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Abstract—Layered streaming is an effective solution to address one peer to another via averlay edgencompassing multiple
the receiver heterogeneity in peer-to-peer (P2P) multimeéd physical links. Unlike the fixed outbound/inbound capacity
distribution. This paper targets a fundamental challenge n this each peer, the achievable throughputs of overlay paths are

application, i.e., how to find optimal routing structure maximizing . . -
receiver throughput and achieving intra-layer and inter-layer dynamic due to background traffic, and inter-dependentdue t

fairess. We formulate the problem using the multicommodiy the link-correlation phenomenon pertinent to overlay age P
flow theory, and propose a series of routing algorithms that networks. An effective metric must be introduced to capture
fully explore the tradeoff between theoretical optimality and the capacity availability of an overlay edge.

practicability. For each algorithm, we have proved its optimality We model this problem using the multicommodity flow

to achieve maximum throughput under fairness constraint, o th We Vi diff t f th id tent
approximation bound to the optimal rate. Experimental resuts eory. We view diiierent layers o € video content as

confirm our algorithms to greatly outperform their theoreti cal commodities to be distributed. Each commodity (layer) is
bounds. routed via finding the minimum spanning tree (MST) spanning
all its receivers in the P2P network. Here, the metric for MST
routing is an artificial length assigned to each overlay edge

A fundamental problem in Internet-based media distributicas an asymptotic function of its traffic load. Evidently, the
is routing: how to establish an optimal routing structurg(e attempt to find the minimum routing structure, i.e., MST,
tree, mesh), which delivers the content from the sender dguals to finding the most lightly-loaded paths. From this
all receivers, simultaneously achieving certain optii@a simple idea, our work makes the following contributions). (1
objective, such as throughput, or delay. Adding to the congve develop the optimal algorithm, which proves to return the
plexity of this problem is théeterogeneitghallenge. As users maximum achievable throughputs for all layers in propartio
connect to the Internet via access technologies (Etheti#t, to their demands. The key component of the algorithm is the
up modem, and ADSL, etc.) with order-of-magnitude differdefinition of the overlay edge length function. An important
ence regarding inbound/outbound capacities, a one-siadi-fi assumption of the optimal algorithm is that the data at each
streaming quality simply cannot be found. The remedy to thigyer is arbitrarily splittable. (2) From the optimal alghm,
challenge is the layer-encoded streaming approach[BJ[2f  we develop its realistic variation, which allows each lager
which the video stream is partitioned into multiple layengia be unsplittable, or can be split into no more thartrees.
fed into parallel routing structures. Each receiver neauly o |n other words, the entire content of a layer is distributed
join a subset of them to recover the video with certain qualitia a single or limited number of multicast trees. We also
degradation. prove the competitive ratio of throughputs between the two

In the application context of layer-encoded video stre@ninalgorithms to be constrained by an upper-bound. (3) We éarth
this paper studies the optimal routing problem with the maxinodify the algorithm by altering the definition of overlay
mum throughput objective, i.e., given the sender and a sete@fge length function in accordance with the fact that a peer
receivers with heterogeneous demands, how to find the optim@ight only have partial knowledge of an overlay edge. The
routing structures that maximize the end-to-end throughpll  aforementioned upper-bound stays unchanged in the modified
all receivers in proportion to their demands? algorithm.

While layer-encoded media distribution can be supportedAll above contributions are evaluated via simulated experi
by many communication paradigms (IP multicast[1], overlayents. Due to space constraint, we move proofs the theorems
multicast[3], P2P network[2], etc.), we confine our workhet of this paper to our technical report[5]. The rest of this grap
domain of P2P streaming due to its practicability proved k¥ organized as follows.
recent large-scale Internet deployments[4]. In particwar  The rest of this paper is organized as follows. In Sec. II, we
solution bears the following design objectives. [Ara-layer formulate the problem in its most basic setting, which hétps
and inter-layer fairnessnust be maintained among receivergjustrate the theoretical background of our algorithmec Sl
subscribing to different layers of the video stream. If e@gler presents the algorithms and their theoretical performance
has a demand streaming rate, the final throughputs to all fisund, and discusses possible extensions. Sec. IV prekents
receivers should be in the same proportion to this demand.dfperimental results. We finally discuss related work at Sec
addition, this proportion should be the same across allrfayeand conclude at Sec. VI.

(2) Topology-awarenessust be taken into account in making
routing decisions. In P2P network, content is streamed from Il. MODEL

_ o _ _ We formulate the routing problem in layered peer-to-peer
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l € L. Suppose the video is decomposed into layer/set programming problem.
Each layerm € M is considered a commoditR(m) is the M :
set containing all receivers ef, S(m) is the sendér dem(m) '

is the demand ofn, which is the desired streaming rate from maximize f (1)

S(m) to all nodes inR(m). We summarize these notations ) 7 ()]
into the overlay graph model. subjectto > f;(m) > [ - dem(m),m € M 2
j=1
meM |7 (m)]
- Vo= S Yo D fim)m(tm) <alel (3
m  j=1
By Overlay Graph f20,f(m)>0,1<j < |T(m)],¥m e M
ayera T_he objective.ofM is to maximize the ;calar valug,
Layer b subject to the fairness and capacity constraints. Ineyu@)
= - [ End Host enforcedairness constrainby requiring that the comparative
o @ Router ratio of traffic routed for different commodities satisfideet
m Dhysical Nawork - comparative ratio of their demands, i.e., at lefistdem(m)
units of commodity flow can be routed simultaneously for
Fig. 1. lllustration of Layered P2P Streaming each layern € M. Thus, the absolute value @em(m) is
meaningless, as we can easily tune the valug by scaling
For a layerm € M, we define its overlay grapté(m) = up/down all demands, whil¢ - dem(m) stays unchanged.

(V(m),E(m)). In this graph, the node s&t(m) = {S(m)} U In other words, weighted max-min fairness is maintained by
R(m) includes the sender and all receivers of layer A Inequality (2). Inequality (3) specifies ttoapacity constraint
directed edgév,,v;) € £(m) represents the data dependendat the traffic routed on each physical edge £ does not
between two nodes, andu,, i.e., v; can retrieve data from exceed its capacity;. Note here that,(¢;(m)) is an integer

vs. In Fig. 1, two layers,a and b, are distributed by the value denoting the number of appearancesioft;(m). This
servervg. V(a) = {vo,v1,ve,v3,v4,vs5,v6}. Here, nodevy value could be greater than one, since a physical edge may
is the sender of layen, and nodesy; throughwvs are the appear in a tree more than once, a unique feature in P2P
receivers ofa. For layerb, V(b) = {vo,vs, v4,vs,v6}. Here, network.

nodewy is the sender of layeb, and the rest belong to the . ALGORITHMS

receiver setR(b). Each overlay edge, e.dwo,v1) in Fig. 1,
corresponds to the unicast route at the physical networke Ng
that our formulation applies to both the cumulative Iayere'&S
steaming[1][2] (exemplified in Fig. 1) and non-cumulative D:
layered streaming (e.g., multiple description coding).

Before presenting the algorithm favI, we first formulate
dual as follows.

leL
minimize Z c - d;

v, A l

lel
—» Tree Edge of subjectto Y “ny(t;(m))-d; > 1(m),meM  (4)
Layer a .
I 7 .. Tree Edge of
A I et mem
v v, > z(m) - dem(m) > 1 (5)
Fig. 2. lllustration of Overlay Spanning Tree dlm> ovier Z(m) > 0.Ym e M

On top of each overlay graph, different spanning trees canl c0rresponds to the problem of assigning lengtto each

be found. Fig. 2 shows a sample spanning tree for the over@§9¢€! € £ and weightz(m) to each layemn € M, such that
graphsG(a) and G(b) in Fig. 1. With the formulation of 1OF 77 the length of any spanning tree i(im) is at least
overlay graph, the problem boils down to, for each layei), and the weighted sum of(n) by dem(m) over all

m e M, finding a set of spanning trees on top of its Over|a§§ssions is at least 1. By LP duality theory, the minimum of

graphG(m). The flow rate of layern is the aggregated rate '

is the maximum ofM.
of all its spanning trees. We collect these trees into the setVe can also interpret this problem from the viewpoint of
T (m) = {t;(m)}. We usef;(m) to denote the flow of layer

supply and demand. Here; represents the marginal price
m sent along the tree;(m). Our goal is to maximize the

of [, i.e., the cost of using an additional unit of capacity of
flow rates of all layers, formulated as the following lineaf- '"€ more traffic is routed through the more expensive

its bandwidth becomes, specified via In a similar fashion,

Lin the single-server cas@(m) refers to the same node for alt € M. Z(m) represents the ma_lrginal cost of not satisfying another
In the multi-server case, layers could be distributed bfersht servers. unit of dem(m), the traffic demand of layer.



A. Optimal Algorithm Our optimal algorithm is a fully polynomial time approx-

Based on this interpretation, the optimal algorithm is ddmation scheme (FPTAS) to probledV. A FPTAS is a

M and dualD alternatively, as given in Tab. I. any error parametesr > 0. Its running time is polynomial
in the size of the network|¥| and |£]), the number of

1 VIE€EL, d— PB/c, 0,0 commodities (M), and 1/e. Evidently, smallere results in
2 fj(m) =0, t;(m) € T(m), m e M better approximation to the optimal point, with longer rinmn
3 while 3 ya-di <1 . . .
4 for vm €M do time. Our algorithm is based on the FPTAS scheme proposed
5 dem/ (m) «— dem(m) by Garg and Koneman|[6], later improved by Fleischer[7].
6 while 37, - ¢ - dy <1 and dem’(m) > 0 _ However, the solvability of the problemM relies on the
7 t — minimum overlay spanning tree ifi (m) usingd; . L . . .
8 ¢ — min{dem’ (m), minic; =2k} following unrealistic assumptions. First, the traffic ofcka
9 dem’ (m) — dem’(m) —c layer m is arbitrarily splittable: the streaming traffic of each
10 f@) — f@®) +c layer can be arbitrarily split and fed into unlimited numioér
1 Vi€t dp —d(1+ e%f)c), o= ot o trees. Second, the overlay network has ¢tbenplete topology
12 end while knowledgeof the underlying physical network, as well as the
13 end while . . . . .
14 omax — maxies oy capacity of each physical link. In the remainder of this isect

we progressively develop realistic algorithms with theeatre
TABLE | . .

OPTIMAL ALGORITHM FOR L AYERED P2P SREAMING of these assumptions. Nevertheless, the basic methodology
presented in the optimal algorithm will survive and remain
to play the central role.

At the initialization phase (Lines 1 and 2), we assign initial _ _ ) i
length d; for each physical edgé € £, and initializes; as B. Online Algorithm to Route Unsplittable Traffic
0, which denotes traffic load df i.e., the percentage of its To enforce the content at each layer unsplittable, we need to
occupied capacity. We also initialize the tree §&tmn) for introduce & — 1 variablez;(m) that only allows a tree;(m)
each layenn as empty. The rest of the algorithm proceeds it® carry none or whole traffic of layern. Then the problem
phases. Each phase contajid| iterations, each runs for aM is reformulated as follows.
layerm € M and consists of three substeps. M -

Finding Minimum Overlay Spanning Tregine 7) is the I "
first step: for each layen € M, we first construct its overlaymaximize f

graph, a complete graph encompassing all members:.of 17 (m)

Each edge corresponds to the unicast route connecting thespject to Z fi(m) - zj(m) > f - dem(m),m € M

end nodes. The length of the edge is the aggregated length j=1

of all physical edges of this unicast route. Then we obtain meM |T(m)]|

the minimum overlay spanning treeby running the MST > fi(m) - xi(m) -n(tj(m)) < el €L
algorithm on top of the overlay graph. What follows is the m 5=l

second stegrouting Traffic(Lines 8 to 10), where we route |7 (m)]

traffic on ¢, whose amount is determined by the capacity of Z zj(m) =1

the bottleneck link. At the final stedge Length Updatdor j=1

each physical link € £, we update its length based on its f>0,fi(m)>0,z2;(m) € {0,1},1 < j <|7T(m)|

traffic increment as defined in Line 11, meanwhile updating ) . . L

its traffic load indicatoro;. Each iteration is finished when M is an0 — 1. integer programming problem, which is
dem(m) amount of traffic has been routed in the above thré\éP—hard[S]. Also it can be easily extended to the case when
steps. Based on the function definition in Line 11, the edg?elayerm has to be extended to at mdstrees. We can view

length d; increases asymptotically in each phase. Thus, tﬁé ﬁs th?hcollectmn otk :c:omm_odnles_rﬁllayers) wfh;ﬁh_thpen q
condition defined in Line 3 will be violated, which terminate ' "aV€ th€ Same Set oT reCEIvers. The sum ot their demands

the algorithm equals todem(m), and each commodity can have only one

Finally, we note that the traffic routed in the algorithrﬁree'
might exceed the capacity of the physical edge, formally,
o; > 1. By scaling the traffic routed for each layet by
omax, the traffic load indicator of the most congested link,
we should obtain a feasible solution.

VieL, d —B/c, o, —0

fi(m) 0, t;(m) € T(m), me M

for Ym € M do
t < minimum overlay spanning tree ifi (m) usingd.
f(t) — f(t) + dem(m)
vl e t, dl — dl(l +€de'n;,—('m))’ o «— o]+

Theorem L If 8 = (|E|/(1 — €))7/, then the final Omax — Max;cz 0 l
flow generated by the optimal algorithm has a value at least TABLE ||

(1 — 3¢) times the optimal value oM. ONLINE ALGORITHM TO ROUTE UNSPLITTABLE TRAFFIC

n; (t)dem(m)
=

~NOo abhWwWNE




The proposed algorithm, as outlined in Tab. Il, has thgpdate function (Line 7) from physical-link-based to oagrl
same structure as the optimal algorithm. However, the ¢rafftdge-based. Here, the length of an overlay eddepends on
is routed in anonline fashion, where in each iteration, thethe following information: (1)e|, the number of physical links
traffic for a layer is routed via one tree and the edge lengtiontained in the unicast route ef and (2)c., the capacity
is updated accordingly based on the same function shownaoithe bottleneck physical link on this route. The length of
the optimal algorithm, until all layers has been served.r&hee is initialized as a constant timed by the lengthe|, and
is no need to further continue the iteration to satisfy éertanormalized by its capacity.. This definition gives smaller
stop condition as in the optimal algorithm. lengths to those overlay edges with shorter unicast route an
We measure the performance of the online algorithm b&rger bottleneck capacity, which are in turn more likelybt
comparing its achievable throughpyi,..;.. by the optimal chosen by the modified online algorithm.
value f* obtained via the optimal algorithm, in terms of their To acquire the hop counf| and bottleneck capacity.
competitive ratiof*/ foniine. The following theorem verifies of the overlay edge, we can rely on the following end-to-
that there exists a worst case bound to this ratio. end measurement techniqueés. can be found by network
path finding tools such as traceroute. The bottleneck batttwi
Theorem 2 The online algorithm returns the competitivealong the unicast route of an overlay edge can be measured
ratio bounded byog | £|. by tools such as Packet Pair, pathrate.
The following theorem shows the bound acquired in
Note that this bound is the best bound known for onlin€heorem 2 stays unchanged with the new edge length update
algorithms so far[9]. Compared to Theorem 1, we can see tifiahction.
to achieve this bound, the online algorithm has no preréguis
on the initial length3 and the step size. In addition,  Theorem 3 The modified online algorithm returns the
the performance bound is not affected by the sequence tbampetitive ratio bounded byg |L|.
difference layers are routed by the algorithm.

. . . _ . D. Discussion
C. Modified Online Algorithm with Partial Topology Knowl- _ o
edge Finally, we discuss the extensibility of the proposed algo-

rithms to other challenges, mainly competition of multip2P

The_ algorithm presented so far have madg a strong %%r'eaming sessions, and churn (dynamic peer joiningfheavi
sumption that that the overlay network has entire knowledgeFrom an alternative perspective, we can view each layer as

of its underlying physical network. This means that in order . . e . . ..
. . a multicast session with its subscribed receivers. Beahigy

to function properly, the algorithm must know the complete " . oL : :
. : Ih mind, by revisiting the formulation of probledsI, we find

topology of the underlying network, and the capacity q . .
. i that the proposed algorithms can be easily extended to e ca

each physical link. However, such complete knowledge cal . i .
of multiple streaming sessions. More relevant results oan b

be hardly acquired in prac_tlce. Even_ |_f_p03$|ble, th_e “.m?_ound in our previous work[10] addressing the competitibn o
correlation problem would incur prohibitive communicatio . : .
multiple multicast sessions.

overhead. If a phy_5|cal linkis _shared by a group of overlay Our algorithms also leaves extension space to address the
edges, then each time the traffic on any overlay edge changes

the peer controlling this edge will have to notify all otheg; ynamic peer joining/leaving scenario. The solution orages

overlay edges (controlled by different peers) about thimde. rom the online nature of.the algorithms .|ntroduced in this
. > .work, i.e., we can dynamically route traffic for any newly-
Based on these concerns, a more desirable alternative is to . : .
: arrived multicast sessions or peers. Our previous work on
have each peer update the lengths of its own overlay edgt%s

instead of updating the weights of each physical link eneput 'S subject [11] has shqwn that with peer churnmg, the
also without interfering with other overlay edges. performance bound established in Theorem 2 and 3 still holds

IV. SIMULATION

1 VYieLl, o0

2 VYee€&(m) (me M), de— |e|B/ce, ce — min{c; |l € e} i ;

3 f(m) 0, by (m) € T(m), m & M A. Simulation Setup and Methodology

4 for Vm € M do , _ _ In this section, we experimentally evaluate the perforneanc

5t minimum overlay spanning tree ifi(m) using d of our algorithms. The simulation is based on the topology

6 ft) — f(t) + dem(m)

7 Vet de — do(l 4 edemimy generated by BRITE generator. We create a 1000-router-topol

8 Vice o, — o+ nl(t)dce'ri(m) ogy, upon which 100 peers are_randomly attached to. The

9 Omax — maxjcrs o ! bandwidth for each physical varies from 10 to 1024, with
max €LY

average of 518. Each router can only be attached by at most
TABLE Il 4 . . S X
ONLINE ALGORITHM WITH PARTIAL TOPOLOGYKNOWLEDGE one Cllent. The VIdeO Stream tO be dIStrIbUtEd IS dIVIded |nt
5 layers. The demanding rate by each layer is 430, 370, 290,
280 and 170 respectively. Each layer has a set of peers as
The modified algorithm, as shown in Tab. Ill, does nats receivers. In particular, we simulate the cumulativeeta
alter the algorithm structure, but only redefine the edggtlen streaming scenario, i.e., a peer subscribing layer 1 must



also subscribe layet to recover the signal. Obviously, lowersome cases. This is caused by the violation of weighted max-

layers have more receivers. min fairness. As shown in both pictures, while the throughpu
We run all three algorithms presented in Sec. lll. Espegiallof layers 3, 4, and 5 can outperform their counterparts for

for online and modified online algorithms, we experimentwitthe optimal algorithm, layers 1 and 2 suffer from under-

both single-tree and multi-tree approaches. We use maiplgrforming. In other words, the ideally fair online algbri

two metrics to evaluate the performance of the propossetould achieve the same throughput ratio across all layers.

algorithms:throughputand capacity utilization

For each algorithm, we measure the throughput achieved * RS 22 R
per layer, and the overall throughput defined as the summary., T | | e
of end-to-end throughput received by all receivers acrdiss a ** el 1 ep el H
layers. Note that since the optimal algorithm returns th&-maé .. — : g
imally achievable rate for each layer subject to the weighte [ I
max-min fairness, we measure the performance of online os —— 08 [ -
algorithms in terms of throughput ratio, i.e., the throughgf oo s R 02 4 A
online algorithm normalized by its counterpart by the optim @ e=10 () € = 100
algorithm. In fact, this metric is reversion of the compedt
ratio defined in Theorem 2. Fig. 4. Throughput of the Online Algorithm

Capacity utilization is measured as the utilization ratio
(percentage of capacity utilized) for each physical link in We then selectively show the link utilization for different
the network. By sorting all links based on their utilizatiorstep sizee, and number of trees per layer. In Fig. 5 (a), more
ratios, we are able to view a complete picture of the Capact@an half of the links in the network is unutilized at all. In

utilization in the entire network. Fig. 5 (b), more links are utilized as we increase the number
_ of trees. Evidently, having multiple trees help alleviate t
B. Performance Comparison problem of asymmetric capacity utilization.

We first study the performance of the optimal algorithm.
To well balance the tradeoff between approximation and
running time overhead, we set the step size 0.01. From o8 [polieesis o8 7
Fig. 3 (a), we see the throughput received across different o -
layers are in proportion to the demands defined in the last,.
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shows number of trees required by each layer to achieve such © °* 02 02 o os oe o7 08 09 ° 010203 04 08 00 07 08 09 1
throughput. (@) 1 to 5 treesd = 10) (b) 16 to 20 treese(= 10)

= = |

: —1 m——)  CfHEE | R |

0.6

!
04 i 04 /
/ J
0.2 0.2 -
e N B

Utilization
Utilization

Flow

Number of trees

o e

o s o I
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Link rankings Link rankings

(c) 1 to 5 treesd = 100) (d) 16 to 20 treese(= 100)

Layers Layers

() Throughput per Layer (b) Number of Trees Fig. 5. Link Utilization of the Online Algorithm

Fig. 3. Performance of the Optimal Algorithna £ 0.01)
When studying the throughput of the modified online algo-
We then illustrate the performance of the online algorithmithm, we notice the negative effect of having multiple see
starting with the throughput ratio relative to the optimigaa In Fig. 6 (a), the algorithm’s performance reaches the tighe
rithm. In Fig. 4, we selectively show the results when we sas the number of trees per layer is 3, then starts to decline
the step size to 10 and 100. A main observation obtain frontontinuously. Same phenomenon is observed in Fig. 6 (b),
both figures is that the performance of the online algorithmhene = 100. The cause for this downfall is as follows. As the
far exceeds the worst-cast bound established in Theoremnthdified edge length update function cuts off the corretatio
Also as we increase the number of trees for each layer framong overlay edges, an overlay edge may seem empty or
1 to 4, we see reasonable throughput improvement. Howesaye few traffic, but in fact have heavy traffic occupied atsom
there is clear diminishing return as the number of trees peottleneck links shared with other overlay edges. Unawére o
layer further grows. Interestingly, the overall throughpd this situation, a peer might still choose to route its traffic
the online algorithm is better than the optimal algorithm ithrough this seemingly lightly-loaded route, which furthe



aggravate the situation. Routing traffic through multipkes
increases the chance of such events.

[15], a distributed binning scheme is proposed where oyerla
nodes partition themselves into bins such that nodes tliat fa

within a given bin are relatively close to one another in t®rm
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of network latency.

i Finally, [16] has proposed solutions to build multiple dis-
1 joint overlay MSTs for each session. However, since the
routing metric is defined as the static latency, not the dyoam
N ] weight to reflect the traffic condition, this solution doed no
have any performance guarantee.

VI. CONCLUSION

In this paper, we target on optimal routing solution to

Fig. 6. Throughput of the Modified Online Algorithm

maximize throughput under the fairness constraint in legter

P2P streaming. We formulate the problem using the multicom-
By studying the capacity utilization of the modified algomodity flow theory. Based on this formulation, we first deyelo
rithm in Fig. 7, we also observe that the wrongfully-estietht the optimal algorithm, then adapt it into two online alglonits,
load on the overlay edge will reuse the heavily-loaded mta}si addressing certain practical issues as content splitticigpar-
link, thereby cause more physical links to be undiscoveret atja| topology knowledge. For the online algorithms, we Fint

unutilized.
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Fig. 7. Link Utilization of the Modified Online Algorithm

[8]
Nevertheless, the most important confirmation to the mod9]
ified online algorithm, also evidenced in Fig. 6, is that the
performance of this algorithm also far more exceeds its wors; o)
case bound established in Theorem 3.

V. RELATED WORK

The idea of assigning lengths to links to reflect their traffiL:ll]
conditions has been extensively explored in the domain @]
online unicast routing [9] [12] and multicast routing[13].
In this work, we further extend the idea to the domain qf3
P2P network. Furthermore, we use a new weight update
function different to the exponential function adopted bgge (4]
solutions.

Several works propose overlay tree/network constructiqis)
solutions that take into account the topology of the physica
network. In TAG (Topology-Aware Grouping) [14], the infor-[16]
mation about overlap in routes to the sender among group
members is used to guide the construction of overlay tree. In

establish the worst-case approximation bound to the optima
rate. Experimental results confirm both online algorithims t
greatly outperform their theoretical bounds.
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