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Abstract—Th_is paper presents a cost-effective peer-to-peer requests increase. To save servers’ resourcedlaniht
(P2P) architecture for large-scale on-demand media servers’ traffic load, several proxy-based archites
streaming, named Bitvampire. Bitvampire’s primary  have been proposed, in which a set of proxies are
design goal is to aggregate peers’ storage and UsIm  yeninved in the network. Clients can request thehed
bandwidth to facilitate on-demand media streaming.To portion of videos from the proxies.

achieve this goal, BitVampire splits published vides into H in both based luti d
segments and distributes them to different peers. ¥én a owever, In both server-based solutions and proxy-

peer (or a receiver) wants to watch a video, it (isearches Pased solutions, the servers and proxies are eqéot
the corresponding segments, then (ii) selfishly detmines  deliver high-quality streaming service to a largemier

the best subset of supplying peers and (i) aggrates Of clients. Therefore, the servers and proxies shdel
bandwidth from these peers to stream the media coent. In  very powerful in terms of computing power, upstream
Bitvampire, participating peers help each other toget the  pandwidth, storage, etc., which makes the deploymen
desired media content, thus powerful servers/proxgare not  gnd maintenance cost very expensive. On the ot h
necessary, which makes it a cost-effective approacfio  ecant research and experiments reveal that thertur
demonstrate the effectiveness of BitVampire, we cdncted Internet has enough resources to support large-scal

extensive simulation on large, hierarchical, Interet-like di . . 181128
topologies. We also implemented a functional protgpe Media streaming in a peer-to-peer manner [18][23].

using Java and Java Media Framework (JMF) to these resources can be aggregated in a systenagtiaw
demonstrate the feasibility of BitVampire. on-demand media streaming system could be consttuct

without powerful servers/proxies, which makes the
Index Terms—Peer-to-Peer, On-Demand Media Streaming ~ system cost-effective. This is the primary desigalgf

BitVampire.
To achieve this goal, BitvVampire splits the publghe
. INTRODUCTION videos into segments and distributes them to differ

On-demand media streaming has recently gaineBEers: When a peer (or a receiver) wants to watitiem,

intensive consideration due to its promising usage ' fIrst searches the corresponding segments, then
rich set of Internet-based services such as video ocllishly determines the best subset of supplyiegre
demand, distance learning, media distribution, etc®"d aggregates bandwidth from these peers to stigam

However, there are still many challenges towardding xldeo. To deploy this archltecttlireh in a dynamic
efficient, scalable on-demand streaming systemstdue Net€rogeneous peer-to-peer network, three probieree

the high bandwidth and delay requirements for medif® D€ addressed: (1) How to distribute and cache
streaming. segments, taking into consideration that peersr offe

A majority of existing on-demand media streamingd'ﬁerem resources and may leave at any timeH(®y to

systems follows the Client-Server design, in whiteos ~ €'iciently find the desired segments. (3) How to
are stored in a set of central servers. All thaiests are 2d9regate bandwidth from mulitiple peers and coatein

served by servers and the streaming content istlyire them to serve one srfreaming requesrt]. In tuis pa/per,l
delivered from servers. Obviously, this architeetisrnot ~Pr€Sent our approaches to address these threeeprab

scalable since the servers will become bottlenackha  With the emphasis on the first and the third one.
The basic idea of our architecture, as well as some

preliminary  experiments and initial prototype
Based on "A Peerto-Peer Framework for Cost-Effecton- IMPplémentation were presented in the previous pgiSjr
Demand Media Streaming”, by Xin Liu, Jun Wang, 8ah T. Vuong However, this paper is substantially differenthatt (1) a
which appeared in the Proceedings of the [EEE Quoesu new scheduling algorithm for multiple-source stream

Communications and Networking Conferer2@06, Las Vegas, USA, is pronosed. Compared to the previous one. our new
January 2006. © 2006 |EEE. prop : p p ,
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scheduling algorithm is simpler but more efficie(®)

extensive simulation-based performance evaluat®n i % g
. . P2 (Seg #0) P4 (Seg #1, #2)

presented in this paper. g

The rest of the paper is organized as follows. 8edti P3 e v

. . . e . N s g #0, #1) %
gives an overview of the system, identifying theteyn p1 searoy N \ %
entities and operations. Section Il briefly intuogés s e . e s (5002
Category Overlay [12], which is chosen as the ugohey RN ST
search infrastructure. Section IV presents the esyst 200k0ps T N /=" "300ubps
design, including the segments distributing anchicer : v
scheme, segments searching scheme, and the sdlgeduli “ &= po (Receiven)
algorithm that coordinates multiple peers to delivedia Playback rate: 500kbps

content to receiver in the real-time mode. The Sitioh
setup and performance evaluation are presented in
Section V. Section VI presents the prototype
implementation. We present related work in Sectftlh ~ segments will be distributed to peers accordinguio

Figure 1. Example of watching a video

and conclude this paper in Section VIII. segments distributing algorithm. Once peers receive
segments, they will publish the received segmemthe
Il. SYSTEM OVERVIEW Category Overlay. Note that during the segments

. . . . distributing process, every segment will have dicap
This section provides a system overview of thedistributed to one of the seed peers.

proposed architecture. We first identify the system When a peer (or a receiver) wants to watch a viiteo,

entities. Then, we explain how the system works. first searches the®1segment. Then it determines if the
A. System Entities streaming request can be satisfied by the peeitsioed
Following are the entities in our proposed architee: N the search results (including seed peers) dfehswer
« Peers This is a set of computers participating in the!S Y&S: it selfishly determines the best subsetipplying
system. Each participating peer contributes some di€€rs and applies the proposed scheduling algorithm

its upstream bandwidth and storage. We denote th%ggregate bandwidth from the selected supplyingspee

. C and coordinate them to stream tfiesegment; otherwise,
upstream bandwidth and storage peeis willing to the request is rejected. When the streaming of 1fhe
contribute aBw and St, and the available upstream q ) ) 9

bandwidth and i segment is almost over, the receiver will do thmesa
andwidth and storage pe€Y can contribute at a ing ith the 2% segment, the'$segment, and so on.
specific time aBw*®; and SE¥¥",. Initially, BW*® =

, . . Fig. 1 shows an example. Suppose fervants to watch
vail — vail vail
va:,t_Sf “i = St and B@W"™, < Bw, St < Sthold at 3 yideo whose playback bit rate is 500kbps. It cees
any time.

for segment #0 and finds thf, P,, P; have segment #0;

e Seed PeersTo handle the situation in which all the it then Se]ectspl, P21 P3 as the Supp|y|ng peers and
hosting peers of a specific segment leave the Byste aggregates bandwidth from them to stream segment #0
we introduce seed peers into the system. Seed peeesgment #1 and #2 are streamed in the same way.
always stay in the system, and each segment of After the streaming session of a segment is over, t
published videos has a replica stored in seed peenmzceiver will cache the segment in its contribugeatage.
Seed peers serve the streaming request only wieen tWe use Least Recently Used (LRU) algorithm to select
request cannot be satisfied by regular peers,fanigi the victim segment to replace if there is not etoug
the case, seed peers will re-distribute a replichat ~ available storage for the new cached segment.

segment to peers, thus decreasing the future demand

on seed peers. Seed peers are almost the same as lll. CATEGORY OVERLAY

regular peers, except that they are stable and have |, this section, we briefly introduce Category Qumgr
large storage, which is very cheap nowadays. which is chosen as the underlying search infrastradn
* Media Files This is a set of videos published in theBjtvampire.
system. Every video is assigned a unique ID, called The basic idea of Category Overlay is to construct
videolD, which is generated when the video ismultiple category specific overlays on the unstied
published. Every video belongs to a predefined typeP2P system and restrict a specific search withim th
such as Action video, Sports video, Comedy videocorresponding overlay. In more detail, we firststhr the
etc., and is associated with a list of keywordspeer group into clusters. Then in each cluster,esod
provided by the publisher. We assume that eaclovide(called Agent Nodes are selected to take charge of
is encoded with a constant bit raBe (in kbps). A predefined categories. Thegent Nodds responsible for
video is split into equal-sized segments, and segmemaintaining a keyword list table (calle@ontent Index
is the minimum unit that a peer can cache. Table for all the contents belonging to the categoitiés
B. System Operations in charge O.f' For a specific category, all of Agent
Nodes (in different clusters) are connected to form a

In BitVampire, when a peer publishes a video, th ;
video will be split into equaksized segments, dese G‘t:ategory overlay. Thus, multiple category overlags be
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branches), and two neighbour clusters are connected
Q‘ through Inter-Cluster Links More information about
Category Overlay O3 | . . .
: : Category Overlay and its maintenance mechanisms, as

(for Category 243) . . .
well as the simulation-based performance evaluatam

: 5 : be found in [12].
Category Overlay 02 . ' 1
(for Category 242) ‘& E
//

IV. SYSTEMDESIGN

Category OveriayO1 %} : In this section, we present the system design of

(for Category 241 ; BitVampire. We first discuss our segments distiimit

algorithm, then describe the segments publishing,

T . . . ,
Clusters: CL, C2, C3 Q 7oL A searching, and caching schemes. Finally, we disouss
' N3 . . . .
l : N scheduling algorithm that coordinates multiple petr
ClusterC1  Cluster ClusterC3 o Cal's Agent Node stream the segment, and compare it with other two
“ * Cars Agent Node possible solutions.

A. Segments Distributing

In BitVampire, each participating peBr estimates its
constructed over the clusters. stay time in the system by computing the smoothed

Fig. 2 shows an example of Category Overlay. As thaveighted average as follows and uses this value to

figure shows, peers are clustered into three alsis@y,  'cPresent its stability.

Cz, andCs. In each cluster, nodes are selected to take Estimated@y = o x Estimated®y + xCurrentStg, - (1)
charge of three predefined categori€s;, Ca,, andCas.

For example, in cluste€;, node N, is in charge of whereEstimatedStays the estimated stay time of pégyr
category Cag; in cluster C,, node N, is in charge of taking into account all the stay history &, and
categoryCag; and in clusteiCs, nodeN; is in charge of CurrentStay is_the time periodP; _participated in Fhe
categoryCas. Since nodesl,, N,, andNs;areAgent Nodes system since its last leave or failuee.+ g = 1, a is
for categoryCas, they are connected to form the categoryP€tween 0.8 and 0.9, anfl is between 0.1 and 0.2.

. “Besides, pedp; also maintains the average usage ratio of
overlayO;. Category overlap, andO, can be formed in . ' : o ; oY )
the saz"neaway gory P 2 its contributed bandwidttsince it participated in the

sage i
In Category Overlay, every cluster member nodeSyStem’ calledR™, and the frequency it serves

o . Streaming requests in the recent period, cated™"s.
maintains aCat_egory Tablewh_lch stores the Category- We defineG®, the goodness of candidate p&rto
to-Agent mappings. It looks like a hash table wehire

: ¢ store a segment as a function of HstimatedStayBw;,
key is a category and the value is that categohgent R andFrec™®. Suppose there ane candidate peers:
Node When a node publishes a content belonging to 8p, p, ... P} G has the following form:

specific category, it first looks up iSategory Tableo
find that category’sAgent Nodgethen it sends a “publish 6% =agx
content” message to the fourdyent Nodge along with @

the ke’yword list (while the.qonten_t still reside the where as, fis, 75 are the factors to givEstimatedStay
owner's storage). Upon receiving thls_messageAtjm\t Bwx(1-R™%%) " Freg®"e different weights. In our
Node will store the keyword list in itContent Index simulation and prototype implementatioms, is set to
Table , , _ 0.35, s is et to 0.25, angk, is set to 0.4. Given this
When a node issues a query, it specifies a categoR¥quation, the candidate peer that is more statds, h
and provides a list of keywords. The query will gahe  higher available bandwidth and lower serve freqyenc
Agent Nodevhich is in charge of that specified category.will have a greateGs,
Then the correspondinggent Noddooks up itsContent To detect node failure, every peer in the Category
Index Tableto find the contents that have the matchedverlay periodically sends “alive” messages tqasent.
keywords, and returns the results to the queniainit. In  We let peer send it€stimatedStay Bw, R***®, and
addition, thatAgent Nodealso needs to propagate theFreg®“*along with the “alive” message. The parent node
guery within the corresponding overlay. Eaaent Node collects information contained in the received vali
in this overlay will look up itsContent Index Tabland messages and periodically sends an aggregate teptst
return the results to the query initiator. Compated Parent, along with the “alive” message. Thus, evaifyt
Gnutella [6], in which queries need to go througitree ~ Core Nodewill have recent information of every cIuste_r
nodes, a query in Category Overlay just needs to J@€mber.Core Nodesorts the cluster members by their

propagated within the corresponding overlay, whigh G™in desce.ndlng order anq stores the.res'ult |n'tier.ftor
much more efficient. candidates listCore Nodeperiodically maintains this list

Note that in Category Overlay, each cluster is -treel@sed on the renewed information of the cluster bezs

based (the root of the tree is call€dbre Nodg Two _Wh?‘” a peer wants to publish a video, it SP"FS the
cluster members are connected witluster Links(tree video into equal-sized segments. The workload arsalys

Figure 2. Example of Category Overlay

EstimatedSay, , . = Bwx(1-R"™") . Freq™™
max{EstimatedSay, } As max{Bw, x (L- R**%)f Ya max{Freq™" }
Isism ! 1sism ! Jsicm
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of today’s enterprise media server [2] found thatstrof
clients only watch the first several minutes partiof
media files. To benefit from this fact, we let thestf
segment have several replicas. Suppose the vidgaiis first predefine video types, such as Action vid8pprts
into Ns segments, and the first segment Nageplicas, video, Comedy video, etc.; (2) Then we combine video
then totally Ns+N; segments need to be distributed totype and segment number as the category, such as
peers. Action-0, Action-1, Sports-0, etc. So all th& degments
The publishing peer sends a “publish video” messagef Action videos belong to Action-0 category; dlet2"
to its clustersCore Node and this message will be segments of Action videos belong to Action-1 catggo
propagated to th€ore Nodesof other clusters. After and so on.
receiving this message, tlbore Nodeselects the firsh, Note that when a peer publishes a video, it should
(N>NstNy) peers from the sorted candidates list andpecify the video type, and provide a list of keyu
sends the information of these peers back to thégher. When the publisher distributes segments to peées, t
The publisher waits fofimeoug to receive the messages specified video type and the keywords list will dent to
sent back by th€ore Nodesand collects information of peers as well. When a peer publishes a receivatdestg
the candidate peers. Aftdimeoug, the publisher will it will use the combination of video type and segine
assign segments to candidate peers. number as the segment’s category, and use thevegcei
Fig. 3 illustrates the pseudo code of our Medigkeywords list as the publishing keywords. In adbdifi
Segments Distributing (MSD) algorithm. Note thae th each published segment hasideolD to specify which
algorithm tends to assign more segments to theidated video it comes from (as mentioned in Section llergv
peers which have highg®® which means these peers video has a uniqueideolD). Thus when searching, we
will take more responsibilities to serve streamieguests. can use thisiideolD to ensure that the found segments
However, theirFreq™®™® will increase as the streaming come from the same video. After segments have been
requests come in, thus decreasing tB&lrWhen another published to Category Overlay, we can search teate
video is published, it is likely that thei@* will be  segments in the same way described in Section III.
exceeded by others, so that video's segments il b . e
distributed to other peers. In a long term, thisldaesult C. Segments Caching and Seed Re-Distributing

Overlay, a node should specify the category theertan
belongs to, as well as a keywords list. In our pszal
architecture, we define the categories as follois:We

in load balance in peers to some extent.

/* in this algorithm, we do not differentiate betveoriginal segmen
and itsreplica, they are referred same as segtfient.
Input:
candidateList candidate peers sorted®y in descending order
num_candidatesaumber of candidates;

num_segs number of segments;

num_replicas number of replicas for the first segment;
Assigning:

=1

for (1=0; i<num_segs +num_replicas-+) {
select node incandidateList suppose the selected nodé\is
if (i <num_replicas+ 1)
assign segment O to noblg
else
assign segment (num_replicato nodeNy;
if (j==num_candidatgs
=1
else
j++
}

Figure 3. Media segments distributing (MSD) altjori

Mechanism

Once a peer finishes watching a segment, it withea
this segment in its contributed storage. We usedache
policy because we believe that the possibility eépre-
watching this segment is relatively higher thaneash
However, the storage contributed by a peer is éidjiso
we adopt Least Recently Used (LRU) as the cache
replacement algorithm, in which the least recented
segment will be chosen as the victim if there ig no
enough available storage for the new cached segment

Another issue needs to be addressed is that at some
point, it is possible that a specific segment isginig,
because all of its host peers leave the systemibrTio
handle this situation, we deploy several seed pedtse
network. Seed peers always stay in the system ey e
segment of published videos has a replica storedénof
them. Seed peers serve the streaming request drdn w
the request cannot be satisfied by regular peecs. T
alleviate seed peers’ load, we propose a Seed Re-
Distributing (SRD) mechanism, in which when thedsee
peer offers help to stream a segment, it will diste a

Once the segments assignment is done, the publishi@plica of that segment to peers, thus decreadieg t
will send segments to peers. When a peer receives figure demand on seed peers. Seed peers do notmeed

segment, it checks if there is enough storage ablail

be powerful machines with high upstream bandwidth.

(S >= seg_size where seg_sizeis the size of a They just need to be stable and have enough storage

segment). If yes, it stores the received segmeiat arfapacity.
decreases itSf'* by seg_sizeotherwise, it uses Least D. Segments Streaming

Recently Used (LRU) algorithm to select a victim

segment to replace.

B. Segments Publishing and Searching

1) Supplying Peers Selectiovhen a peer (receiver)
searches the desired segments for watching, tieeafiz
the results could be large. Thus we need a scheme to

After segments are distributed to peers, peers wiff€lect supplying peers from the search resultslenihe
publish received segments to Category Overlay. Akeceiver selfishly determine the best subset oplyinmy

mentioned in Section lll, to publish content in €giry

© 2006 ACADEMY PUBLISHER
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After receiving the search results, the receivell wi blocks, so the receiver can parallel download diffé
send an enquiry message to each peer containdtein tlocks from different supplying peers in the reale
results. Upon receiving this message, a peer wildsa model. In our simulation and prototype implemeratai
reply message back to the receiver, along witlBw8®  one block contains one second video content.
and EstimatedRTTwhereEstimatedRTTs the estimated During the streaming session, a supplier may leave
round trip time between the peer and the receiVee fail at any time. If that happens, the receiver wélect
receiver waits foifimeoug to get the reply messages andanother peer from thestandby set to substitute the
collects information contained in the messageserAft leaving/failing supplier, which is calledsupplier
Timeoug, the receiver will select the subset of supplyingswitching During the supplier switching period, the
peers based on theés™, the goodness of peer to becomeaggregate bandwidth is less than the required pllybit
supplier. Suppose there arecandidate peersP{, P,, ..., rate, thus the receiver may experience buffer dluer
P, the G for a peelP, is defined as follows: To cope with this, we require the receiver to buifdgr

leastSisui blocks before the video playback starts. This
€) is calledinitial buffering. The time to finish downloading
Shisutt DlOCKs is callednitial buffering time

Suppose a segment contaldsblocks {olky, blks, ...,
blky..} and the receiver selectdl supplying peers Ry,

P2, ..., Pu}, the scheduling problem can be stated as
follows: given the contributed bandwidth from the
supplying peersBw, Bw,, ..., Bwy}, where the sum of
have a greatas™ the contributed bandwidth equals ®r (the video

' playback bit rate), how to assign blocks to those

rc-)rtrc;(ta rscien']vimvé'::t;%ﬁgﬂm_ ('3'; g:rr] disérz:tglatggrsatnhdat supplying peers to achieve a minimunitial buffering
b yp b B P time, as well as downloading the earlier block as easly

have the greatest® as the suppliers, as long as the :
aggregated available bandwidth from these peers sOSSIble' . . . .
bigger than or equal to the video playback bit .rate There are two possible so_lutlons. One is Rom_md Robin
Otherwise, more thall peers will be selected to meet the(RR.)’ where blocks are assigned to suppllers_mumd
playback t,)it rate requirement. The unselected cantelid robin manner. However, RR treats _each SL_lppllerIt;qua

) no matter how much bandwidth it contributes to the

peers wil lije keﬁ)t '? fjngndbyset,ffrom :{Vh'CT ;Lglstltute streaming session. Thus some bandwidth contributed
ﬁeg:z c:n ree Z?efjc :vazragﬁasebgnsyv?gtrl]erfsr o(ran a"mrtr)eé ¢ from the powerful peers could be wasted, whilevtieak
candida’?egpegers is less than the video playbackatst beers may take (00 many bl.OCkS. 0 se_nd.. To cope with
the segment watching request will be rejected this, _another possﬂyle SOIUt'O.n IS assigning blows
After supplying peers have been selected .the\recei supphers in proportion to their contrlbuted banditivj _
will reserve bandwidth from them Suppdﬁeﬁ,upplying which we call Bandwidth Proportional (BP). In this
: approach, supplieP; sends Bw/Br)*N blocks, starting

peers By, Py, ..., Py) are selected, and the video playbac rom whateverP;.; ends. This approach fully uses the
?rlct)r;atseupl)spﬁ(ra.rl;l-— I*:re] g?gsxzro:vﬂ) rf;;esr,y eaggns;}/ilsgvgri\e bandwidth from each supplier when _sen_ding blocks.
following condiltionS' v However, for the blocks at the very beginning, oahe
' supplier contributes its bandwidth, which inevitabl
* The reserved bandwidth is in multiple of bandwidthresults in a longnitial buffering time Taking all of these
reservation unit (in our simulation and prototypeinto consideration, a good schedule should be tieeio
implementation, the unit is set to 64kbps). which blocks are assigned to suppliers in a roughiynd
. ZM: Bw' = Br robin manner, but in each round, the blocks argasd
e~ ' in proportion to the bandwidth contributed by signs.
_ . . Based on the discussion above, we propose a Mailtipl
Then the receiver sends a ‘reserve bandwidthgg,rce Scheduling (MSS) algorithm, which assigns
message to each supplier. Upon receiving this rgessa piocks to different suppliers to send. The algoritism
supplying peeP; decreases itBw"*, by BW;. When the  gyacyted by the receiver to generate the scheBige4

§treamin|g session supplied by pBgis over,P; increases jystrates the pseudo code of the algorithm. Thepkers
its BW"**'; by BW;. Note that by “reserve bandwidth”, we are sorted by their contributed bandwid®w in

do not mean that the bandwidBw; from peerP: is  gescending order. For a supplieupplierfi], time[i]
actually reserved and cannot used by other appiitat jnicates its earliest start time to send currelach
The current Internet does not provide resourceveien |nisially, timeli] is set to 0. We assign blocks to suppliers
service, thus the bandwidth contributed by supglyieer  giarting from the first block. To assign currenbdi
Pi may fluctuate during the streaming session. block[curr_blk], we first iterate all the suppliers to
2) Multiple-Source Scheduling AlgorithmTo fully  c5icylate the estimated finish time for each swppio
utilize the aggregate bandwidth from multiple SYP  seng  current block and  store the result in
peers, we want different suppliers to send d'ﬁer_e”estimatedTime[i] Then we find the minimum

portion of a segment to the receiver at the same.ti  ostimatedTime across all the suppliers. Suppose
Thus we further divide each segment into equal-sized

Bw"™, EstimatedRT,
vail | 'BSP x ; '
maxBw"™ | maxEstimatedR T}

I<ism

Sp —
G™ = ag, %

where as, fis, are the factors to giveBw™?,
EstimatedRTTdifferent weights. In our simulation and
prototype implementatiorys, is set to 0.4, anfls, is set
to 0.6. Given this equation, the candidate peet tha
nearer to the receiver, has higher available bahitivwill
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Bandwidth (kbps

Input:
num_suppliers number of suppliers;
supplierfi] : the suppliers sorted By in descending order;
Bw[i] : contributed bandwidth lsyipplier[i]; P
num_blks number of blocks;
block[i] : blocks;
blk_size: block size; P,
Scheduling: 64 2 5 | Ps o
for (i =1; i < num_suppliersi++) 0s 8s 165 Time'd
timefi] = 0; (a) Schedule generated by RR (second)
curr_blk=0; )
while (curr_blk < num_blks- 1) { Bandwidth (kbps
for (i = 1; i < num_suppliersi++)
estimatedTime[if time[i] + blk_size/ Bw[i] ;
selectk, whereestimatedTime[kE Min {estimatedTime[}; Py
assignblock[curr_blK] to supplier[k];
time[k] =time[k] + blk_size/ Bw[K]; P
curr_blk ++; 2
if (curr_blk>num_blks- 1) Ps o
break; Os 8s Time (second
} (b) Schedule generated by BP
Figure 4. Multiple-source scheduling (MSS) algumit Bandwidth (kbps)
supplier[k] has the minimunestimatedTimethen current 320 P,
block block[curr_blk] is assigned tosupplier[k] and
time[k] is increased byblk sizBw (the time for 128
supplier[K] to finish sending current block). At this point, 7 / Pz
block[curr_blk] is assigned. We repeat the same 64 u P
procedure to assign  block[curr_blk+1], 0s 8s Time (second)
block[curr_blk+2], and so on, until we finish assigning
the last block. (c) Schedule generated by MSS

Unlike Round Robin (RR) and Bandwidth Proportional
(BP) approaches, our Multiple-Source Scheduling YIS

algorithm assigns blocks to suppliers based onr theperform TCP-friendly congestion control over the UDP
estimated finish times to send current block. Thgpker  onnection (e.g., RAP [16] or TFRC [15]). As men#dn
that has the minimum estimated finish time willgake before, during the streaming session, some of the
current block. Thi_s approach ensures th_at bIoc!e alsuppliers may leave or fail at any time, and theining
assigned to suppliers in proportion to their camtied  syreaming rates from the suppliers may decreasetaue
bandwidth, and each block is downloaded by theivece etwork congestion. In these cases digplier switching
as early as possible after the previous blocksem@ved.  \yjj| happen, in which the receiver selects subisitu
Fig 5. |IIu§trates an example of assigning 8 blocks supplying peers to replace the leaving/failing digppor
suppliers using RR, BP, and MSS respectively. S8@po the supplier whose sending rate is decreased. &fter
Br, the video playback bit rate is 512kbps, and doekd  tne receiver will generate a new schedule to astign
contains one second of the video content. There3are st not-received blocks to the new set of supglier
suppliers contributing their bandwidth, in which; Besides, to cope with the UDP packets lost, theivec
contributes  320kbps (58r), P, contributes 128kbps \yj|| keep tracking of received blocks and make siinat
(1/48Br), and Ps contributes 64kbps (18Br). As the  eyery plock is receiveli,q, seconds before the playback.
figure shows, to download all the 8 blocks, RR £k€  oiherwise, the block is identified as lost, and réesiver
seconds, while BP and MSS takes only 8 seconds. {{jjl ask the corresponding supplier to re-send it.
Snisurt (the number of initial buffering blocks) is set4p | the client side, the receiver maintains a ringfes.
RR takes 8 seconds to download all of the 4 initiahnce the receiver receives a block, it will writéstblock
buffering blocks, BP takes 6.4 seconds, while M&®$ {5 the corresponding position of the ring buffefteA all

only 4.8 seconds. This example demonstrates thgie injtial buffering blocks are received, the iigee will
compared to RR and BP, MSS uses less time to daanlo continuously read data from the ring buffer anddesn

all the blocks, and achieves a smaitial buffering time  \igeo frames on the player window.
Our simulation also verified this result.

3) Streaming SessionOnce the schedule is generated,
the receiver will send it to the suppliers. When a
supplying peer receives the schedule, it will séhel In this section, we evaluate the performance of our
assigned blocks to the receiver in order using DB proposed architecture through extensive simulation

Figure 5. Assigning 8 blocks to 3 suppliers usig) BP, MSS

V. SIMULATION
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Figure 6. Part of simulation topology Figure 7. Flash crowd arrival pattern

experiments. We first describe the simulation seauql  ranging from 1Mbps to 2Mbps, and storage rangiogfr
then present the results. 1000 segments (19GB) to 3000 segments (57GB). Note
A. Simulation Setup that the configuration of peers in the experiments

' ) ) ) . . represents typical equipment settings for the atrre

1) Simulation Topologiedn all of the simulations, we desktop PCs connected to the Internet. From the
use large hierarchical, Internet-like topologied. &k the  simulation results, we can see that based on tssa,
topologies have three levels. The top level congits |ow-cost PCs, our proposed architecture can support
several transit domains, which represent largeriete |arge-scale on-demand media streaming services.
Service Providers (lSPS) The middle level contains To reflect the dynamic nature of peer-to-peer nd{wor
Sevel’a| Stub domains, Wh|Ch represent Sma” ISpﬁve |et 20 peers |eave the System per minute. Emﬂrn@
campus networks, moderate-sized enterprise networkseer will stay off-line for a period ranging fron 1
etc. (Each stub domain is connected to one of H1&silr  minutes to 3 hours, and then rejoin the system. We
domains). At the bottom level, end hosts (peers) arevaluate the performance of the system under 2reift
connected to stub domains. Fig. 6 shows a parhef t yideo requests arrival patterns: (1) constant arpattern,
topology used in the simulation. The first two level \here every 3 seconds, a peer initiates a videchivay
(router-level) contain transit routers and stubteosl request (request rate: 20 requests/min). (2) ftastvd
which are generated using GT-ITM tool [22]. We thenarrival pattern (showed in Fig. 7), where at thgitweing,
randomly attach end hosts (peers) to stub routétls W peers request videos at the rate of 20 requestséminh
uniformed probability. Each experiment was run on 1Ghen suddenly increase to the rate of 120 requeists/
different topologies, and the results presentedthis  (from the 44 minute to the 6 minute).
paper are the average results of experiments rgnnin The popularity of videos follows Zipf-like distribath,
these 10 topologies. On the average, the topolagied where the popularity of the"imost popular video is
in the_S|muIat|ons consist of 10 transit domair®) 8tub  proportional to 1fi. The authors of [2] reported that in a
domaInS., 2050 routers, and a total of 3010 endShostong period (|n months), the video file access lﬂmies
(peers), in which 6 hosts are selected as seed.peer  in HP corporate media solutions server and HPLabs

2) Simulation ParametersJnless otherwise specified, media server follow Zipf-like distribution, with ranging
all of our simulations use the following parameterfrom 1.4 to 1.6. Therefore, in our simulation, vet & to
settings. 1.4.

During the Simulation, there are tOtally 500 videos The last parameter Setting is the |ength of video
published in the network, each with 512kbpS Constar‘/\/atching session. Again, based on the reports {mm
playback bit rate (CBR) and 1 hour length. Eactesits e let 50% of the sessions last 5~10 minutes (vrdch
split into 12 segments. The length of each segn®ebt i 1-2 segments), 30% of the sessions last 10~30 esinut
minutes and the Size iS about 19MB. We Iet thet firS(Watching 2~6 segments)’ and 20% of the Sessim‘s |a
segment have 2 replicals (= 2), and by default, receiver 30~60 minutes (watching 6~12 segments).
selects 3 M = 3) supplying peers, if these peers have ) ]
enough available bandwidth. B. Simulation Results

We assign bandwidths and delays to network links as We first evaluate the effectiveness of our media
follows: (1) Each link between two routers has baidthv ~ segments distributing (MSD) algorithm, and then we
ranging from 6Mbps to 20Mbps, and delay rangingnfro present the simulation results of our multiple-seur
5ms to 40ms. (2) Each link between end hosts (péers) scheduling (MSS) algorithm, which results in a dmal
routers has bandwidth ranging from 512kbps to 2Mbpsnitial buffering time Finally, we evaluate the
and delay ranging from 4ms to 10ms. The contributegerformance our architecture in different sizedrgee
upstream bandwidth and storage from peers armpeer networks and under different peers’ cooperatio
configured as follows: (1) Each peer contributednaasn  levels.
bandwidth ranging from 128kbps to 1Mbps, and sterag 1) System Streaming Capacity Amplificatidn: this
ranging from 2 segments (38MB) to 5 segments (95MB)set of experiments, we show that our media segments
(2) Each seed peer contributes upstream bandwidthistributing (MSD) algorithm plus seed re-distrilmggt
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Figure 9. Average seed peers' load

(SRD) mechanism can result in a fast system strggami that are more stable, have more available bandiltis
capacity amplification. We define the system striegm decreasing the demand for seed peers. If SRD igedpp
capacity as the number of video watching sessibat t the segments that cannot served by the regulas pakr
can be served concurrently, and use the simpleorand be distributed to peers by seeds. Thus next tiegyasts
segments distributing algorithm as the comparisaseb for these segments can be served by the regulas,pee
In our simulation, each video watching session mmaye therefore further reducing the seed peers’ load.

different length; in another word, each session may Reducing load on seed peers is an important feafure
contain different number of segment requests. Tiugs, the proposed architecture; because it means thatetbd
use segment requests rejection ratio as our measnte peers need not to be powerful machines with high
metric. A lower segment requests rejection raticamse upstream bandwidth. They just need to be stabléhane
that more segment requests can be accepted atificspe large storage, which is very cheap nowadays.

time, which results in a higher system streamirgpciy. 3) Initial Buffing Time: This set of experiments

Fig. 8(a) shows the simulation result for the canst evaluate the multiple-source scheduling (MSS) étlgor.
video requests arrival pattern, and Fig. 8(b) shdwes We compare MSS algorithm with Round Robin (RR),
result for the flash crowd arrival pattern. We rtie  showing that MSS can achieve smaliieitial buffering
simulations for 2 hours, and compute the averagéme We generate 5,000 video requests, in both constan
segment requests rejection ratio every minute. Hsoth  arrival pattern and flash crowd pattern. We therore
of these two figures, we can see that comparedeo t theinitial buffering timefor each accepted request using
random segments distributing algorithm, our MSDRR and MSS respectively. In our simulation, theiahi
algorithm quickly decreases the rejection ratial @rthe  buffering length is set to 8 block§{sus = 8). Fig. 10
SRD mechanism is applied, the rejection ratio ishows the simulation result. It is clear that M38ags
decreasing faster.

2) Seed Peers’ LoadThe next set of experiments 28
evaluate the load on seed peers. As the previol
experiments, we run the simulations for 2 hourg] an
compute the average load on seed peers every mffigte
9(a) shows the simulation result for the constadew
requests arrival pattern, and Fig. 9(b) shows ¢iselt for
the flash crowd arrival pattern. As showed in botthe
figures, the average seed peers’ load with MSDrilgn ‘ ‘ ‘
is less than the load with random segments digtnigu 1 1001 2001 3001 4001

. . . . . equests
algorithm. And if the SRD mechanism is applied, the
seed peers’ load will decrease further. The reémothis
result is that MSD tries to distribute segmentthtpeers Figure 10. Initial buffering time using RR 98
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5) Varying Peers’ Cooperation LeveDur final set of
ij experiments evaluates _system performance under
different peers’ cooperation levels. We measure the
121 average segment requests rejection ratio for Jereifit
peers’ cooperation levels: (1) Low cooperation lgve
where peers contribute their bandwidth ranging from
64kbps to 512kbps and storage ranging from 1 segmen
(19MB) to 3 segments (57MB); (2) Medium cooperation
| level, where peers contribute their bandwidth raggi
. 1001 2001 3001 4001 from 128kbps to 1Mbps and storage ranging from 3
Requests segments (57MB) to 6 segments (114MB); (3) High
. B o _ cooperation level, where peers contribute theirdliagith
Figure11. Initial buffering time gain ranging from 1Mbps to 2Mbps and storage rangingnfro
5 segment (95MB) to 10 segments (190MB). We run the
achieves equal or smallaitial buffering timecompared simulations on the 3010 peers network (consist20&0
to RR. Fig. 11 shows thanitial buffering time gain, routers and 3010 peers). The video requests amive
where gain is defined as tligitial buffering timeusing flash crowd pattern.
RR minusinitial buffering timeusing MSS. As the figure Fig. 13 shows the simulation results. From therigu
shows, the gain is always bigger than or equal,tand we can see that as the peers’ cooperation levetdses,
can be as large as 14 seconds. the segment requests rejection ratio decreasesr,fast
4) Varying Network Sizdn this set of experiments, we which means that the system streaming capacity is
evaluate the performance of our proposed architeétu amplified faster. The reason for this is that ifepse
different sized networks. We measure the averageontribute more resources to the system, there lveill
segment requests rejection ratio for 3 differemeédiP2P more storage to cache segments and more bandwidth t
networks: (1) 3000 peers network (consists of 205@upport streaming requests; thus, the system stmigam
routers and 3000 peers), (2) 6000 peers networls{ss  capacity increases faster.
of 2050 routers and 6000 peers), and (3) 9000 peers
network (consists of 2050 routers and 9000 peditsg. 0s
video requests arrive in flash crowd pattern.
Fig. 12 shows the simulation results. From therfigu
we can see that since the network size increasess m
segment requests will be issued by peers at the Sara,

Initial buffering time gain (seconds)

o N M O ®

05 ——Low

Medium)

0.4 —— High

031/

0.2

Average rejection ratio

thus at the beginning, the rejection ratio for 6Q@&rs o % MMw
network is bigger than the one for 3000 peers netwo . \ \’“"«"\‘u'w"f\f\/v v “N\MW
and the rejection ratio for 9000 peers networki@br 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 1102015 1

Time (minutes)

than the one for 6000 peers network. However, thi

rejection ratio decreases fast. After about 25 ieisuthe  Figure 13. Average rejection ratio for variousigeeooperation level
rejection ratio for 6000 peers network is almoshesaas

the one for 3000 peers network. And after about 35

minutes, the rejection ratio for 9000 peers netwisrk VI. PROTOTYPE
almost same as the one for 3000 peers network. The o . .
simulation results verified our hypothesis thatnasre To demonstrate the feasibility of Bitvampire, we

peers participating in the system, more Segmemmq implemented a Complex functional prototype USinga\]a
can be supported at the same time, since morersesou and Java Media Framework (JMF) [10]. In this settio
are contributed to the system by peers. The siionlat We first present the prototype system architecttiien
results also imply that our proposed architectuse iWwe briefly describe the prototype implementation.

scalable, as long as the participating peers dargi 5 Prototype System Architecture

some of their resources to the system. . .
In our prototype implementation, we choose Category

Overlay [12] as the underlying search infrastruetdtus,
08 a Category Overlay prototype has been implemensed a

074 1

/l —3000 one part of BitVampire.

Average rejection ratio

061 ||
os| 171 a0 Fig. 14 shows the system architecture of our pyp&t

oadlf | | A which consists of four layers: Core Layer, Servicgdra

Z‘Z\‘ t ‘VA(L - . Abstraction Layer, and Application Layer. The key poin
ok y\fgjmbwc M\% of th_is layered design _is to decouple of applicatayics,

0 TN e Nt services, and underlying peers network from eablerot

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110215 1 FOI’ example AbStI’aCtIOI"I Layer Separate Appllcatlon
Layer from Service Layer. Thus, service algorithmis (a
Figure 12. Average rejection ratio for varisized network Service Layer) can be modified or replaced without

Time (minutes)
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central server-based on-demand media streamingrsygst

npplication| | cul I Then we describe several proxy-based systems. ¥inall
layer [ steamingReceiver | [ Streaming Supplier | we present an existing P2P-based system, and disisus

difference between our proposed architecture.

| Controller |

Abstraction A. Central Server-based Systems

layer | Service Abstraction | | Peer Abstraction |
A majority of the existing on-demand media streamin
systems follows Client-Server model, in which a skt
ool sarere) || indexing Service N centralized servers store all of the video filed espond
Senvice Media to all of clients’ requests. However, this architee is
layer seee not scalable since servers will become the bottlerses
the requests increase. To save servers’ resouras an
—— alleviate servers’ traffic loads, multicast hasrbepplied
e e and different solqtlons have been proppsed. Bagcmm]_
gg; I —— I aggregates multiple client requests into one mastic
— session. However, the users have to suffer longbplek
delay since their requests are enforced to be sgnized.
Patching [4][8] tries to address this problem bipwing
the client to catch up with an on-going multicassson
and patch the missing starting portion through eserv
unicast. In merging [5], a client can repeatedlygeédnto
a larger and larger multicast session using theesaay
changing or with only a little bit changing of the as patching. However, in order to ensure smooth
application logic code (at Application Layer). playback, these two approaches need the clienteto b
capable of receiving multiple streams simultanepasid
_ ) buffering large amount of data. In periodic broadicey
In thg prototype |mplem_entat|on, control packets ar [9][20], the server separates a media stream Egonents
sent using TCP and streaming packets are sentUSIRd 504 periodically broadcasts them through different
To ensure TCP-friendly congestion control over UDRy iicast channels, from which a client can chdesein
connection, RAP protocol [16] was used to adjustrUD j, “ajthough more efficient in saving server's bandth,

packets sending rate. Fig. 15 is the snapshot ef th; ghares the same limitations as the approaches
prototype, where three nodes are running and tthesh | .ontioned above.

are watching videos.

| Category Overlay |

| Ce ication Componen |

| Peers on Networl |

Figure 14. Prototype system architecture

B. Prototype Implementation

B. Proxy-based Systems

Another major category of on-demand media
streaming systems employs the cooperative proxy
caching technique. Existing work in this area idels
prefix-based caching [17][19] and segment-basetlingc
[1][3]. In prefix-based caching, proxies store tinéial
frames of popular clips. Upon receiving a requesttiie
stream, the proxy initiates transmission to thentliand
simultaneously requests the remaining frames frben t
server. As the proxy is generally closer to therdb than
the origin server, the start-up delay for a plajbean be
remarkably reduced. In segment-based caching, pérts
media content are cached on different proxies & th

; network and the stream is coordinated to playbagin f
these independent caches.

C. P2P-based Systems

Mohamed M. Hefeeda, et al. proposed a P2P on-

. . . aemand media streaming architecture in their waik
local network environment, which consists of 10kties This is probably the sgstem most like ours scﬂ) f[ar.

PCs Fes'd'”g in different labs of our departmente Th However, our architecture is substantially différénom
experiment results show that based on these commogn

) : : ; eirs in the following ways: (1) They cluster peéer
low-cost RCS’ B|tVa_mp|re_ can achieve smooth V'dewao—Ievel clusters, and super peers are selectenh fr
playbacks in the receiver side.

cluster members. Then they rely on these supesgeer
search the media content. In our architecture, elyean
Category Overlay to search the desired media segien
This section presents the previous work relateduto o which not only provides an efficient keyword search
proposed architecture. We start from the conveation service, also avoids the possible single pointaiiufe

e

teo | walchvden | gu o e pubsbah | weaich downdesd | e

Figure 15. Snapshot of prototype

We also conducted some preliminary experiments in

VII. RELTATED WORK
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problem due to introducing super peers. (2) Inrtheipreliminary experiments in a local network enviramt)
architecture, a seed peer introduces a mediarfitethe = which demonstrates the viability of BitVampire.

system. Initially the seed peer holds all of thgnsents. In the near future, we plan to deploy our prototgpe
As the streaming requests come in, the accessetestg the PlanetLab [14] to test its performance in thal re
will be cached in requesters. However, in our aechiire, Internet environment. We also plan to adopt some
once the video is published, it will be split irdegments adaptive streaming technologies to improve theityual

and these segments will be distributed to diffefgagrs. service. One possible approach is to use layerdohgo
The segments distributing process improves the @erviin which a video is encoded into multiple layerdheT
availability, since the published video is belorggino the  more layers a peer receives, the better videotguglvill
whole network, not the single publishing peer.I(8)heir  get. The receiver decides how many layers it canive
work, they do not consider the user behaviour whebased on the current bandwidth from the supplyiegrg
watching video. Their architecture requires thdtté If network congestion happens, the receiver can ask
segments of a video be found before the streamartss supplying peers to send fewer layers, which resnlta
However, this is not a reasonable restriction beeamost smooth quality adaptation. Another possible apgrdac
streaming sessions last only for a short periodr Ouo use the priority drop technique [11], in whidhet

architecture removes this restriction, where usman
watch any segments if there is enough availableuress
currently in the network. (4) To aggregate bandwidth
from multiple supplying peers, their architectuim@y
assigns a different portion of the segment to péers
proportion to their bandwidth. In our architectuaemore
complicated schedule algorithm is proposed to doatd
multiple supplying peers to stream the segment.If5) [2]
their simulation study, the system contains onlyg wideo.
While in our simulation experiments, the system 5a8
videos published, and we also take into considaratie
videos’ popularity and the user behaviour patteirenv
watching the video.

(1]

(3]

VIIl. CONCLUSION ANDFUTURE WORK [4]

In this paper, we propose BitVampire, a novel cost-
effective peer-to-peer architecture for large-scale
demand media streaming. In this architecture, phbti
videos are split into segments and distributedifferent
peers, thus upstream bandwidth form multiple pears
be aggregated to serve a single video streamingestq
We propose a media segments distributing (MSD)6]
algorithm to distribute the segments to peers ahdan  [7]
Category Overlay, an application-level overlay raty
to efficiently search the desired media segments.
However, BitVampire can sit on top of any searc
infrastructure as long as it provides efficient tewr
searching services. To parallel download streaminga]
content from multiple sources (supplying peers)tie
real-time mode, we further divide segments intockdo
and propose a multiple-source scheduling (MSS)
algorithm to assign blocks to different supplyirggps to
send.

(5]

supplying peers drop some less important packeteeif
detect network congestion.
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