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Abstract—In peer-to-peer (P2P) live streaming applications It only becomes more challenging when coexisting stream-
such as IPTV, it is natural to accommodate multiple coexisting ing overlays are considered, sharing the available upload
streaming overlays, corresponding to channels of programming. bandwidth in the peer-to-peer network. Consider a typical

In the case of multiple overlays, it is a challenging task to - h ltiol f diff t |
design an appropriate bandwidth allocation protocol, such that scenario where mulliple peers irom ditierent overiays are

these overlays ef ciently share the available upload bandwidth in conict with one another, competing for limited upload
on peers, media content is ef ciently distributed to achieve the bandwidth at the same streaming server or upstream peex in th

required streaming rate, as well as the streaming costs are network. Apparently, the allocation of such upload bandkwid
minimized. In this paper, we seek to design simple, effective needs to be meticulously mediated with appropriate stiegeg

and decentralized strategies to resolve con icts among coexisting . . o
streaming overlays in their bandwidth competition, and combine and media content needs to be ef ciently distributed, sintt t

such strategies with network coding based media distribution to the streaming rate requirement of each overlay is satisted a
achieve ef cient multi-overlay streaming. Since such strategies of all participating peers. It would be best if, at the same time

conict are game theoretic in nature, we characterize them as fairness can be achieved across different overlays, arid obs
a decentralized collection of dynamic auction games, in which streaming €.g., latencies) can be minimized. It goes without

downstream peers bid for upload bandwidth at the upstream - ; . . .
peers for the delivery of coded media blocks. With extensive saying that if such tactical strategies are not implemented

theoretical analysis and performance evaluation, we show that the conict among streaming overlays may not be resolved
these local games converge to an optimal topology for eachsatisfactorily.

overlay in realistic asynchronous environments. Together with In this paper, we seek to design simple, decentralized,
network coding based media dissemination, these streaming i nonetheless effective tactical strategies to resolierent
overlays adapt to peer dynamics, fairly share peer upload bandwidth con icts among coexisting streaming overlays] a
bandwidth to achieve satisfactory streaming rates, and can be ~< " ! - ’

prioritized. utilize network coding to achieve efcient media content
distribution. For this purpose, we characterize the badtwi
conicts in a game theoretic setting, witdynamic auction
games Such games evolve over time, and involve repeated
auctionsin which competing downstream peers from different

|. INTRODUCTION overlaysbid for upload bandwidth at the same upstream peer,

Peer-to-peer streaming applications have recently becoffk the streaming of me_dla blocks coded with network coding.
a reality in the Internet [1], [2], [3], in which large numiser _In these dynamlc_ auction games, an upstream peer allocates
of peers self-organize into streaming overlays. It is redturits upload bandwidth based on bids from downstream peers,

to consider multiple coexisting streaming overlays (SEssi anc: 'aI downstream peer rr?ayhoptln_mze and pla(zje ('jtsblb'df to
in such applications, each of which corresponds to a chanfi&Y F'p N upztreabm Peers It at have mnovat;yel coded n.;h‘CES !
of television programming or live events. Generated with esires, and su s_equenty ComPe_te in multiple auctionsn Ea
modern codec such as H.264, each overlay distributes a IfJeiN€S€ auctions is locally administered, and leads tongjea
media stream with a specic streaming rate, such 88§

ecentralized strategies.
Kbps for a Standard-De nition stream ari¥00 Kbps for a With extensive theoretical analysis and performance evalu
480p 848 480 pixels) High-De nition stream. To meet suc

htion using simulations, we show that these decentralizetkga
exactingdemandsof bandwidth that have to be satis ed attheoretic strategies not only converge to a,N‘T"Sh equilibyiu
all participating peers, a streaming overlay relies onlaiée but _also lead .to favorablsl outcor;e_s, in reall_stlclasync:bwsnf
upload bandwidtlsuppliesof both dedicated streaming Servergnvgonme_nt;. we are abie to ? tal_n ar? optima rt]opo ogy for
and regular participating peers. Smooth streaming pldyba%ac coeX|st|_ng streaming overiay, In the sensg_t &.lt singam
is not possible unless suckupplies meet the demand for rates are satis ed, and streaming costs are minimized. éThes

streaming bandwidth, and ef cient media distribution stiee topologies Of. coexisting overlays evolve aqd adapt to peer
is applied. dynamics, fairly share peer upload bandwidth, and can be

prioritized. In contrast to existing game theoretic apptes

This work was supported in part by Bell Canada through itd Belversity ~ that are Iargel.y theoretical in nature, we show thaF our pro-
Laboratories R&D program. posed strategies can be practically implemented in raalist

Index Terms—Distributed networks, distributed applications,
peer-to-peer streaming, bandwidth auction, multiple overlays
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Fig. 1. Two concurrent P2P streaming overlays: an example. Fig. 2. Decentralized auction games in the example overlays.

streaming overlays, and can be seamlessly integrated Withie the network, consisting of one or multiple bootstrapping
cient media distribution based on network coding to producservers. The mechanism assigns a certain number of existing
a complete con ict-resolving multi-overlay streaming pyool peers in an overlay as neighbors to each new peer upon its
design. Indeed, our focus in this paper is not on reasonijaning, and maintains the number of neighbors for each peer
about the rationality and sel shness of peers, nor on irigent during streaming upon peer dynamics. The applicationrlaye
engineering to encourage contribution. We seek to devikeks between peers in each overlay are established based on
practical strategies that may be realistically impleméngsnd their media segment availability during streaming.
use game theoretic tools only to facilitate the design ohsuc Let S denote the set of all coexisting streaming overlays
con ict-resolving strategies. in the network. The topology of each overlay2 S can be

The remainder of this paper is organized as follows. Imodeled as a directed graf® = (Vs;Ng; As), whereVs is
Sec. Il, we present our system model and motivate the desife set of servers serving overlay Ng represents the set of
of distributed auction games for resolving bandwidth cetsi participating peers, anfls denotes the set of application-layer
In Sec. Ill, we discuss the bidding and allocation strategidinks in overlays. Let R be the required streaming rate of
and establish their equilibrium using game theory techesqu the media stream distributed in overlayLet V be the set of
In Sec. IV, their convergence to the optimal bandwidth alocall streaming servers in the networke., V = [ s2s Vs, and
tion is analyzed in both asynchronous and dynamic enviroN- be the set of all existing peerse., N = [ s2s Ns. Let U;
ments, and their practical implementation with networkingd denotes the upload bandwidth at pée8i 2 V [N
based media distribution is discussed. Sec. V is dedicatadt  Realistically, we assume that the last-mile upload bantwid
in-depth study of the proposed strategies in realistidrgetf on each peer (including servers) constitutes the “suppfy” o
with respect to interactions of multiple dynamic streamingandwidth in the overlays,e., bandwidth bottlenecks lie at
overlays. We then discuss related work and conclude ther pafie peers rather than at the core of the overlays. In additien

in Sec. VI and Sec. VII, respectively. assume that the download bandwidth of each peer is suf cient
to support the required streaming rate(s) of the overlag(s)
Il. MULTI-OVERLAY STREAMING MODEL participates in. This represents a practical scenario,eassp

with insuf cient download bandwidth for an overlay will sao
quit the overlay and may join another overlay with lower
This paper considers a P2P live streaming network includisgreaming rate requirement.
multlplg coexisting streamlng oyerlays, each consistirig % Auction game model
streaming servers and participating peers. Each server may
serve more than one over|ay, while each peer may a|soTO resolve the bandwidth conict on its Upload link, each
participate in multiple overlay’. Fig. 1 shows an example ofupstream peer in the network,8i 2 V [N , organizes a
two coexisting streaming overlays, each with two streamirffynamic bandwidth auction gameeferred to as auction In
servers and four participating peers. auctioni, the “goods” for sale is the upload bandwidth of
In each streaming overlay, participating servers and ped@@eri with a total quantity ofU;, and the players are all the
form a mesh topology, in which any peer is served by igownstream peers of peiein all overlays it part|C|pat.es in. ITet
upstreampeers (servers can be deemed as special upstrdanieéPresent pegr in overlays. The set of players in ?UCUOH
peers), and may serve one or madewnstreampeers at | can be expressed d$°,8j : (i;j) 2 As;8s 2 Sg “. As
the same time. The peers server each other by exchang®@§h peer in an overlay may stream from multiple upstream
segments of media data in the streaming channel, whieRers in the overlay, a playg¢® may concurrently bid for
are received and cached in their local playback buffers. THBload bandwidth in multiple auction games, each hosted by
playback buffer at each peer represents a sliding window @f€ upstregm peer. _ _
the streaming channel, and contains segments to be played ihhe auction games at the peers are dynamically carried out
the immediate future. in a repeated fashion to resolve bandwidth con icts oveletim
With respect to the construction of each overlay, we comsid €achbidding roundof auctioni, each player submits its bid
there exists a standalone neighbor list maintenance mischant0 Peeri, declaring its requested share of upload bandwidth, as
well as the unit price it is willing to pay. The upstream péeer
1A practical scenario of this case is that users behind a sateagy may
watch different channels, while they appear as the sameityl¢péeer) in the 2Note that in case a downstream péeparticipates in multiple overlays,
Internet with one same external IP address. it is viewed as multiple players, each for one overlay.

A. Network model and assumptions



then allocates shares of its upload capadiky,to the players following formula:
based on their bids. Letj denote the upload bandwidth that X

playerj® requests from peér andp; denote the unit price it aj =min(xj ;U ) ai )i
is willing to pay to peeii. The bid from playejj $ in auction PR Pf ke8]
i can be represented a2duple f} = (pj ;xj ). 8j :(i;j)2A4;8s2S: (2)

Such a distributed game model can be illustrated with t

example in Fig. 2. In the example, there existuction games, tée Bidding strategy

two of which are marked: auctioh at v; with 5 players3' In each overlays 2 S, a peerj may place its bids to
(peern3 in overlay1), 5, 52, 6! and6?, auction2 at v, with multiple upstream peers, that can supply innovative coded
4 players4?, 5¢, 52 and 7, respectively. blocks to it. As a common objective, it wishes to achieve

Seamlessly integrated with the distributed bandwidth aufl® required streaming rate for the overlay, and experence
tions, a dissemination scheme based on the state-of-the@jlimum costs. We consider two parts of costs when peer
framework of streaming with network coding ([4], [5], [68 i Streams from peeérin pverlays: streaming cost — denoted .by
employed to distribute coded media content among the pe&fgaming cost functioD§ (xj ) — represents the streaming
in each overlay. Based on network coding, a downstream pédncy actually experienced by bidding cost — calculated
in each overlay bids in the auction at one upstream peer ofly Pj Xj — represents the bid pegrsubmits to peef in
when the upstream peer can supply it with innovative cod@yerlays. The bidding cost re ects the degree cémpetition
blocks for the overlay, and the allocated bandwidth in tfg'ddemandfor bandwidth in the auctions at upstream peers.
auctions is ef ciently utilized to deliver such coded bleck 1he overall cost at playgr® is the sum of the two parts from

We leave the related detailed discussions to Sec. Iv-C.  all its upstream peersi : (i;j) 2As. o
In this way, the preference for play¢f in deciding its

bids in the auctions can be expressed by the following cost
lIl. THE BANDWIDTH AUCTION GAME minimization problem. Practically, each cost functi@n
In this section, we present the auction strategies to resoﬁpowd be non-decreasing ‘?‘”d '.ts value increases mordyapid
bandwidth con icts in multi-overlay streaming, includirtge when the requested ban(_jW|dtﬁ‘| Is larger (.e.the_ property of
allocation strategy taken by an upstream peer and the k@jddﬁfnvex'ty)' Therefore, without IOSS_ of ger_1eral!ty, we ansu
strategy by downstream peers, and establish the equ'rfrbriﬁ gcost functions are non-decreasing, twice differeteiaind
of the distributed auctions from the game theoretical pofnt strictly convex.

TN
view. Bidding j*:
H S S S S
A. Allocation strategy min- o (O (% )+ pj X ©)
i:(iij s

In auctioni, the seller, upstream peeraims to maximize subject to
its revenue by selling its upload bandwidt at the best P, = s .

rices. Given biddf = (pS;x$)'s from all the playersj S o s Xi - Rs “)
hrices: o X hiayers X3 O 8i:(ij)2As: (5

8j : (i;j) 2 Ag;8s 2 S), upstream peei's allocation
strategy can be represented by the following revenue maxi-The bidding strategy of playej® consists of two main
mization problem. Hereaﬁ (8] :(i;j)2As;8528S)is the components: bandwidth requests and price adjustments.
bandwidth share to be allocated to each downstreamjpger 1) Bandwidth requestsif the bid pricesp; 's are given, the

each competing overlay. requested bandwidths at playértowards each of its upstream
Allocation i: peers in overlay, i.e., xj ;8i : (i;j) 2 As, can be optimally
X X . s decided by solving the probleBidding jS. This can be done
max P & 1)

ef ciently with a water- lling approach, in which playej*®

825 Ji(ii )2A s acquires the required streaming rag by requesting from
sub'j,ect tg, upstream peers that incur minimum marginal costs:
2s  jiea.d U p Letf*(x) denote the overall cost at playgt, i.e., f*(x) =
0 & x5 8 :(i5j)2As852S: (i )2A s(SDﬁ (X§ )+ pj X ). The marginal cost with respect

, o to x5 is LX) = DIS(xg) + pt . Beginning withxs = 0
Such an allocation strategy can be achieved in the follownzgi Gi0) 2 'n ), the player identi es onec that achieves
. ) 1 1)

fashion: the smallest marginal cost and increases the value ofxhis
Upstream peer selects the highest bid price,g, pj from g 0 1

playerj®, and allocates bandwidtaj = min( U;;Xj ) to it. AS D (] g(sis Tsr:rictlly cor?vex,Dijs(xﬁh)_ incre_?ges With. thle
Then if it still has remaining bandwidth, it selects the seto '”Cff?‘se OI i tehp ayer”mctre_?f]es t_thsjdunu Its m"’.‘tﬁ'{;]a
highest bid price and assigns the requested bandwidth to {r@St IS no fonger the smatlest. Then it nds a nreﬁv wi e
corresponding player. This process repeats until pedras current smallest marginal cost and increases its valuesThi
allocated all its upload capacity, or bandwidth requestsnir process repeats until the sum of aff 's (8i : (i.j) 2 As)

. reachesRs. u
all the players have been satis ed. u The water- lling approach can be illustrated in Fig. 3, in

The above allocation strategy can be formally stated in téhich the height of each bin represents the marginal cost for



TABLE |
BIDDING STRATEGY AT PLAYER] S

T %8 - pd Input
Difi) - Di(D) —~(pj ;Xj ): bids submitted in previous bidding round
& —allocated bandwidthj in previous bidding round from al
. upstream peerg 8i : (i;j ) 2 As.
| Di(0) . . .
B Adjust prices and bandwidth requests
. pi Repeat

(a) For each upstream peer

i S S H H S .
Fig. 3. Bandwidth requesting strategy at playér an illustration of the — If xj >aj , increase price; by a small amount;

water- lling approach. —If x% aj andpj > O, decrease pricg] by .
(b) Adjust requested bandwidth assignmefx; ; 8i
playerj s to stream from each upstream péefo Il water at (i.j ) 2 As) with the water- lling approach.

. . . - . (c) For each upstream peer
a total quantity ofRs into these bins, the bins with the lowest — Calculate new allocatioa; that can be acquired fron

heights are ooded rst, until all bins regch thg same water j if the current prices; is bid, based on Eqn. (2), with querig
level. Then the same water level keeps increasing untihall t | bids of some other players in the previous round of audiio
water has been lled in. Until: all requested bandwidths; 's, are to be achieved
5 H S 1, H S S .Qi - (i1
Theorem 1. Given bid pricesp; ;8i : (i;j ) 2 A5, the water- with current pricesp; 's, i.e, xj  aj ;8i 1 (i,j) 2As, and
. . . . . pricesp; 's are the lowest possible to achieve it.
lling approach obtains a unique optimal requested bandivid Submi bid
assignment at playejrs, i.e., (xS :8i : (i;j) 2 As), which is ubmit new bids =
. . . 'l S Send new bidst; = (pj;xj);8 : (i;j) 2 As, to
the unique optimal solution to the probleBidding j°. respective upstream peers.
We postpone the proof of Theorem 1 to Appendix A.
: 2) Price ?dJ“StmeT“S:"‘.’e next addre:_ss hov‘.’ each player We note that to calculate the new achievable allocation
is to determine the bid price to each of its desirable upsirea s ; .
. . . . . a® , playerj® needs to know bids placed by some of its
peers. A price adjustment scheme is designed for this perpos’ ; . - . .
) . . . ; - P TOpponents in the previous bidding round in auctiotnstead
by which each player tactically adjusts its prices in pgtit ; . . : .
: . X . . af asking upstream peérto send all received bids, playgt
ing auctions based on whether its bandwidth requwementclgn uerv such information aradually onlv when necessar
achieved in the previous bidding round. query g y only Y-

§ . . . . 0
When a playej® rst joins an overlay, it initiates bid prices If pj s to be increased, it asks for the bid of opponenit

P} 's towards all desired upstream peer®tdhen it calculates whose f”_cepisr_ﬂ IS |mm§0d|ately h|.gsr‘1er thapj in auctioni.

the current optimal requested bandwidth assignment with t{/hile pj is still belowpi;, , playerj>'s aChgevable bandwidth

water- lling approach and sends its bids to the upstreart unchanged; only whemj exceedspy, , its achievable

peers. After upstream peeallocates its upload capacity withbandwidth is increased &, , and playejj  queries upstream

the allocation strategyit sends allocated bandwidth values tgeeri again for the bid containing the immediately higher

corresponding players. Upon receiving an allocated badittiwi price than the current value @f . Similar bid inquiries can

playerj S increases the corresponding bid price if its “demand’e implemented for the case thgjt is to be reduced. In this

is higher than the “supply” from the upstream peer, angay, the price adjustments can be achieved practically with

otherwise decreases the price. Meanwhile, it recompuses little messaging overhead.

requested bandwidth assignment for all its upstream peigns w

the water- lling approach. Such price adjustment is catweit C. Game Theoretical Analysis

in an iterative fashion, until the player's bandwidth resjise . _ _ o _

may all be granted at respective upstream peers if it is to bigThe d|str|buted.auctmn_games in the coeglstmg streaming

the new prices in the next round. overlays are carried out in a repeated fashion, as these are
Using the water- lling approach as a building block, thélynamic gamesThey are correlated with each other as each

price adjustment scheme is summarized intiuieling strategy Player optimally places its bids in multiple auctions. Atical

to be carried out by playgf in each round of its participating duestion is:Does there exist a stable “operating point” of
auctions, as presented in Table I. the decentralized games, that achieves ef cient partitasn

The intuition behind the bidding strategy is that, eachetWork upload bandwidths¥e now seek to answer this

player places different bid prices to different upstreararge duéstion with game theoretical analysis.

considering both the streaming cost and the overall demand/Ve consider upload bandwidth competition in the entire
at each upstream peer. If the streaming cost is low from Bftwork as oneextendeddynamic non-cooperative strategic
upstream peer, the player is willing to pay a higher price ag@me (referred to a&Sexy), containing all the distributed
strives to acquire more upload bandwidth from this peer. a9rrelated auctions. The set of players in the extended game
the other hand, if the bandwidth competition at an upstreatan be represented as

peer is inten;e such that thg bigding cost becomes excgssive | = fj%:8) 2Ns:852Sg: (6)

the player will forgo its price increases and request more

bandwidths from other peers. At all times, the marginal cost The action pro le taken by playey® is a vector of bids,

of streaming from each upstream peer is kept the same,imsvhich each component is the bid to place to one upstream
achieved by the water- lling process. peer. Formally, the set of action pro les for playjéris de ned

= e




as Theorem 3 can be proven by showing that the set of KKT
conditions for the global streaming cost minimization peoi

i = fBPiBy = (I ?)Eéi (1) 2A5); is the same as that satis ed by the equilibrium bid pro le
B =(p5;x5)2[0;+1) [ORs]; Xt Rsg (7) B =((pj:xj):8(i5j) 2As;852S), and the equilibrium
(i )2A s bid prices at each upstream pee(i.e, pj ;8] : (i;j) 2

) i i As;8s 2 S) have the same value as the Lagrangian multiplier
. Then_, IetE; d.enote t.he bid prole in tshe entire newVork'associated with the upload capacity constraint (10) at peer
e, B = (B8 2Ns852S5)2 js 7. The preference \yo hosione the detailed proof of Theorem 3 to Appendix C.

relation %’ for playerj® can be dened by the following g,y the proof of Theorem 3, we can derive the following
overall cost function, which is the objective function ireth

g corollary:
problemBidding | 'nx(?’) Corollary. At Nash equilibrium, the bid prices to each up-
Cosf(B) = (D§ (x$)+ pS x5 ): (8) stream peer from all competing plgyers that are allocgted
(i )2A § non-zero bandwidths are the samieg, Ot;;pj = t; if
_ . 0 Xj > 0,8 :(i;j)2As;8528S.
Therefore, we say two bid prole8 % B® if Cosf(B) This corollary can also be intuitively illustrated: If a gk
Cosf(B). in auctioni is paying a price higher than some other player

De nition 1. A bid prole B in the networkB = (B8] 2 \who is also allocated non-zero bandwidth, the former can
Ns;852S) 2 js 7, is feasible if its bandwidth requestsaways acquire more bandwidth from the latter with a price
further satisfy upjpad capacity constraints at all the upam  |ower than its current price. Thus at equilibrium, when ne on
peers, i€, o s jyijea. Xy Uis8I2VN . can unilaterally alter its price, all players must be paying
When a bid pro le is feasible, from the allocation strateg¥ame price.
discussed in Sec. llI-A, we can see the upload bandwidth
allocations will be equal to the requested bandwidths. IV. PRACTICAL APPLICATION OF PROPOSEDSTRATEGIES
Using B to represent action pro les of all players other we next discuss the practical deployment of the auction
than playerj® in |, i.e, Iéjs = (BX;8mk 2 Inf jSg), we strategies in realistic asynchronous and dynamic P2Prstrea
have the following de nition of Nash equilibrium. ing networks, show the convergence of the dynamic auctions
De nition 2. A feasible bid prole B = (B ;8] 2 tothe Nash equilibrium, and discuss how such dynamic band-
Ns;8s 2 S) is a Nash equilibrium of the extended gamavidth allocation can be seamlessly integrated with network
Gexthl; ( 7);(9%)i if for every playerjs 2 |, we have coding based media distribution.
Cosf(B} ;87 ) Cosf(B-OS; 87 ) for any other feasible bid A. Asynchronous play
prole B%=( BS; Bjs ). In practical P2P network, peers are inherently asynchrenou
We next show the existence of a Nash equilibrium for theith different processing speeds. Besides, with various-me
extended game. We focus on feasible streaming scenariosage passing latencies, bids and allocated bandwidth egpdat
stated in the following assumption: may arrive at each upstream or downstream peer at different
Assumption 1. The total upload bandwidth in the P2P nettimes. All these make each auction completely asynchranous
work is suf cient to support all the peers in all overlays toA practical deployment of the game theoretical strategies
stream at required rates,e., there exists a feasible bid pro le should be able to practically handle such asynchronous game
in the P2P network. play.
Theorem 2. In the extended gam&extl;( 7);(%)i in In our design, bids and allocation updates are passed by
which distributed auctions are dynamically carried out lwit messages sent over TCP, such that their arrival is guadintee
the allocation strategy in (2) and the bidding strategy ifblea The strategies are to be carried out practically in each@uct
I, there exists a Nash equilibrium under Assumption 1. in the following fashion:
We postpone the proof of Theorem 2 to Appendix B. Allocation At each upstream peer, starting from the last
The next theorem shows that at equilibrium, the uplodtme it sends out allocation updates, the upstream peezatsl|
bandwidth allocation in the network achieves the minimiaat new bids until it has received them from all its existing
of the global streaming cost. downstream peers in all the overlays it participates in, or a
Theorem 3. At Nash equilibrium of the extended gamd&meout value, T, has passed since the previous allocation,
Gexthl; ( §);(9%)i, upload bandwidth allocation in the net-whichever is shorter. Then the upstream peer allocates its
work achieves streaming cost minimization, as achievetiéy upload bandwidth again with the allocation strategy diseds
following global itre%ming >%ost minimization problem: in (2): for those downstream peers whose bids it has received
. it uses the new bids; for those slow ones that it has not heard

S (yS
min 25 12N - i1 128 Dy (vi) ©) from in this round, it uses the most recent bids from them.
. J2N s TG )24 s Then the upstream peer sends allocation updates to all the
subject to downstream peers whose allocation has been changed, and
PP : starts a new round of execution
S U; 8i2V[N ; 10 ts e o .
I ECRENRd v [N (10) Bidding At each downstream peer in each streaming over-

iiiyea.Yi  Rs 8] 2Ns;852S;  (11) |ay, since its last bidding round, it waits for bandwidthoall
yi O 8(i;j) 2A ;852 S(12) cation until all allocated bandwidth updates have arrivednf



all its requested upstream peers, or tiehas passed sinceassumption 1. Thus the extended auction game must converge.
the last time it placed all the bids, whichever is shorteeMit  In addition, the extended auction game must converge to
adjusts prices towards those upstream peers from whictsit lig Nash Equilibrium (since peers would otherwise continue
received allocation updates, retains its previous pricesatds bidding), which achieves streaming cost minimization blase
those it has not heard from in this round, and recalculates @n Theorem 3. u
new bids to all the upstream peers, using the bidding styat
in Table I. It then submits new bids, that are different frdma t
ones submitted previously towards the same upstream peerfeer asynchrony aside, the inherent dynamics of realistic
to the respective upstream peers. P2P network further leads to dynamics of auction partidipan
While we have established the existence of Nash equilibhe players in each auction may change dynamically, due
rium of the distributed auctions in Theorem 2, we have not y&i new peers joining the network, existing peers joining
addressed another critical questiocan the Nash equilibrium, another overlay or switching upstream peers based on donten
i.e., the stable operating point that achieves optimal bandwidgavailability, or peer failures and departures; a distebout
allocation among peers in different overlays, be actuallguction may start or close due to the arrival or departure
reached with such dynamic asynchronous play of the auctioh an upstream peer. With slightly more extra effort, our
games?AVe now seek to justify such a convergence, based asynchronous deployment can readily adapt to such dynamics
the following assumptions: At the downstream side, when a peer newly joins an auction
Assumption 2.a) Each downstream peer in each overlay wilat an upstream peee.g, in the cases of arrival of a new
communicate its new bids to its upstream peers within nitdownstream or upstream peer, it initializes its bid pricéto
time (until it has acquired the required streaming bandWwidtcomputes requested bandwidth together with its priceshterot
for the overlay); b) Each upstream peer will communicatepstream peers, and then forwards its bid to the upstream pee
latest allocation updates to its downstream peers withiten In the case that one of its upstream peers fails or depads, th
time. downstream peer can detect it based on the broken or closed
Theorem 4. Under Assumption 1 and 2, the asynchronousonnections. Then it may exclude the upstream peer from its
distributed auctions converge to the Nash equilibrium, séhobandwidth request calculation.
existence is established in Theorem 2. At the upstream side, when an upstream peer receives
Proof: We rst note the following property of the extendedthe bid from a new peer, it immediately incorporates the
auction game, as modeled in Sec. IlI-C: downstream peer into its bandwidth allocation. When it detec
Claim 1.The to}gl allqgated upload bandwidth in the entir¢he failure or departure of a downstream peer based on the
network, Uaioc = 45 (i )2A aﬁ , grows monotonically broken or closed connections, the upstream peer allocates
during the asynchronous play of the extended auction gamepload bandwidth to the remaining peers only in a new round,
The truth of the above claim lies in the fact that oncexcluding the departed peer from the auction game.
a unit of upload bandwidth is allocated during the auction, When peer dynamics are present in the network, the dy-
it remains allocated throughout the rest of the gairee; a namic auction game progresses and strives to pursuit the
unit of allocated bandwidth may switch its ownership from aptimal bandwidth allocation in the latest overlay topglog
downstream peeir in overlays; to another downstream peerWhen peers continue to join and leave the overlays, the opti-
j in overlays,, but will never become idling again. mal bandwidth allocation naturally becomes a moving target
We further knowlUgjioc is boundgd above by the total uploadVhen such dynamics stop and overlay topology stabilizes,
bandwidth in the networkUy = i2VIN Ui. SinceUyoc  if the overall bandwidth supply is sufcient in the current
is increasing and upper-bounded, it therefore converges. topology, by results in Theorem 2, 3 and 4, we know there
U,ic be its convergence value. exists a Nash Equilibrium which achieves global streaming
We now prove the theorem by contradiction. We assunoest minimization, and the auction game converges to such an
that the extended auction game does not converge and ropimal streaming topology.
for in nitely long time. By Assumption 2, we know that there . _ .
must exist peers that do not obtain suf cient bandwidth arfd- Combining with network coding
thus bid in nitely often with updated prices. In this cagg,,. So far we have presented and analyzed the bandwidth
must be smaller than the aggregated bandwidth demand ataalttion strategies by assuming an existing mesh topology fo
peers in all the overlays, as otherwise peers stop biddidg aeach overlay as part of the input. We now discuss how such
the auction terminates. overlay meshes can be constructed and maintained in a P2P
When the total allocated bandwidth,,,. is not sufcient system, and how the bandwidths allocated during the awgtion
to satisfy the bandwidth requirement at all the peers, basa utilized to stream media content. We present such input
on our price adjustment strategy, we know the bid pric&nstruction and output utilization within the state-bétart
at all upstream peers will be growing unbounded. In thifsamework of streaming with network coding [4], [5], [6].
case, there must not exist an upstream peer that still hafNetwork coding is a recent technique originated from in-
spare upload bandwidth,e., all upload bandwidth in the formation theory that allows encoding/decoding at evergeno
network has been allocated. We thus deridg,. = Uai. across the network [7], [8]. It has proven to increase data
Therefore,Uy; is smaller than the total bandwidth demandliversity in a content distribution system, which faciéa
at all the peers in all the overlays, which contradicts witheer reconciliation, enhances failure resilience, andetbes

e
Ig. Peer dynamics



improves the overall system efciency [4], [9]. Within thex§ =(Cj  Xj ). Here,Cj is the available overlay link band-
context of multi-overlay media streaming using network-codvidth, chosen from the distribution of measured capacities
ing, for each overlays, its media bitstreanM is separated between PlanetLab nodes [10]. In asynchronous play of the
into segmentsyl; g?;:::, each corresponding to playback auction games, the timeout value for an upstream/dowmstrea
seconds. Each segmeg} further consists ok equal-sized peer to start a new round of bandwidth allocation/requested
blocks, and bits in each block are viewed as a vectay-bit bandwidth calculationT, is set tol second. The media stream
symbols over the Galois Fiel&F (2%). Encoding operations to be distributed in each overlay is partitioned irfksecond
are performed at both the servers and the upstream pesrgments, and each segment is further divided Gdtblocks.
in each overlays, by linearly combining multiple blocks of o o .
a segment inM in symbol-wise fashion ove6F (29). A A Limited visibility of neighbor peers
downstream peer in the overlay may recover a segment byin Assumption 1 of our game theoretical analysis in
decoding from any innovative (linearly independent) blocksSec. 11I-C, we assume that upload capacities in the network
received for that segment [4]. are sufcient to support all the peers to stream at required
As presented in Sec. Il, a bootstrapping server initiala®s rates. This is generally achievable when the neighbor list
maintains the neighbor list at each peer in each overlayedagnaintained at each peer contains a lot of other peers in each
on such initial connectivity, each peer periodically adieeis overlay it participates in. However, in practical scensyi@ach
block availability to its neighboring peers in the overlé&n peer only has knowledge of a limited number of other peers,
advertisement consists of metadata that describes thees¢gmmuch smaller than the size of the network. We rst study
number and linear coef cients of coded blocks availablehimtt the convergence and optimality of the proposed strategies i
segment. Based on such block availability, each peer casspusuch practical cases with asynchronous play of the auctions
whether a neighbor can provide it with innovative coded kéoc As known neighbors constitute possible upstream peersein th
for a segment it desires, and how many new coded blockseaming, the neighbor list at a peer is henceforth redeiwe
it can serve [9]. Then the peer bids for bandwidth at th&s theupstream vicinityof the peer.
possible serving neighbors. In this way, the sets of overlayln our experiments, peers in upstream vicinity of each peer
links involved in the auctionsi.e., As;8s 2 S, are clearly are randomly selected by a bootstrapping server from the
de ned. set of all peers in the same overlay. The actual upstream
The upload bandwidth allocated to each downstream pegmgers at which each peer bids for bandwidth are decided
in each overlay during an auction is utilized to deliver newy their content availability during streaming. In this st
coded blocks produced by the upstream peer for the requestgderiments, we focus on allocated streaming bandwidth at
segment in the respective overlay. Once the transmissionesich peer from the auctions, and will investigate the difiee
a segment nishes, the allocated bandwidth can be used fmtween allocated bandwidth and actually achieved streami
sending innovative coded blocks of another segment desirate of media delivery with network coding in Sec. V-C.
by the downstream peer, if there exist. Otherwise the sitmat Speci cally, we seek to answer the following questions:sEir
is similar to a peer (upstream) departure, and the dowmstreahat is the appropriate size of the upstream vicinity, siett t
peer needs to bid elsewhere for additional bandwidth. Thartke auctions converge and the required streaming bandwidth
to the data diversity generated by network coding, contecgn be achieved at all peers in an overlay? Second, if the
scheduling policies such amrest rst are of less concern upstream vicinity is smaller, do the peers need to bid longer
here, as network coding essentially eliminates 4w block before the auction games converge? Finally, how different i
problem[9] and maximally saturates the allocated bandwidtthe resulting optimal topologies when auction strategies a

with useful blocks. used with upstream vicinities of various sizes, with respec
streaming cost?
V. PERFORMANCEEVALUATION Evaluation. We investigate by experimenting in networks

In this section, we conduct in-depth investigations of theith 100 to 10;000 peers with various sizes of upstream
proposed auction strategies in practical scenarios. Usilmg vicinities. In each network, we now consider a single owerla
ulations under real-world asynchronous settings, thedafu with one server serving & Mbps media stream to all peers.
our investigation is to show that, as an outcome of our pro-Fig. 4 illustrates the outcome of our distributed auction
posed strategies, coexisting overlay topologies caryfalvlre strategies, either when they converge, or when a maximum
network bandwidth, evolve under various network dynamicbkjdding time,2 seconds, has been reached. In the latter case,
ef ciently saturate the allocated bandwidth by using natwo we assume the games have failed to converge, as there exist
coding, and be prioritized. peers that cannot achieve the required streaming bandwidth

The general realistic settings for our forthcoming experwith their current size of upstream vicinities. Decreasihg
ments are as follows: Each network includes two classes site of upstream vicinities froom 1 wheren is the total
peers,30% Ethernet peers with0 Mbps upload capacities number of peers in each network, we discover that @fth 30
and 70% ADSL/Cable modem peers with heterogeneous upeers in the upstream vicinity, the games can still converge
load capacities in the range @4 0:8 Mbps. Streaming and the required streaming bandwidth can still be achieved a
servers in a network are Ethernet peers as well. We uslé peers in most networks, as shown in Fig. 4(A) and (B).
delay-bandwidth products to represent streaming costsI(M/ Fig. 4(B) further reveals that convergence is always achiev
delays), with streaming cost functions in the form@f = rapidly (in a few seconds) in all networks with differentessz
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Fig. 4. Outcomes of distributed auctions in networks of défe sizes, and with various sizes of upstream vicinities.

of upstream vicinities, as long as these games convergé atvethen there are up t8 overlays coexisting in the network, the
with a particular upstream vicinity size. A careful obseima upload capacities in the network are suf cient for each taxer
exhibits that the auction games take slightly longer to eoge to achieve their required streaming bandwidth. When thexe ar
in larger networks. For a xed network size, with large” or 5 overlays, the capacities become insuf cient to support
upstream vicinity, a peer may spend more time in receiviral the overlays.
bandwidth allocation and computing bandwidth requests, bu In the former case witlh 3 overlays, every time a new
carry out fewer bidding rounds before it acquires the rezliir overlay is formed, the previous equilibrium bandwidth edle
streaming bandwidth. Therefore, the total time to convecge tion across overlays is disturbed, and the game play quickly
remains similar with different upstream vicinity sizes wheconverges to new equilibria, in which each overlay achieves
the auctions converge, and only distinguishes itself igdar the required streaming bandwidth again. In addition, thetsco
networks when they fail to converge. experienced by coexisting overlays when their topologies
Fig. 4(C) compares the optimality of resulting topologies istabilize are shown in Fig. 6. We observe both streaming and
terms of their global streaming costs computed with the-allbidding costs are very similar across the multiple coaxigti
cated bandwidths. Although each resulting topology a@sevoverlays.
streaming cost minimization with respect to its own inpusime  In the latter case witd 5 overlays in the network, Fig. 5
topology, the global streaming cost is less when the inpshows that the games fail to converge, and the streaming
topology is denser with larger upstream vicinities. Howevebandwidth obtained by each overlay uctuates over time. We
compared to the ultimate minimum streaming cost achievetiserved during the experiment that peers in each overlay
when upstream vicinities contain all other peers in thelayer bid higher and higher prices at their upstream peers, but
the overall cost experienced by using upstream vicinitfeas o were nevertheless unable to acquire the required streaming
much smaller size3Q) is only 10% higher. bandwidth. Similar bandwidth de cits can be observed in all
Summary.From these observations, it appears that theexisting overlays from Fig. 5.
appropriate size of upstream vicinities is relatively ipdedent In practical peer-to-peer applications, some streamireg-ov
of network sizes, and the bandwidth allocation converg%% '

quickly in most cases. Both are good news when our auctlgﬁ, S might expect to receive better service quality tharisth

. S s or example, live streaming of premium television channels
strategies are to be applied in realistic large-scale méswvo should eniov a higher priority and better quality than reaul
Based on results in this section, in our following experitsen 10y 9 P y q y @0

R . ones. Since our game strategies can achieve fairness among
the upstream vicinity size at each peer is se8@o . . .
various overlays (as observed from Fig. 5 and Fig. 6), we

B. The case of multiple coexisting overlays wonder if it is further possible to introduce a practicalapri

We now proceed to study how our game strategies rézation strategy in our games, such that differentiatedice
solve the bandwidth competition among multiple coexistingualities can be provided to different overlays.
streaming overlays. In particular, how does the topology of In our previous experiment, we have observed that overlays
each overlay evolve, if coexisting overlays are startedhim tfairly share bandwidth for a simple reason: peers in differe
network? Do multiple coexisting overlays fairly share netkv overlays are not constrained by a biddibgdget and they
bandwidth, and experience similar streaming costs? can all raise bid prices at will to acquire more bandwidth

Evaluation 1. We introduce more and more streamindgrom their desired upstream peers, which leads to relative
overlays onto d000peer network: At the beginning, all peerdair bandwidth allocation at the upstream peers. Motivdied
participate in one overlay and start to bid for their stregmi such insights, we introduce a budget-based strategy teaehi
bandwidths. Then ever$0 seconds, the peers join one morservice differentiation, by offering higher budgets to nzeim
new streaming overlay. To clearly show the effects of dnmigher priority overlays. To introduce such budgets, weyonl
increasing number of coexisting overlays on the allocatesed to make the following minor modi cation to the bidding
streaming bandwidth of each existing overlay, the requiretrategy proposed in Sec. IlI-B:
streaming rates for all overlays are set to the sdnhdbps. When a peej joins a streaming overlag, it obtains a bid-

Fig. 5 illustrates the evolution of the average allocateding budgetWs from its bootstrapping server. Such a budget
peer streaming bandwidth in each overlay over time, wheepresents the “funds” peejy can use to acquire bandwidth
5 overlays are sequentially formed in the network. We can si&eoverlays, and its total bidding costs to all upstream peers



15

1 —_— Overlayl\ ‘ ‘-;__,v-_,-.__,,

% 10 20 30 40 50
S — owryz ] ]
i [ TV

% 10 20 30 40 50
15 ‘ ‘

1
0.5}

0

0 10 20 30 40 50
Lo — overaya] ‘ ‘

1,;,_AAA - R
05l m
0 L

0 10 20 30 40 50

Average peer streaming bandwidth (Mbps)
Average peer streaming bandwidth (Mbps)

15— Overlay 5 ‘
l ,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
0.5+ ’ 1
0
0 10 20 30 40 50
time (seconds) time (seconds)
Fig. 5. The evolution of peer streaming bandwidth in multipteexisting Fig. 7. The evolution of peer streaming bandwidth for multipteexisting
overlays with an increasing number of overlays over time. overlays with an increasing number of overlays over time: vdiffierent
budgets.
4
4 15
Il Overlay 1| E Overlay 1| E gzg::i’/;
[ overlay 2| Overlay 2| H
‘g 3 [ overlay 3| [ Overlay 3 g 3 [ Overlay 3
© 3 10 1 o
2 8 £
£ £,
= o =
7 @5 - «
1 1
0
0 1 2 3 0 1 2 3 2
Number of overlays Number of overlays Number of overlays
(A) (B)
Fig. 6. A comparison of costs among multiple coexisting ovexlay Fig. 8. A comparison of streaming costs among multiple coexjstiverlays

with different budgets.

cannot exceed this budgeéte., i i(i)2a s Pj X§  Ws. Alland most stable streaming rates, while those for overlays wi
peers in the same overlay receive the same budget, and ¢healler budgets become less suf cient and less stable.
bootstrapping server assigns different levels of budgets t Summary.We have observed that, no matter if upload
different overlays based on their priorities. During itsigg capacities are suf cient or not, our game strategies aehiev
adjustments in overlag, peerj may only increase its bid fair bandwidth sharing among multiple coexisting overlays
price if the incurred total bidding cost does not excald.  When overlays are able to achieve their required streaming
, i o bandwidths, they also experience similarly costs, whicthtr
Evaluation 2.Applying the budget-based bidding strategyeyea) their fair share of lower latency paths. Further, ans
we perform the previous experiment again and show our ngyg; by introducing budgets to our bidding strategy, we aie a

results in Fig. 7 and Fig. 8. The budgets assigned to peersdijiferentiate service qualities among coexisting cugs!
overlay 1 to 5 range from low to high.

Comparing Fig. 7 with Fig. 5 in the cases whento 3 C. Overlay interaction under peer dynamics
overlays coexist, we see that overlays can still achieve the In the following set of experiments, we study how coexisting
required streaming rates within their budgets. Howeveemwhstreaming overlays evolve with peer arrivals and depasture
comparing Fig. 8 to Fig. 6(A), we observe that the streamingith respect to how the allocated bandwidth and actually
costs are differentiated across overlays,, overlays with achieved streaming rate in each overlay vary in such dyramic
larger budgets are able to achieve lower streaming cost thAR investigate both cases that the overlays have or do net hav
those with smaller budgets. This is because the former cdifferentiated budgets.
afford to pay higher prices and thus eclipse the latter in Evaluation.We simulate a dynamic P2P streaming network,
auctions at their commonly desired upstream peers. in which 2 servers concurrently broadcaét different 60-

A further comparison between Fig. 7 and Fig. 5 (wHeor minute live streaming sessions, at the streaming rat806f
5 overlays coexist) shows that, when upload capacities becoKbps, 500 Kbps, 800 Kbps andl Mbps, respectively. Starting
insuf cient, the overlay with the highest budget, overldyr from the beginning of the live broadcasif)00peers join the
overlay 5 in respective phases, always achieves the highestwork following a Poisson process. The inter-arrivalesm
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follow an exponential distribution with an expected length that the actually achieved streaming rates in all the oyerdae
INTARRIVseconds. Upon arrival, each peer randomly seleatose to their allocated bandwidths, and omit the illugbras
2 broadcast sessions and joins the respective overlays; tloenthe actually achieved streaming rates here.
the peer stays in the network for a certain period of time, SummaryWe have clearly demonstrated the effectiveness of
following an exponential lifetime distribution with an exgted our auction strategies under high degrees of peer dynamics,
length of LIFETIME seconds. In this way, we simulaté which guarantee stable streaming bandwidth allocation for
dynamically evolving streaming overlays with approxiniate all overlays at all times during such dynamics. We have
the same number of participating peers at any time. Netwaslso shown that together with network coding based media
coding is implemented on each peer in each overlay, whidhstribution, the allocated bandwidth can be maximallized
codes the blocks in each segment of the media stream oi@ractually achieve satisfactory streaming rates. Using th
GF (2%). Similar to the previous experiments, each pedwudget-based strategy, better streaming quality can lieefur
maintains abouBO0 neighbors in each overlay it participategprovided for prioritized overlays.
in, and bids at upstream peers that have innovative coded
blocks to serve it. All other settings of the experiments are V1. RELATED WORK
identical to those in previous experiments. We monitor both There exists little literature that studies interactionsl a
the allocated bandwidths from the dynamic auctions and thempetitions among multiple coexisting overlays in a same
actually achieved streaming rates of receiving coded Blatk P2P network. Recent work from Jiareg al. [11] and Ker-
existing peers in each dynamic overlay during @minute alapuraet al. [12] is the most related, focusing on multiple
broadcasts. overlay routing. In Jiangt al. [11], interactions among multi-
Fig. 9 and Fig. 10 show the results achieved when the sel sh routing overlays are studied with a game theoreti
budget-based strategy is not applied. SetfiNGARRIVand model, where each overlay splits its traf c onto multiple
LIFETIME to different values, we have repeated the experpaths and seeks to minimize its weighted average delay. In
ment, and the results are given in Fig. 9 and Fig. 10. DurirKeralapuraet al. [12], route oscillations are investigated when
our experiments, we have made the following observationsultiple routing overlays inadvertently schedule theirnow
about peer dynamics: With expected inter-arrival timelof traf c without knowledge of one another. Comparably, our
second,1000 peers have all joined the network in the rstwork is signi cantly different, as we consider multiple P2P
10 minutes; peer arrivals last fa5 minutes whedNTARRIV streaming overlays featuring many-to-many traf c, instest
is 3 seconds. With an expected lifetime ®® minutes, most point-to-point traf ¢ in routing overlays.
peers have left the network before the end of streaming; wherMesh-based P2P streaming solutions have been designed
LIFETIME is 30 minutes, approximately half of all the peersand successfully implemented in practice in recent yeds [1
remain till the end. [13], [14], [2], [3]. While multi-overlay streaming is the no
Therefore, the most severe peer dynamics occurs wfieéf in these state-of-the-art mesh-based solutions, we ang onl
peers keep joining fod5 minutes, but have almost all leftaware of two pieces of work that touch upon the topic of
before 60 minutes, i.e, the case shown in Fig. 9(C) andcoexisting live streaming overlays [15], [16]. These work
Fig. 10(C), which represents the highest level of uctuaio propose to encourage peers in different overlays to help eac
for both the allocated bandwidth and achieved streamirgy radther by relaying media belonging to other overlays. While
A longer peer lifetime brings better overlay stability, whi it is bene cial to improve network resource utilization at a
is illustrated by the smaller rate uctuation in (B) and (Dfy ospeci c time, there are questions remaining to be answered:
Fig. 9 and Fig. 10. A careful comparison of the uctuatiorHow should each peer carefully allocate its upload capacity
of the allocated bandwidth across different overlays in Big among concurrently requesting peers from different oysfta
reveals slightly larger uctuations for overlays with lang If new requests from peers in the same overlay come later,
streaming rate requirements. This is because with our@uctshould the bandwidth allocated to other overlays be degive
strategies, different overlays fairly share upload capeiat From a more practical perspective, our work considers the
common upstream peers, and the larger the required baridwictise that each overlay consists of only receiving peers but
is, the harder it is to achieve. each peer may participate in multiple overlays, and ingastis
Comparing Fig. 10 to Fig. 9, we can see that the actualbhandwidth competition among the overlays at their common
achieved peer streaming rates in all overlays under alhgstt upstream peers.
are close to the bandwidths allocated to the respectivdayger Auction-based approaches have been proposed to allocate
in the dynamic auctions. This exhibits that the allocatetetwork bandwidth based on the demand and willingness to
bandwidths can be ef ciently utilized to deliver useful bls, pay from competing users [17], [18], [19], [20]. A majority
based on the media distribution scheme using network codimg such work are based on Progressive Second Price auctions,
On the other hand, when overlays with higher rate requirgr which competitors decide their bids based on their true
ment are prioritized with higher budgets, Fig. 11 shows aluation. Aiming to solve the congestion problem on a sng|
different outcome from that in Fig. 9. In Fig. 11, under alifo link or path, such existing work deals with elastic trafc,
interval settings, the prioritized high-rate overlays always and competitors bid for their bandwidth share to maximize
guaranteed more stable bandwidths, while low-rate overlaheir utilities. In comparison, we design bandwidth auasio
experience more severe bandwidth uctuations. Similah® tin a more complicated and practical scenario of constrgctin
case without overlay prioritization, we have further olvegr multiple streaming overlay topologies. Demanding an istida
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Fig. 11. Allocated streaming bandwidths fércoexisting overlays: under peer dynamics with differentgmis.

streaming rate at a lowest possible cost, each peer bidstanits benets of enhanced block diversity and bandwidth

multiple auctions, and adjusts its bid prices and requesteficiency, in recent years, network coding has been applied

bandwidths judiciously based on the current marginal cbstm P2P content distribution applications [6], [9] and P2P

streaming from different upstream peers. streaming [4], [5]. Our focus in this work is not to propose a
In P2P content distribution, game theory has been widehgw P2P streaming protocol using network coding, but to show

used to characterize peer sel shness and to provide inantithe seamless integration of our bandwidth auction straegi

for peers to contribute their upload capacitiesg( [21], With the state-of-the-art framework of streaming with nesti

[22], [23], [24]) Different from previous work, incentive COding, in aChieVing maximal bandwidth utilization across

engineering, selshness and strategyproofness are nas pdpultiple streaming overlays.

of our focus in this paper. Instead, our work utilizes the

distributed and dynamical nature of auction games to design VIl. CONCLUDING REMARKS

effective mechanisms for demand-driven dynamic bandwidth-l-hiS paper considers con ict-resolving strategies among

allocation, in which local games achieve globally optima, inle coexisting overlays for streaming in peer-topee
topology construction. networks. Our objective is crystal clear: we wish to devise
In addition, pricing mechanisms [25], [26], [27] are propractical and completely decentralized strategies tocatk®
posed for a bandwidth provider to establish bandwidth sricgeer upload capacities and efciently utilize the allochte
to charge users, in order to regulate the behavior of sel $andwidth, such that (1) the streaming rate requiremenbean
users and achieve social welfare maximization. Such plelga“S ed in each Over|ay; (2) Streaming costs can be g|gba"
schemes are different from our auction games, in the seffmimized; and (3) overlays fairly share available upload
that bandwidth prices are determined solely by the proyidgfandwidths in the network. Most importantly, we wish to
rather than from bid prices placed by users. achieve global optimality using localized algorithms. Weeu
Finally, network coding has been rst proposed to achiewvdynamic auction games to facilitate our bandwidth allaoati
the maximum capacity of a multicast network [7], [8]. Duaise game theory in our analysis to characterize the conict
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among coexisting overlays, and discuss the integratioruof dO; p]; 8(i;j ) 2 As;8s 2 S. Altogether, we derive thaB is
bandwidth auctions with network coding based media distriba convex compact set.

tion to achieve most ef cient utilization of network banaith. The action prole for each playey® — Bf = (b ;8i :
Finally, we show that our proposed algorithm adapts we(l;j) 2 As) — can also be represented B§ = (PS XP),

to the dynamics in P2P networks, the optimally allocatesthereP;® = (pj ;8i : (i;j) 2 As) is the vector of bid prices
bandwidths can be fully utilized to deliver useful blocks atoward all upstream peers of playgt, and X ® = (xj ; 8i

all times, and service differentiation across overlays ban (i;j ) 2 As) is the vector of requested bandwidths towards all
achieved by augmenting the algorithm with a differentiateapstream peers at playgt.

budget scheme. The price adjustment strategy described in Table | de nes
APPENDIXA a mapping function ?, from bid prole B in the previous
PROOF OFTHEOREM 1 bidding round, to new prices to bid by playgt, i.e, P;® =

Proof: Let x§ ;8i : (i;j ) 2 As be an optimal solution to the (B). _ _

problemBidding j® in (3). Introducing Lagrangian multiplier ~ Given price vectorP?, Theorem 1 gives that the water-
for the constraint in (4) and = ( ;;8i : (i;j) 2 As) for lling approach uniquely decides the best requested badthwi

the constraints in (5), we obtain the KKT conditions for th@ssignmen® at playerj °. This mapping from price vector

problemBidding j$ as follows (pp. 244, [28]): P to requested bandwidth vectof® can be dened as
X function X ="' S(P?).
Xj Rs; Let g*(B) = ( ?(B);" ( ?(B)) be the mapping function
it(ij )2A s from bid prole B in the previous bidding round to a new
0; action pro le at playerj °. Letg(B) = (g°(B);8j 2 Ns;s 2
Xﬁ 0, 08i:(i;j)2As; S). Therefore,g(B) is a point-to-point mapping fronB to
X B. The Nash equilibrium is a xed-point of this mapping. We
(Rs xj )=0; 13)

next show the existence of such a xed-point.

(0 )2A s We rst show'  is a continuous mapping. GiveR®, X
Xj i =0:8i:(i5j) 2As; (14) isthe optimal solution oBidding j°. Therefore, } is de ned
DSS(xﬁ )+ pﬁ . =0; by (16) in Appendix A. SinceD} is strict convex and twice
Cfi . differentiable, we knovD s is contlnuous Thus based on the
8i:(i;j)2As: (15)
water- lling process, we know the optlmal marginal cost
Forx} > 0, we have ; =0 from (14). Then from (15), is continuous onP?. Furthermore, aD; s 1 s continuous
we derive the marginal cost with respect >t§a , déx(sx ) = too, from (16), we denve(S is contmuous orPS ie,’ 3 is
ij H
S(x )+ p; = .SinceDj is strictly convex and twice SONtNUOUS.

We next show { is a continuous mapping frof to vector
space of bid price® at playerj®. Let pj be the bid price
player s places to upstream peerin the previous bidding

dlfferent|able the inverse functlon dii s , i.e., DJS 1 exists
and is continuous and one-to-one. Then we P&ve(| j)2

As) ( round, andg; be the new bid price after the price adjustment
. 0 if <D ?5(0)+ P dened by $. Without loss of generality, we simplify our
Xj = D-O-S 1 o) if D)+ pt - (16) proof by showing that a small disturbance of the previous
I ' price pj to plf =pj+,; > 0 ! Oresults in little

In deriving the optimal solution which achieves a samgisturbance at new pr|cq5, ie., Iettmg qlS denote the new
marginal cost value for all the posmvexS 's, we always price corresponding tpu . we haveqs I ¢ . We divide our
increase the smallest marginal Cﬁ‘q}s(x )+ p; by increas- discussions int@ cases, and rst g|ve a result to be used in the
ing the correspondingj . In this way, we are increasing thediscussions: Ifoj is increased tqDIJ and all other bid prices
marginal costs towards the sgme value of As > 0, we at playerj s remain unchanged, the correspondlng requested

derive thatxj 's satisfy Rs i(ij 12 . Xj = 0 based on bandwidth to upstream peéris decreasedi.e., x X5 .
(13). Therefase, this water- lling process continues UR is  This can be directly obtained from the water- Illng process
used up, i.€., jij)2a,Xj = Rs, by which time we obtain used to solveBidding j*.
the unique optimal solution de ned by (16). u We now investigate the two cases:
APPENDIXB A) At upstream peei, there is no bid price from other
PROOF OFTHEOREM 2 players right betweerp)Il and pIJ , i.e, there does not exist

. i i p|m ' such thatpu p|m le '
mﬁg eDr(la'[i?s nBet\tx(/)o rtl)j et h% Sgt BOf ail(lj gossmle bid Ii)rrgnl]es Startlng the price adjustment described in Table | figjm
is -

the de nition of * in (7), we knowB is convex andx; 's and puS respectively, we consider two sub cases: (ipjf is
are bounded. In addition, under Assumption 1, all peers i@ be rgduced as; a;,we knowp, is to be reduced too,
all overlays can obtain enough streaming bandwidths, af@icex;®  Xj butas a; (due tOD., >pj ). Whenpus is
thus their bid prices to upstream peers will not be increasegruced, it will soon reach; , and its following adjustments
in nitely in the respective auctions. Therefore, all prige§ 's Wil be the same as those fopj] . (i) Similarly, if p; is

in a possible bid prole are boundede., 9p > O;p; 2 to be increased, it will soon reaqb]J and their following



13

adjustments0 will be the same. In both cases, we have for tie optimization problem in (17) as follows:
new pricesq® ! ¢ . X X . _
. . . . X3 Ui;8i 2V [N ;
B) At upstream peetf, there is a bid price from another i

player which lies right betweep? andp;®, i.e, 9p, , such S 1 )2A <
thatp}  pl, P X]  Re8 2Ng;852S;
We again discuss three sub cases: (Pjifis to be reduced i(ii )2A s
due tox§ &, pS is to be reduced too, sinoeﬁOS x; but X x 0 0; 0;
a?js aj (due topy® Pk p; ). During pf’-s's adjustments, JS (Rs xﬁ )=0;8] 2Ng;852S;
its value is continuously decreased, passphg and reaching i:(iy] )2A s
p; - Then its following adjustments will be the same as those xﬁ IT =0:;8(i;j ) 2As;852S; (21)
s (it s ; s Og
for pj . (ii) If pj is to be increased due q >aj andpy is D;s(Xﬁ )+ Dﬁ ]s lT =0:

to be reduced ax;f}s a%s, they will both stop at a same value
nearpk,, . (iii) If both p; and p%s are to be increaseqy 's .
value will be continuously increased to pag§ and reach  For Xj > 0, we have § =0 from (21), andD*(xj ) +

p; - Then their following adjustments will be the same. In alyj = 7 from (22). SinceDj is strictly convex and twice

cases, the new price‘és g differentiable, the inverse function cﬁjﬁs, ie., D;S !, exists.
Then vv(e haveB(i;j ) 2A;852S

8(i;j)2A4;852S: (22)

Therefore, based on the continuity gf and" 7, we derive ,
that the mappingg®(B) = (' ?(B);" }( $(B)) is continuous. S = 0 if 7 <D HS(O)+ [
: ’ . s = 0
Thus,_g(B) = (ng(B_);SJ 2 Ng;s28S)is a co_ntlnuou_s I Dijs Y Sop) it g D;*(0) + p; :
mapping fromB to itself. Based on Brouwer Fixed Point ) o
Theorem, any continuous mapping of a convex compact setSimilarly, for the global streaming cost minimization prob
into itself has at least one xed poinite, 98 = g(B ) 2 B. lemin(9), introducing Lagrangian multiplier= (;8i 2 V[
In addition, the xed pointB must be a feasible pro le, as N) for the constraints in (10), =( 78] 2N;8s2S) for
otherwise the adjustments of prices and requested barfuwidf!® constraint in (11) and = (' i ;8(i;j ) 2 A ;85 2 S) for
do not converge. Therefore, the xed poi is a Nash constraints in (12), we obtain the following KKT conditions
equilibrium of the extended game. u X X yi? Ui:8i 2V [N :
APPENDIXC sZ)S(j:(i;j )2A §
PROOF OFTHEOREM 3 :
Yi Rs;8] 2Ng;8s2S;

(23)

Proof: We prove by showing that at equilibrium, the KKT (i )2A s
conditions satis ed by the equilibrium bid proleB = y 0q O 0; 0;
(P ;%5 );8(i;j) 2 Ag;8s 2 S) are the same as KKT X X < P _
conditions for the global streaming cost minimization peob G ( yj  U)=0;812VI[N ; (24)
in (9). $25 (i )2A 5
At equilibrium, givenp; 's, the requested bandwidths at 7 (Rs Y; )=0:8 2Ns;852S;
each playeij ®, xj ;8i : (i;j ) 2 A, are the optimal solution i:(ij )2A s
to the problemBidding j°, and are also the same as allo- yi']?‘ i? =0;8(i;j) 2As;8528S;

cated bandwidths from respective upstream peers. Thetefor

%\, s S —Q-
altogether, we know the bandwidth allocations in the entire Di(yy )+ q j =0;

j ij

network, x§ ;8(i;j) 2 As;8s 2 S, solve the following 8(i;j) 2As;8s2S: (25)
optimization problem: And similarly, we can obtaiB(i;j ) 2 As;852 S
X X X 0 if S <D S0)+ ¢;
min (D} (x§)+ P} X3 @ vy = o 1, s .o (R " (26)
$2S J2N s iy )2A s Dy (7 q) i j DiP@)+ q:
subject {9 To show the two sets of KKT conditions are actually the
ijy2a. Xy  Rsi 8] 2Ng;8s2S; (18) same, we rst demonstrate that at each upstream pettre
xs 0 8(:5j)2A:852S; (19) equilibrium bid prices from all competing players that are

allocated non-zero bandwidths are the saineg,9t; ; pj = t;
and also satisfy upload capacity constraints at all there@st if x§ > 0, 8] : (ij ) 2A;8s2 S. This can be illustrated as
peers: follows: If a player in auction is paying a price higher than
X X s . ) some other player who is also allocated non-zero bandwidth,
X Us 8I2VIN (20) the former can always acquire more bandwidth from the later
with a price lower than its current price. Thus at equilibmiu
Introducing Lagrangian multiplier = ( 7;8j 2 Ns;8s2 when no one can unilaterally alter its price, all players mus
S) for the constraints in (18) and=( §;8(i;j ) 2As;8s 2 be paying the same price.
S) for constraints in (19), we obtain the KKT conditions for In addition, we know from the price adjustment described

$2S j (i )2A s
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in Table | that if upstream peéis upload capacity is large [21] R. T. B. Ma, S. C. M. Lee, J. C. S. Lui, and D. K. Y. Yau, “A Game

enough to satisfy all bandwidth requests, the correspandin
bid prices in auctiom can all l?_e lowered down t@. Therefore,

at equilibrium, ifU; > = ¢ (i )24 < xﬁ ,we ha_vepﬁ =
t; =0;8] :(i;]) 2As;852S. Thus we knowt; satis es
X X
t; ( x; U)=0;82V[N : 27)
25 j:(ij )2A o

From these results and comparing (27)(22) with (24)(2%)
respectively, we can derivg = p;;8i 2 V[N , and the
two sets of KKT conditions are actually the same. Therefor:
the equilibrium solution in (23) is the same as the optim
solution to the global streaming cost minimization probliem

(26). Thus Theorem 3 is proven. u
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