms 43 ms 41ms distributi K he f db. K i
Stefan (3.6 ms 20 ms 20 ms one distribution tree makes the feedback process resilient to
Foreman| 11.1 ms 6.3 ms 57 ms packet loss.
In more detail, during each report interval, a cliéhtecords
TABLE |

a histogram of the number of descriptions received for each
THE PERFORMANCE OFMDC SYSTEM COMPONENTS FORL SECOND GOF. Then, at the end of the report interval,adds to this
GOF) histogram the histograms reported by each of its children
and sends the accumulated histogram in one report to its
parent. This report thus contains a histogram of the number of
scriptions received by all clients in the subtree rooted.at
Is happens recursively from the leaves to the server (i.e., the
root). Finally, the server normalizes the histogram to generate

better than that of a 1-second GOF using 16 trees, especia(#
at high loss rates.

- p(m) and feeds it to the MDC optimizer (Figure 3).
a5 | PSNR(GOF2) - PSNR(GOF1)
4l B V. PERFORMANCEEVALUATION
o
2 351 ﬁ. We now present our performance evaluation of CoopNet.
5 2 -=-2 Trees We first describe the data sets and the experimental method-
2257 A4 Trees ology used for the evaluation, and then discuss the individual
o 24 —<8 Trees .
z | 16 Trees experiments.
L~ 32vs 16
O; / A. Methodology and Data Sets
01 — - We used a combination of flash crowd traces from MSNBC,
0 5 10 15 20 a major Internet news site, and real video data to do the

Tree Failure Rate (%)

evaluation.

1) Flash Crowd TracesThe traces correspond to the flash
crowd that occurred at MSNBC on Sep 11, 2001. The traces
record accesses made by clients to a live 100 Kbps Windows

A small GOF duration penalizes performance by tightliiMedia stream. The individual clients are identified using a
constraining the variation in bit rate across frames in a GOmique “player ID” reported by the Windows Media player.
This is because the number of bits in each GOF must bEhis helps get around the ambiguity introduced by NATSs in
equal to a constant fixed by the number of descriptions aHel address-based client identification.) The trace reports the
the packet size. A large GOF duration, on the other hariifne and duration for which each client tuned in.
permits a larger variation in bit rate across frames in the GOF,We obtained about 6-hours worth of traces from MSNBC,
but forces a larger delay. We have found that increasing theginning at 18:25 UTC on Sep 11. In our study here, we
GOF duration from 1 to 2 seconds only marginally increaseise a 1700-second section that showed significant variation
quality when the number of trees is larger than two. So we uise client population. Figure 8 shows the number of clients
a 1-second GOF size in the experiments reported in Sectiontiat simultaneously tuned in to the live stream as a function

We implemented the MDC system in C#. We measured tloé time. The peak number of simultaneous clients exceeded
system performance on a 1.70 GHz desktop with 768 MB7,000. (The dip around the 1000-second mark is apparently
of RAM, running Windows XP. Table | shows the averagdue to a restart of the serving process.) The average rate of
running time of the MDC components for the three MPE®ode arrivals and departures was 180 per second while the
test sequences (Table Il) and a GOF size of 1 second. peak rate was about 1000 per second. Over 70% of the clients
remained tuned in to the live stream for less than a minute.
We suspect that the short lifetimes were because users were

The streaming server periodically gathers client receptidrustrated by the poor quality the video stream during the flash
information to derivep(m), the probability distribution of re- crowd. If the quality were improved (say using a CoopNet-like
ceivingm descriptions. This information is fed into the MDCapproach to relieve the server), client lifetimes may well been
optimizer (Figure 3), allowing adaptation to dynamic networlonger. This reduction in the churn rate would, in turn, have
conditions and client population. Thm) distribution reflects improved the quality of the stream delivered by CoopNet.
packet loss both due to client churn and network congestion.In our simulations, we assume that clients stop participating

Having reports sent directly from the clients to the servém CoopNet, and stop forwarding traffic, the moment they
would not scale to large numbers of clients. Instead, we usel@part. The departure may have been caused by a machine
subset of the distribution trees for propagating and aggregatiergsh or network disconnection, or a shift in the user’s focus
client reports from the leaves to the root (i.e., the serveth a different stream or a different application that immediately
(Note that the client reports flow in the opposite direction tstarts consuming the client’s limited bandwidth.

Fig. 7. Impact of GOF Size

IV. ScALABLE CLIENT FEEDBACK



911 Trace: Number of Clients Vs. Time

180007 ms. But the median latency even among peers in the same
o ,‘/v/v\ city (but possibly on different ISP networks) was about 40 ms,
12000 \ which is an order of magnitude larger than the 3-4 ms ping
10000 | / \ W times we have measured between (well-connected) university
5 o000 | \\ hosts in similar locations. This large latency even among
6000 1 broadband hosts in the same location suggests that metrics
. \ such as relative delay penalty used to evaluate the efficiency
o Ny of application-level multicast trees are likely to be poor even
O 20 400 600 800 1000 1200 1400 1600 1800 for the most efficient trees. As noted in Section II-A, in our

Time (Second)

work we lay only secondary emphasis on tree efficiency, in

part because of our focus on non-interactive streaming.
Nevertheless, we used the the broadband measurement data

to evaluate the effectiveness of the delay-coordinates based

Fig. 8. 911 Trace: Number of Clients Vs. Time

Sequenc¢ Motion-characteristics | Texture-characteristics proximity determination scheme described in Section II-B.3.
Akiyo Static background, talking Easy texture . . L
head Each of the 25 hosts measured its delay-coordinates by pinging
Foreman| High motion in the first| Relatively easy texture in a set of 10 geographically distributed and well-connected
half, almost static in the the first half, relatively de-|  |andmark servers. We computed the coefficients of correlation
latter tailed in the latter . . .
Stefan | High motion Detailed texture and rank correlatiohbetween the Euclidean distance between
the delay coordinates of a pair of broadband hosts and the
TABLE I directly measured latency between them, and found these to
CHARACTERISTICS OF THETHREE MPEG TEST SEQUENCES be quite high — 0.73 each.

If the root were to select the parent for a new node by
looking for the closest match in delay coordinates (as dis-
) cussed in Section 11-B.3), the question is how good would the
~2) Video Data: We do not have a recording of the actuagpoice be. We found that the ping time to the delay coordinates
video data that was streamed out by CoopNet on Sep 11.J8seq choice was within 31% (factor of 1.31) of the optimal
its place, we use three different 10-second QCIF (176x144gos, of the time and within 74% (1.74X) of the optimal 90%
standard MPEG test sequences, each encoded at 10 fragjege time. The 50th and 90th percentile marks for random
per second. Table Il lists the characteristics of these vidggjection were much worse — 158% and 218% (2.58X and
clips. 3.18X), respectively, off the optimal. While these results are
For our trace-driven evaluation, we continuously replay @ncouraging, it would also be interesting to compare against
clip to decouple variations in quality inherent in the video frorfyore sophisticated network distance estimation algorithms
variations due to CoopNet dynamics. The quality of receivadch as [26].
stream at a client is quantified using the Peak Signal-t0-4) parameter SettingsThe parameters for our simulation
Noise Ratio (PSNR), which is com2p>uted from the luminancg, yeriments are set as listed in Table I11. The stream bandwidth
distortion D: PSN R = 10L0g10(255°/D). . and the outgoing bandwidth available at each node are set
3) Broadband Network MeasuremeniSince we envision 1, 160 Kpps each, which corresponds to the 70th percentile
many of the clients that participate in CoopNet t0 hav§t the outgoing bandwidth for the 25 broadband hosts we
broadband connectivity (cable modem, DSL), we would like {qeasyred. (In Section VI, we outline an approach for handling
understand the nature of the network connectivity of such “reghterogeneity in client bandwidth.) The bandwidth of the root
world” hosts (as opposed to the well-connected hosts on agazet 15 20 Mbps. With” trees, the stream bandwidth per tree
demic or corporate networks). So we deployed measuremgntco Kbps. So the total out-degree of a peer node (i.e., the

agents (termed PeerMetric clients) at 25 residential broadbamggimum aggregate number of children it can have across all
hosts (13 on cable modem and 12 on DSL) spread overtrges) isT and that of the root ig425T.

geographically dispersed locations in the U.S. We conducted-l-he reporting interval is the frequency at which each node
both P2P and client-server measurements from these van s back packet loss information(#)) to its parent, using

, we set the reporting interval to 1 second, which

We found that j[he medif';ln incoming bandwidth was 90Q eaq0nable because the feedback packet is less than 100
Kbps and the median outgoing bandwidth was 212 Kbps (theﬁg‘?{es in size.

were measured using TCP transfers to/from well-connecte he repair interval is the time it takes for the tree to be
servers). This asymmetry is consistent with anecdotal evmer}‘é%aired after the departure of a node. By default, we set this
and previous measurement studies [34], and clearly indicate '

that the outgoing bandwidth of peers is likely to be the

00”3”3'”'”9 factor in COOpNe'F. ] on the metric of interest and hence may be more appropriate for the parent
The median P2P latency (ping time) we measured was &flkction question at hand.

"The rank correlation only considers the ordering of the host-pairs based

10



Earatn;ete(; i Za/al\l/lube 0: 1 PDF of Per-GOF PSNR (Deterministic Algorithm) ﬁ
oot bandwi ps -
Peer bandwidth 160 Kbps 081 m
Stream bandwidth 160 Kbps 0.7 T1==16 Trees [
Packet size 1250 bytes 0B | 8T 3
GOF size 1 second & 05 12 Trees N
# descriptions 16 0.4 = 1Tree /
# trees 1,2, 4,8, 16 0.3 A M\\
Reporting interval 1 second 02 \
Repair interval 1, 5, 10 seconds 01 /‘*'//\M \x
0% - 5 M qelielo~ &
TABLE ||| 5 10 15 20 25 30

PSNR (dB)

Fig. 10. PDF of the per-GOF PSNR pdf for the deterministic tree construction
algorithm. The number of trees is varied from 1 to 16.

SIMULATION PARAMETERS

to 1 second, but we also consider larger settings (5 and 10

seconds) in Section V-E. the PDF of these per-GOF PSNR values (recall from Table

Unless indicated otherwise, the results presented are fprthat the GOF size is set to 1 second, so there are 1700
the Akiyo (news reader) clip with our new deterministic tre&OFs during the 1700-second period). As the number of trees
construction algorithm (Section 1I-B.2). We do present somgcreases, the peak of the PDF grows taller and moves to the
results for the other clips and for the old randomized tregyht, indicating an improvement in PSNR. We also note that
construction algorithm (Section 11-B.1). 8 trees perform almost as well as 16 trees.

B. Impact of Number of Distribution Trees
i ) . . . . HiE! =2 trr=g trr=g =16
We first consider the benefits of having multiple, diverse L‘ T
0 1 0

distribution trees in the context of the the deterministic tree
construction algorithm. Figure 9 shows the PSNR (calculated .
from the distortion averaged across all clients) as a function of
time for the cases of 1, 2, 4, 8, and 16 trees. We see that PSR 11.  Thep(m) distribution averaged over time for the deterministic
improves as the number of trees increases. The jump is m@gerithm. The number of trees is varied from 1 to 16.
significant when we go from 1 tree (i.e., no path diversity) to
multiple trees. ) o

The PSNR curves dip around the 800 second point for bothFi9ure 11 shows the(im) distribution, averaged over the
the 1-tree and 2-tree cases (and less noticeably for the oth&PC Second interval, as the number of trees is varied from
cases). This corresponds to the peak in client population (Fig-through 16. The shift in the distribution to the right can
ure 8) and a high churn rate. A large client population meaff£aly beé seen. With a small number of trees, a non-negligible
deeper trees, which increases the likelihood of disruption dlfgction Of_ clients receive few or no descriptions, resultl_ng In
to the departure of a node’s ancestor(s). Soon after that, PSR! quality. But with 8 or 16 trees, almost all the clients
spikes up as the client population drops, to the point whefgceive most or all of the descriptions, thereby achieving high

almost all nodes can directly become children of the root aflity- Thus the multiple diverse trees not only improve the
hence experience little disruption. average quality across clients but also ensure that few clients

experience poor quality.

0 2 0 4 0 8 0 16

35 - PSNR Vs. Time (Deterministic Algorithm)

20 WWVWWWWU C. Comparison of the 3 Video Clips
g \ {A“ , :é?éif Figure 12 shows a comparison of PSNRs of the three MPEG
g2 ' 2 Trees test sequence video clips across 1700 seconds of the trace.
15 e The wide gaps in PSNR among the three clips in the 8-tree
0l case result from the different levels of movement in the clips.
The Akiyo news reader sequence (the topmost curve) has
s w0 so 70 0 e 10 the least amount of movement and the fewest scene changes,

Time (Second)

while the Stefan tennis player clip contains sharp changes in
Hfovement and background. Given the same bit rate, the clips
with quick changing scenes that are harder to compress suffer
more in quality. In fact, the Stefan sequence with 8 trees is

Figure 10 presents an alternative view of the same dabmrely viewable, while the Akiyo sequence has significantly
For each GOF, we compute the distortion averaged acrosssilérper images. The single tree cases for all sequences are not
clients, and calculate the corresponding PSNR. We then pli¢wable at all.

Fig. 9. PSNR (averaged across all clients) versus time for the determini
tree construction algorithm. The number of trees is varied from 1 to 16.
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PSNR Comparison for 3 MPEG Test Sequence Video Clips
35

has the opportunity to notify the root of its intention to leave.
In this case, the entire repair process takes only 1-2 network

» _ round-trips (Section 11-B).
— Akiyo-8 Trees .
" WWM — Foreman8 Trees However, in the case of an ungraceful leave (say due to a

30

PSNR (dB)

—— Stefan-8 Trees
W {”m:n node or network failure), the departing node is unable to notify
15 V.M ] \WJW the root or its children. The children of the departing node need
10 WM J M A to infer the departure of their parent based on an upswing in the

5

: : packet loss rate or a complete stoppage of the packet stream.
° e seconsny oo With our settings of 16 descriptions, GOF size of 1 second,
Fig. 12. PSNR Comparison of 3 MPEG Test Sequence Video Clips Wiff'ﬁnd 8 trees, only 2 pac.kets are sent down (_aach treg every
Deterministic Algorithm second. So 1 second is likely too short a duration in which to
make a reliable determination of the parent’'s departure.

D. Randomized versus Deterministic Tree Construction 05 | Impact of Repair Interval
Next, we compare the performance of our old randomized 071 /\
tree construction algorithm (Section 1I-B.1) and the new 0-6:103/%Gracefufll<lsec>
deterministic algorithm (Section 11-B.2). Figure 13 shows the 5 °% 11000 ngracetl (00 et
PDF of the per-GOF PSNR values for the two algorithms when o et ceen
the number of trees is 8. The deterministic algorithm performs 021
significantly better because it is able to construct shorter and 011
also more diverse trees. 0 —— y
14 16 18 20 22 24 26 28 30 32
0.9 PSNR (dB)

Comparison of Tree Algorithms n

0.8 Fig. 14. Impact of the repair interval for deterministic tree construction with
0.7 1 \ 8 trees. We consider repair intervals of 1, 5, and 10 seconds for all leaves.
\‘ We also consider the case where 90% of the leaves are graceful (with a repair
‘ interval of 1 second) while the remain 10% have a repair interval of 5 or 10
seconds.

0.6 f-=- Deterministic
w 0.5 -~ Randomized
—+ Perfect

/

J
g 04 ‘L}
0.3 ’/}{‘

0.2 1 . . P
o011 Therefore, we experiment with longer repair intervals — 5

0 seconds and 10 seconds — that provide a greater opportunity
o 4 8 ;SGNR (zg) 4 8 32 % for failure detection. Figure 14 shows that when all leaves are
o 13 A _ ¢ different ¢ ruction alaorithms for th ungraceful, with a repair interval of 5 or 10 seconds, quality
1g. . comparison of dirrerent tree construction algoritnms for the ca f e .
of 8 trees. The “perfect” tree construction algorithm refers to the ideal b ijﬁers significantly compared to th,e case Where re_palrs only
impractical case where the trees are constructed afresh from scratch (ué@kge 1 second. The reason for this degradation is that the
the deterministic algorithm) every second. longer the repair interval, the larger the number of concurrent
failures and so higher the likelihood of disruption to the stream

To quantify the penalty incurred due &volutionarytree recewgd by a client. )

construction (i.e., incremental updates as nodes join and leaveJt Might, however, be reasonable to consider the case where
we also consider the case where trees are constructed affB&nmajority of leaves are graceful (with a repair interval of 1
from scratch (using the deterministic algorithm) every secorgfcond) and only a minority are ungraceful, with a longer 5
This is labelled as “perfect” tree construction in Figure 187 10 second repair interval. Figure 14 shows that when only
Clearly, perfect tree construction is impractical because of th8% Of the leaves are ungraceful, the quality is almost as good
overhead and disruption it would result in, but it provides @S When all the leaves are graceful. The diversity provided by
useful basis for comparison. From Figure 13, we observe tﬁﬁ? 8 distribution trees makes it unhkely_for a client to suffer
evolutionary tree construction does incur a significant penalffPm ungraceful leaves of its ancestors in all trees.

The reason is that a skewed sequence of joins and leave®ne might wonder why graceful leaves must result in any
can result in unbalanced trees that are deeper than idealdigruption at all. The point is that graceful leaves may yet be
future work, we plan to consider augmenting evolutionary tré@mediate For instance, the leave may be triggered by the
construction with selective re-balancing to correct significat€r switching to a new stream/channel (e.g., channel surfing

skews in the trees, if and when they occur. during a major news event) or launching another, higher-
] priority application that immediately starts consuming most or
E. Impact of Repair Interval all of a client’s bandwidth. Thus while the gracefully departing

Thus far we have assumed that it takes 1 second for a tremle might have the opportunity to send a short notification
to be repaired following the departure of a node. This magyessage to the root, it would not, in general, be able to
be reasonable for graceful leaves, where the departing nadatinue forwarding traffic from the old stream.

12



MDC Vs. FEC
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F. The Impact of Network Packet Loss

Thus far we have only considered distribution caused by
client departures and failures. We now evaluate the impact of
network packet loss by introducing packet loss at the (more
constrained) outgoing links of clients. We experimented with
three scenarios: (1) a loss rate of 0.01 on the outgoing links

2]
S

PSNR (dB)
N
b

N
]

[
o

of all clients; (2) a loss rate of 0.1 on the outgoing links of —wpe

all clients; (3) a loss rate of 0.1 on the outgoing links of 10% 1 O_FEC — — —
of the clients chosen at random. Figure 15 shows the results. Time (Second)

While cases (1) and (3) both have the same average loss rate Fig. 16. MDC Vs. FEC

over all outgoing links, case (3) has a better PSNR because
tree diversity is more effective when losses are distributed non-
uniformly. As expected, with a high loss rate of 0.1 on all the

outgoing links, PSNR degrades significantly. _ . o .
practice client connectivity is likely to be heterogeneous, with

097 \mpact of Network Packet Loss a possibly wide range in bandwidths. It is desirable to enable a
1 /\ client with higher bandwidth to receive (and forward) a higher
bandwidth stream of better quality. The bandwidth available to
a client could also fluctuate with time, say due to competition
from other traffic. Thus we need a solution that accommodates
bandwidth heterogeneity and congestion control.

An elegant framework proposed in the literature is based
on layered coding [24]. The idea is to encode the streaming

0.7
—4—Loss rate = 0

0.6 1 ~*Loss rate = 0.1 for 10% of Nodes
—+Loss rate = 0.01
0.5 11 = Loss rate = 0.1

PDF

0.4 4
0.3 1
0.2 4
0.1

0 e

12 7 2 2 % content into layers so that a client can (dynamically) choose
_ PSNR (@8) how many layers to subscribe to depending on the currently
Fig. 15.  Impact of Network Packet Loss available bandwidth. Inspired by this, we briefly discuss a

layered MDC construction that we have developed, and then
outline a novel congestion control framework that exploits the
tree diversity provided by CoopNet.
G. MDC versus FEC
Pure FEC is a special case of MDC where all data units in
a GOF are treated with the same priority. FEC is ideal wheé Layered MDC

all clients experience similar loss rates, but adapts poorly to o ]
wide variations in loss rate across clients. We compare FECThe added flexibility afforded by MDC over layered coding

to MDC with our trace using 8 trees and the deterministf€auires redundancy, as we have seen from the construction in
tree construction algorithm. For each GOF, we measure tﬁgcnon [ll. This flexibility is needed in C_oopNet, Where node
redundancy introduced by our adaptive MDC protocol, arigilures and packet losses do not come in any particular order.
use roughly the same redundancy for FEC. For example,Vfhen dealing with bandwidth heterogeneity and congestion,
the redundancy of MDC (i.e., the ratio of source bytes pll¥wever, it is possible to control the sequence in which

parity to source bytes) is , then the number of redundancydescriptions are added and subtracted, and for these purposes
packets for pure FEC is set t6 = round(M — ). The layered coding should be adequate and more efficient than

FEC configuration is optimal when the loss rate experiencPC since no redundancy is incurred.

by all clients is L. When the actual loss rate is lower than Therefore, in CoopNet, to deal with bandwidth heterogene-
this threshold, there is unnecessary FEC redundancy that catydand congestion in addition to node failure and packet loss,
have been used for more source bytes to improve the streamiy®y have developed a novédyered MDC scheme [12] in
quality. When the loss rate is higher, no source bytes can Wwbich the descriptions are partitioned into layers such that
recovered. MDC exactly addresses this inflexibility by usint there is a choice, descriptions in the least important layers
priority encoding based on a loss distribution rather thanage dropped first. For simplicity, here we concentrate on two
single loss rate. From Figure 16, we can see that MDC yielt®yers. Figure 17 shows the quality of MDC versus Layered

significantly better PSNR values and is more robust in the fabPC as a function of the number of decodable descriptions,
of high client churn. when there are a total of 32 descriptions: 16 in each layer.

Layered MDC outperforms conventional MDC by a large
V1. BANDWIDTH HETEROGENEITY ANDCONGESTION  mgargin when there are 24 or fewer decodable descriptions, and
CONTROL is close or identical in performance under better conditions.
Thus far we have assumed a common stream bit rate that@instruction and optimization of Layered MDC is the subject
clients are capable of receiving and forwarding. However, of [12].
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trees. If a node experiences significant packet loss in most or
all trees, it could reasonably conclude that the congestion is
occurring at or close to its incoming link. If a node receives
packet loss complaints from most or all of its children, it could
reasonably conclude that congestion is occurring at or near its
outgoing link.

When a node needs to shed traffic because of congestion on
s its outgoing link, it should selectively drop children receiving
N enhancement layer descriptions. Such “parent-driven” selec-

e e tive dropping should result in better quality than a policy of
Fig. 17. Quality of MDC (dotted) vs. Layered MDC(solid), as a function ofandomly dropping packets across all children.
number of decodable descriptions. Finally, when a node needs to shed incoming streams, it
should drop base layer parents last. Of the enhancement layer
parents, it should drop the stream it sends to its children (in
the fertile tree) last. Such “child-driven” selective dropping

For the purposes of congestion control (as well as bandwidthould likewise result in better quality than randomly dropping
heterogeneity), the 16 “base” layer descriptions are distributdoming streams.
by a set ofT} trees, and the 16 “enhancement” layer descrip- The parent- and child-driven congestion control scheme
tions are distributed by a set @} trees. Each high-bandwidth elegantly addresses a key difficulty in using layered coding in
client is fertile in exactly one base layer tree and exactly oieday’s Internet, viz., the mismatch between the prioritization
enhancement layer tree. Low-bandwidth clients appear in badghe layers and the lack of (widespread) support for service
layer trees only. differentiation in the Internet.

When congestion is encountered in a high-bandwidth client
(manifested as packet loss), the appropriate reaction depends
on the location of the congested link(s). We consider threeThe literature relevant to our work spans multiple areas. We
cases: discuss work on application-level multicast and that on source

1) Congestion at or near the outgoing link of a node: ¢0ding and path diversity in turn.
This calls for the node to drop packets to reduce itg Application-level Multicast
outgoing bandwidth requiremeritdhe children that see i ,
an increased packet loss should request the root to assi ;ll'he deployment of 1P multicast [16], [17], espem_ally at
them a new parent. the mt_er-domaln level, has b_een slow due to technical and
2) Congestion at or near the incoming link of a node: operaulona.l concerns [1.4]. This has spurred the development
The affected node should alleviate the congestion &;appllcatlon—level multicast schemej‘s where”end—hosts (clients
dropping incoming streams from one or more parenf’éﬁd/or servers) perform the role of routers”. L
(in the manner of receiver-driven layered multicast [24]). Narada [14] and Scatte.rcast [11] build appllcatlon-levell
This would also entail shedding the children that we esh_es fqrmed by connectlons.among a_supset of n.ode pairs.
receiving a now-discontinued stream from the congesta—@e links in the mesh are monitored periodically to improve
node. the quality of the mesh. An efficient application-level multicast
3) Congestion in the “middle”; The affected nodes shoulgtree is formed by running areverse path _forwarding algorithm
request the root to assign them new parents with a vidl the mesh. The choice of link metrics depends on the

to routing around or avoiding the point(s) of congestiorﬁpplicqﬂon' For instance, _[13] proposes a c.:ombina.tion_ of
In th ¢ broadband h in th dav's | bandwidth and latency metrics for a conferencing application.
n the context of broadband hosts In the today's Internet, ; g interesting to note that the the set of links spanned

we WO[.Jld expect cases #1.and #2 to.dom.mate, given .tB the multiple trees in CoopNet can also be viewed as a
constrained last-hop bandwidth (especially in the outgoi esh (although not as carefully optimized as in Narada or

d|reﬁtlon from r? nod.e). _ _ H o hScattercast). However, unlike CoopNet, Narada and Scattercast
There are three interesting questions that arise: (a) hoWe 5 single optimized tree (per source), so the benefits of
could nodes determine where the point of congestion

, i i ath diversity are not (fully) realized. Also, these protocols are
located, (b) in case #1, how should a node pick children

) ; early not designed for large groups (for instance, node arrival
2223' and (c) in case #2, how should a node pick parents;igy jenarture information is disseminated to all members of

the mesh). However, these could be used in the context of

To determine the location of the point of congestion, ”Od%opNet for communication among a small, stable set of
could exploit the diversity inherent in CoopNet's distributiony;cirihuted servers.

PSNR (dB)
»
5]

B. Congestion Control Framework

VII. RELATED WORK

An alternative approach is NICE [6], which uses a hierarch
8per our discussion in Section |, the node should eventually also scale b. PP [ ] y

ck .
the incoming bandwidth it consumes to match the reduced outgoing bandwiﬁpnscale_ b_Etter than a meSh'based protocol. Howe_\/er7 NIC'_E IS
it contributes to the CoopNet system. not optimized for a high rate of node churn. Joins require
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O(log(N)) network round-trips, wheréV is the size of the tend to be at the higher levels in all trees (unless we resort
tree, and disruptions in the tree due to node failures can takearge-scale and potentially disruptive reorganizations of the
up to 30 seconds to heal. In contrast, CoopNet exploits ttrees to move some of the early members down the tree). Our
availability of a stable and resourceful server to optimize thedeterministic tree construction algorithm attempts to construct
operations. short and diverse trees with minimal disruption (only sterile

In ALMI [30] and Overcast [19], a central node coordinaterodes, with no descendants, get pushed down the tree). The
tree management, as in CoopNet. In ALMI, a centralizadsue of limiting the out-going bandwidth requirement of a
session controller gathers peer-to-peer ping data to perfonmde (which is a key concern in SplitStream) is solved trivially
a bounded-degree minimum spanning tree computation andCoopNet because the number of children of a node is
periodically reorganize the tree. This procedure is not wekxplicitly controlled by the omniscient root. Furthermore, our
suited to the CoopNet scenario because the minimum spannilegerministic tree construction algorithm is able to guarantee
tree computation is not necessarily consistent with the desihe disjointness of the set of interior nodes across the trees.
for low tree depth and high tree diversity. Also, periodic . . .
reorganizations may be too disruptive for large trees. B. Source Coding and Path Diversity

In Overcast, the root node plays a central role in tree Several researchers have advocated the use of source coding,
management. However, a key difference compared to CoopMessibly in conjunction with path diversity, to make data
arises because Overcast is intended for use in the context ¢faasfer robust to packet loss.
dedicated set of infrastructure nodes that is relatively stable. Sdigital Fountain [8] uses Tornado codes (a form of erasure
Overcast strives to build deep distribution trees that maximizeding) coupled with multiple multicast groups to distribute
the bandwidth from the root to any node. In contrast, CoopNiifes scalably to a heterogeneous population of clients. The
seeks short trees to minimize the likelihood of disruption. source transmits the coded blocks repeatedly and clients tune

Recent work has leveraged the scalable routing substrateuntil they have received a sufficient number of blocks
provided by distributed hash tables (DHTSs) to build efficierfor decoding. Such repeated transmissions, however, are not
multicast trees (e.g., Bayeux [39], Scribe [10]). It is uncledeasible in our live streaming context.
how well these perform in the face of a high rate of node churn,Byers et al. [7] use Digital Fountain erasure coding tech-
especially since the data structures needed for efficient routimgue and parallel downloads to take advantage of lateral
are updated lazily. Furthermore, a fundamental differenbandwidth between peers (like P2P file sharing systems like
compared to CoopNet is that in these systems nodes canKia&aa [1] do). The use of multiple trees in CoopNet also
called on to forward traffic even if they are not themselve®sults in a form of parallel download, but the goal is to gain
interested in the data. robustness rather than speed and the focus is on live streaming

All of the above pieces of work differ from CoopNet in thatcontent rather than files. Also, as discussed in Section V-
they seek to build a single distribution tree, so issues such@sMDC offers the advantage of more graceful degradation
tree diversity are not a consideration. compared to FEC.

The only piece of work (besides our previous workshop The use of multiple description coding in conjunction with
paper [28]) to our knowledge that advocates the use of multipteultipath routing in (telephone) networks dates back to the late
distribution trees is SplitStream [9]. SplitStream uses multip970s [18]. The application of this approach in the context
trees to evenly distribute forwarding load across the noded. the Internet has received increasing attention in recent
This is accomplished by making a node a leaf in all but ongars. Apostopolous et al. [5] advocate the use of MDC
tree. We leverage this insightful observation in our new, deteand path diversity for on-demand streaming from a content
ministic CoopNet tree construction algorithm (in contrast tdistribution network. The idea is for the client to request
our earlier randomized algorithm [28]). However, SplitStreamlistinct descriptions from two or more server nodes (akin to
and CoopNet differ in a fundamental way. SplitStream is buittarallel downloads). It is unclear, however, to what extent path
on top of the distributed Scribe protocol [10] discussed abowiversity and MDC will help in this context given that the last
Therefore, it is assumed that nodes will be available to forwahbp to the client rather than the server's network connection is
traffic even when they are not interested in it. This facilitatesften the bottleneck. In contrast, in a P2P setting like CoopNet,
the construction of a diverse set of trees since nodes canthe constrained upstream bandwidth at peers and the transience
retained at specific positions in the trees long after they hawkthe peers makes path diversity and MDC advantageous.
“departed”. In fact, whether a node is called upon to forward Lee et al. [21] present a framework where feedback from an
traffic depends only on its node ID and the multicast grosIMD congestion control protocol (in the form of transmission
ID. Therefore, it is possible that a node may be assigneate and packet loss profile) is used to optimize an MDC coder.
more children than it can handle. [9] presents a procedureThis is related to the MDC adaptation in CoopNet. However,
address this issue. However, this may sacrifice interior-nodéeopNet focuses on a multicast setting rather than unicast,
disjointness. with a fixed transmission rate (for each layer). In a different

CoopNet, on the other hand, has to construct such trgeper [31], the same authors present some preliminary ideas
incrementallyi.e., as nodes arrive and depart one by one. This applying MDC in a multicast setting. Their proposal is to
presents a challenge because nodes that arrive early wdcudgte application-level proxies that re-encode the stream placed
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at bottleneck links. However, such an optimal placement of]
proxies may be infeasible when the last-hop links to the

clients are the bottlenecks. Still, an interesting question fog,
future investigation is how an approach based on re-encoding
streams to match the bandwidth of a client group compares
with the layered approach advocated by McCanne et al. [ﬁ?]

and outlined in Section VI.

VIII. CONCLUSION
In this paper, we have considered the problem of suppo

(11]

fi2)

ing resilient live streaming using application-layer multicast

layered on top of an inherently unreliable set of peers.

a2)

motivating scenario is alleviating a flash crowd at a live
streaming server by recruiting clients to help forward traffig14]
We make minimal assumptions about the willingness of a
peer to contribute bandwidth. In particular, we assume tr%%]
a client will only help forward a stream while it is interested

in receiving the stream.
Our solution, CoopNet, provides resilience by introducin

(16]

a7

redundancy both in network paths (via multiple, diverse dis-

tribution trees) and in data (using MDC). A centralized tre
management protocol is used to construct short and dive

trees and support quick joins and leaves. A scalable feedback

e

4

mechanism is used to drive an adaptive MDC optimizatid&®l
algorithm. We have evaluated CoopNet using flash crowd
traces from a busy news site couple with real video dafao]
Our results indicate that multiple trees provide a significant

improvement in the video quality received by clients. We al

91

found that MDC outperforms FEC in the face of wide variation

in loss rate across clients.

We also presented a novel parent- and child-driven cofi?l
gestion control scheme that takes advantage of our layeres]
MDC construction and the tree diversity inherent in CoopNet.
In ongoing work, we are investigating these ideas further,
including a comparative analysis of the benefits of layeringa)

versus streams separately optimized for different bandwidt

levels.
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