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Abstract— This paper investigates the dissemination of multi- file. Each user acquires a random list of other users from the

ple pieces of information in large networks where users contact tracker, who become neighbours. Each user’s actions aeelbas
each other in a random uncoordinated manner, and users upload on local information obtained from its neighbors.

one piece per unit time. The underlying motivation is the design . . . . L
and analysis of piece selection protocols for peer-to-peer netwks This paper investigates data dissemination in unstrudture

which disseminate files by dividing them into pieces. We first networks. Initial unstructured approaches [8], [9] adteda
investigate one-sided protocols, where piece selection is basediploading the whole file at one go. Users receiving the com-
on the states of either the transmitter or the receiver. We show plete file would then upload it to other users chosen at random

that any such protocol relying only on pushes, or alternatively paqe protocols were motivated in part by earlier thecaktic
only on pulls, will be inefficient in disseminating all pieces to

all users. We propose a hybrid one-sided piece selection protocolWork on random golssip mOd.E'|S [10], [11]. and epidemiqs [12].
— INTERLEAVE — and show that by using both pushes and However, for large files, making users wait to receive th@ent

pulls it disseminatesk pieces from a single source tox users in file before they can start serving it becomes untenable for tw
10(k + logn) time, while obeying the constraint that each user reasons:(a) file transfer may take a long time, and during

can upload at most one piece in one unit of time. An optimal, ..:. 4 : : :
unrealistic centralized protocol would take k +log, n time in this this time the upload capacity of downloading users is wasted

setting. Moreover, efficient dissemination is also possible if the @nd (b) users who have received the file may depart before
source implements forward erasure coding, and users push the uploading a complete copy, resulting in the complete filaei
latest-released coded pieces (but do not pull). We also investigatelost to others. Modern peer-to-peer file disseminationquais
two-sided protocols where piece selection is based on the states o§,ch as BitTorrent take the following alternate approach to

both the trasmitter and the receiver. We show that it is possible . NN g g - .
to disseminaten, pieces tor users inn -+ O(logn) time, starting speed up dissemination: the file is divided into pieces, and

from an initial state where each user has a unique piece. users can start serving individual pieces once they aréveste
instead of waiting to obtain the entire file
I. INTRODUCTION When the file to be disseminated is divided into multiple

Peer-to-peer systems are decentralized networks enabRigFes, €ach user has to carry out the taskiefe selection:
users to contribute resources for mutual benefit. One @gCiding which particular piece of the file is to be com-
the main applications of such networks is the cost-effectiynunicated at any given time, based on local informdtion
distribution of bandwidth-intensive content from one seyr These local decisions have a significant impact on the global
or a few sources, to many users simultaneously. Peer-to-pgHectiveness of file dissemination, as the spread of oneepie
networks such as eDonkey and BitTorrent, which routinefpteracts with the spread of other pieces. The motivatidns o
serve files hundreds of megabytes in length to thousands{idf paper argl) to gain a quantitative analytical understand-
users, now account for a sizable share of all Internet trfiffic I"d of how splitting a file speeds up its dissemination in
Examples of content distribution systems leveraging eset-u N€tworks with random user contacts, af®) to understand
resources are [2]-[5]. The service capacity in such systeff@V the users’ local piece selection decisions impact the
can grow with the number of users, making them scalable afi§semination of multiple pieces.
efficient in servicing a large number of users [6], [7]. In Section Il, we develop a simple model of a peer-to-

File dissemination networks can be broadly categoriz&g€r system relaying multiple pieces. We also explain how it
into structured and unstructured networks. Structured net- captures the speedup obtained from file splitting, and esabl
works such as [3]-[5] rely on a specific structured pattei$ t0 compare the efficiency of various piece selection proto
of interconnections among users to deliver the advantafjescgls. The user contact model is the same as in the classical
scalability and robustness. The structured pattern is giest "andom gossip process literature [8]-{11]. In Section I# w
up in a decentralized fashion, and data is then disseminagégte our main results, and discuss their implicationstiGes
using this infrastructure. Unstructured networks haveimah 1V and V contain the Lemmas and proof sketches of the
infrastructure, and instead rely on randomization to ptevi Main theorems. Section VI contains some simulation results
load balancing, robustness, and scalability. For exaniple,
the BitTorrent [2] system the only available infrastruettis 1The use of file splitting for multihop transfers is similar te@twell-known

. . L echnique of cut-through routing, see [13]
a tracker of the addresses of users interested in obtalhmg tt 2|n BitTorrent for example, this decision is made by each ussetanly

on the information of its neighbours. Each peer polls its nleays for their
OThis research was supported in part by the National Sciencadation piece collections, and then downloads theally rarestpiece, i.e. the piece
under grant CNS 05-19691. that has the lowest representation in the peer’s neighbors.



on protocol performance when some of the assumptions madd&he following simple calculation, similar to the one in [6],

in the model are relaxed. demonstrates the potential speedup that can be had from file
splitting. Consider an initial condition where the file isvidied
Il. FRAMEWORK into k pieces, and all are initially present at one user, called

We now present our peer-to-peer system model. A reél]'l.e source. It is easy to see that the completion time would
world deployed peer-to-peer network such as BitTorrennis #€ at least: + log, n time slot$. It has been shown in [15]
immense|y Comp|ex system to model and ana|yze exact|y, amt a fully centralized scheme can achieve this bound for al
we S|mp||fy some aspects for the purposes of tractabih‘tyhb n and k 4. If, however, the file is not divided into pieces,
following we first describe our framework, and then discugach user can upload data only after receiving a copy of the
the assumptions and approximations made. entire file, which takeg: time slots. In this case, complete

Consider a network withn users, each of whom Wantsﬁle dissemination will take at Ieaiﬂoan time SlOtSS. If we
to receive an entire copy of a file. The file is divided int&enote the ratio of the dissemination time for an UnSplit file
pieces. All users have the same upload bandwidth, and timdQsthe dissemination time of a file split into pieces as the
measured in slots. The length of each slot is the time one u§geedup achieved by splitting the file intopieces, then
takes to upload one piece. Any user receiving a piece in some . - klogyn
slot ¢ can upload that piece to other users beginning in slot optimal splitting speedup= E+logyn
t + 1. Thus the spread of one piece interacts with the spre,
of other pieces via the bandwidth constraint.

Throughout this paper, it is assumed that the users con

Epom the above we see that if a decentralized protocol with
random user contacts has a completion time cloge+tdog n

; ! . ; én its performance is close to that of a centralized optima
each other in the following manner: in each time slot ea P p

h iy hich i th h itorml otocol, while if its completion time is closer folog n then it
user chooses ®rget which Is another user chosen uniform s performing badly, providing little speedup from file spfig.
aF random from the entire netvvork, mdeper_udently _Of an>es'Fa For large networks, splitting a file into a large number of
hllstory, or Oth?r liJsers ch0|cehs. Comm(t;r_ncaﬂon 'n_lt_?:_ite_t' ieces will give significant speedup gains, but at the expens
slot occursdon y etvyeen eac dusler ar; . |tshtarglget. . IIS 1S increased overheads. For example, two-sided protocols
cpntact an commu_mcgﬂon model used in t € classicalesing ay require users to maintain the current states of their
piece random gossip literature [8]-[11]. We provide boun

e o ighbours. This may be hard when there are a large number
and performance guarantees that hold with high probafidity ¢ pieces. This is the motivation for investigatingqe-

Igrge - O.ur work. goes bgyond the cl_assmal random 9OSSfection protocols relying on less than complete inforomat
Iltera_\ture n that it investigates the simultaneous spreéd of which one-sided protocols represent an extreme caser Oth
multiple pieces/messages. verheads arise from network and system considerations (fo
Once a target is chosen, the user undertakes one of xeolmple whether the protocol uses TCP or UDP, etc.)
following two possible act|on§ _ We now briefly discuss the modeling approximations made.
« pull: the user selects a piece it does not currently poss@gstwork effects including delays, packet losses due to con-

and requests it from the target. gestion, and user heterogeneity have been abstracted away:
« push:the user selects a piece it possesses, and transfigsassume that communicating a piece always takes the same
it to the target. amount of time, between any two users. Also, real-world

For either of the two actions above, the user needs to makestems are typically open, with users joining and leaving,
a piece selection. This piece selection is said tmbe-sided while our analysis assumes the simultaneous arrival ofgelar
if it is based only on the user's own current state, and notmber of users who are present until system completion.
that of the target. The piece selection is said taee-sided The model would be a reasonable approximation for the
if it is based on the current states of both the user and tgervicing of a flash crowd, which is when the scalability
target. In either case the selection is independent of systand efficiency of any file dissemination system is tested most
history or the states of other users. Different ways of mgkirseverely. However, different models may be required foenth
this choice correspond to different protocols. In this page Situations. Also, each user may only have a limited view of
will evaluate the performance of the protocols as measuyedthhe network, and may not be able to contact users chosen
the completion timgwhich is the first time slot when all usersuniformly at random from the entire network. We relax this
have all pieces. last assumption using simulations in Section VI.

Users have “mlted. Upload bandWId.th' In this paper th.ls will 3|t takes at leask slots for the last piece to emerge from the source, and
be represented by eitherhard constraintor asoft constraint , furtherlog, n slots for that piece to reach all users. Thig- log, 7 lower
In the former, each user can upload at most one piece bisund holds even for systems that employ coding.
any instant of time, while in the latter a user is allowed t(c))t:] [15] fliStSlémeS ixac_ttlz thl_e ﬁgmg_#ploa?/download C?nstrrgdi;ﬂ@tmapfr-
upload (potentially) any number of pieces simultaneouse poinetrtcr)egp(taimgoéis's\g;nin:uli%n Ymes that are. ::Tgsn;?elroﬂagz i See for
fact that targets are chosen uniformly at random means thadxample [16], [17].
network withn users will most likely have a maximum loading °Since the number of users having the file can at most double éveénye
of at mostlog n for the case of soft constraints. Soft constraint%‘."ets' — , .

. . L. The phenomenon in which a large number of users arrive almosttaimu

have previously been analyzed in the random gossip liteatuy,

eously, looking for a file initially present only at a few soes, due to the
see e.g. [9], [14]. file suddenly being popular.



Finally, an important component of any peer-to-peer systefior all ¢ > 0, and anyn and k.

is the incentive mechanism used to ensure users do not 'eecfhtuitively the reason that pull protocols are efficierarfr
off the system. In this work we do not investigate incentiveg, siarting state such as the one in Theorem 2 is that each pull

but comment that it may be possible to design token-basgdyyest has a probability greater thaof targeting a user who
incentive schemes that are compatible with our piece setect || pe able to service the request.

protocols. The next theorem gives an upper bound on the completion
[1l. OUR RESULTS PROTOCOLS AND THEIR time for a pull protocol.
PERFORMANCE Theorem 3: Consider a network withusers andk pieces,

The main contributions of this work are outlined in thigach initially present at one user, implementing a pulldzhs
section. The piece selection protocols are describedgalith  protocol for piece dissemination. T is the first time that all
corresponding performance bounds, in the following ordewsers have all pieces, then given afiy> 0, anyc > 0, n
one-sided protocols using only pull, one-sided protocsiag large enough, and: arbitrary,
only push, the new hybrid one-sided protocol INTERLEAVEP [T < 4e(1+6) (klogk+ (1+c)klogn)] > 1—2n~°
and a two-sided protocol. i ) )

In our investigation of one-sided protocols, we assume thatlf ¥ grows polynomially inn, thenklogk is O(klogn),
the file is divided intok = k(n) pieces, wherek(n) is at and Theorem 3 implies an upper bound@fklogn). Thus,
mosta polynomial function ofr, and present results that holdTheorems 1 and 3 together show that the completion time
with high probability for largen. Thus the relative number of for any one-sided pull-based protocol@gk logn) with high
pieces and users is allowed to vary over a broad range. Probability.

One-sided pull-based protocols are those where all commu©ne-sided push-based protocols are those where all com-
nication occurs only via pulls, and piece selection is ddees Munication occurs only via pushes, and piece selectiongs on
Two examples within this class of protocols are: sided. An example of such a protocol is the following.

RANDOM PULL: In each slot each user requests|a |RANDOM PUSH: In each slot each user pushes| a

random piece from the set of pieces it does not possess. | Fandom piece from the set of pieces it possesses.
Unlike pull-based protocols, some push-based protocols

may never reach completion. For example, if pieces are pushe

in a strict predefined priority order by all users, then theead

of lower priority pieces may be suppressed by the spread of
The following three theorems hold for any one-sided pulthe higher priority ones. However, other push-protocolshsu

based protocol, and for hard or soft constraints. The first isas RANDOM PUSH will eventually reach completion. The

negative result showing that the time needed to dissemanatfpllowing theorem shows that one-sided push-based pristoco

fixed fraction of the pieces to a small fraction of users growge slow in the final stages of dissemination.

as the product of the number of piecésand logn. This

means that using on.e-sided pull during ?nitial 'di.ssemimati Bk pieces are each absent ig users, letT? be the time
eliminates the potential speedup due to file splitting. taken till all pieces are preser%t in all users, using any push
Theorem 1. For any) < 3 < 1, from an initial state in based protocol. Then, for ary> 0,
which & pieces are each present in one user, Tét be the 3 e
time taken till at least3k pieces are present iR’ users P[T% = B(1-eklogn] = 1-n
each, using any one-sided pull-based protocol. Then, for afor all ¢ > 0, k polynomial inn, andn large enough.
€>0, Since the completion time grows linearly in the product
P[T° > Bl—eklogn] > 1-n"° of 8k andlogn, Theorem 4 shows that purely push-based
for all ¢ > 0, k polynomial inn, andn large enough protocols provide no speedup from file splitting.
' ' ' We now outline how the above results motivate the design
The next theorem shows that, starting from a state whesge the hybrid efficient one-sided protocol INTERLEAVE.
each piece is present in a fraction of the nodes, any pubébasrheorems 1 and 4 show that any protocol relying on only one
protocol will deliver all pieces to all users D(k+logn) time,  of the push or pull mechanisms can provide no speedup from
with high probability. Thus, pull finishes disseminatiorthin fjle splitting. Also, pull protocols are inefficient near thgart
a constant factor of the time needed by the optimal cenedlizpt efficient in the end, while push protocols are inefficient
protocol. the end. This indicates that it may be possible that a hybrid
Theorem 2: Let) < n < 1 and consider any pull-based protocol, in which users execute pushes and pulls, can ensur
protocol. From a state such that each piece isjim users, if efficient completion.
T, is the time till all users have all pieces then Theorem 2 shows that, from the viewpoint of achieving
. O(k + logn) dissemination time, an intermediate state — in
< log(1 + E) ( lI+c )logn > 1_p—Which each piece is present ip users for some; > 0
= \log(1+ 1) log(1+ %) independent ofn — is of fundamental importance. From
(1) such a state, user pulls in any hybrid protocol would enable

SEQUENTIAL PULL: Pieces are numbereéd. .., k, and
in each slot each user pulls the lowest numbered piege it
does not possess.

Theorem 4. For0 < 8 < 1, from an initial state in which

P




completion inO(k + logn) time. To design a hybrid protocol data that is of a streaming/real-time nature. Coded pideg re
whose overall completion time, from start to finish, is alssia PRIORITY PUSH is also compatible with other coding
O(k 4+ logn), we would thus need to methods at the source.

(a) design a push protocol that reaches the intermediate stat¥/€ NOW return to the objective of designing a hybrid one-
in O(k + logn) time, and sided piece selection protocol that is efficient in the absen

(b) combine the above push protocol with a pull-base®f coding. Fork pieces and spacing = 1, Theorem 5
protocol in a decentralized way. implies that all but a vanishingly small fraction of the pésc

. . . _ - will achieve good penetration withi& 4 log, n time slots.
This is the idea underlying the design of the efficient prOtOCPRIORITY PUSH thus almost achieves objecti@ above.

'NTERITEAVE' ] .. In particular, since the number of pieces that do not achieve
Working towards the first of the above two object|ve§}]00d penetration is quite small, and so it may be possi-

we notice that while Theorem 2 guarantees the efficiengys o provably achieve efficient completion by combining
of pulls in the end, there is no analogous theorem for t&ORITY PUSH with a suitable one-sided pull protocol.
efficiency of push protocols in the beginning. In particulafrhe SEQUENTIAL PULL protocol mentioned earlier is well-
some push prptocols may not reach the'intermediate statg{8tched to PRIORITY PUSH: at any time, a pull request
O(k + logn) time. We thus need to design a push protocgh; g |ower numbered piece is more likely to succeed than
for this objective. Consider the one-sided push-basedpedt 4 request for a higher numbered piece, because in PRIORITY

PRIORITY PUSH. PUSH lower numbered pieces achieve good penetration before
PRIORITY PUSH: higher numbered ones. The choice of SEQUENTIAL PULL
« pieces are numberet 2, ... for interleaving with PRIORITY PUSH also enables us to
« in each slot every user other than the source provide delay guarantees for INTERLEAVE.
transmits a copy of the highest numbered piece The performance guarantee of PRIORITY PUSH is more
it has received until that time. . fragile than that of SEQUENTIAL PULL, and for this reason
« The source transmits piece numben the time the hybrid protocol INTERLEAVE is designed so that the
slots (i — 1)l +1,...,il, such thatl > 1 is an pulling does not interfere with the pushing. Interleavimy i
integer called thespacingof the protocol. this non-interfering fashion can be done in a decentralized

Theorem 5: Given any > 0 and 0 < ¢ < 1, if the Wa thus achieving obejctivgb) above.

PRIORITY PUSH protocol with spacirigs implemented, the
probability that a given piece reachesn(1 —e~! —§) users |INTERLEAVE:

within time (1 + &) log, n after leaving the source is at leasf * Pieces are numberedz,. ..
1 — 4n—< for large enoughn. « In every odd time slot, the source pushes the

i ) = ) piece with number one higher than the one it
Before we proceed with the design of an efficient hybrid  {.ansmitted in the previous odd time slot. Every

one-sided protocol, we briefly comment on the use of PRI-  4iner user pushes the highest numbered piece it
ORITY PUSH for the case when the source has the ability o eceived in the previous odd time slots. The user
generate pieces that are forward-erasure-coded versidghs o may have a higher numbered piece obtained in

original file pieces. With forward erasure coding, each user  gn even time slot, but this is not the one chosen
now only needs to build a large enough set of distinct coded o transmission.

pieces to be able to recover the original file. A protocol base , |, every even time slot, every user sends a pull
on a combination of rateless forward error correction at the request for the lowest numbered piece it does not
source, as proposed for example in [18], and piece relayimwith already have. In this slot users do not distinguish
the network using PRIORITY PUSH, would work as follows pieces based on whether they were received in

the source pushes a new coded piece in every time slot, which - eyen or odd time slots.
is labeled with a piece number as required by the PRIORITY
PUSH protocol. A user at any time would transmit the highest

numbered (coded) piece it currently possesses. PRIORITYTheorem 6: If7"* is the time INTERLEAVE takes to dis-
PUSH ensures that each user receives approximately 63.208@inate thé:; lowest numbered pieces, then given any ;

the coded pieces emerging from the source, and each of th@gehave that

pieces will be received approximatelyg, . time slots after P[T" < 10k, +2(1+€)logyn] > 1—5n""

it emerges from the source. This means that each user will be o

able to build up a large enough collection of coded pieces if@ any ¢ > 0, ki polynomial inn, andn large enough.

timely fashion, enabling the decoding of the source filefSaic  The above theorem implies that, with high probability,
combination of source coding and PRIORITY PUSH may beldTERLEAVE achieves complete dissemination in time that
good candidate in scenarios such that two-way communitatiis within a factor of ten of what an optimal fully centralized
between users is impossible or infeasible, as in this case fgrotocol could achieve. This means that it will be able to
pulling of pieces by users would not be possible. The delgyovide a significant file-splitting speedup for large netwe
guarantee provided by PRIORITY PUSH means that it might The fact that users communicate pieces in rough order, and
also be a good candidate for the relaying of source-encodéd delay guarantee of Theorem 6 for the lowest numbered




pieces, suggests that users receive lower numbered piecesobe user. Letd be the number of pull requests foneeded till
fore higher numbered ones. This indicates that INTERLEAVH, is present inlogn users. Then given ary> 0 and ¢ > 0,
or protocols of a similar design, would be useful in peer-to-
peer networks in which the data to be disseminated is of a P[A<(1-énlogn] <
real-time nature. - k

It is interesting to contrast the above performance guaeanfor any k that grows polynomially im, andn large enough.
of INTERLEAVE with the single-piece results of Karp et.Sketch of proof of Lemma 1: The probability of success
al. [9]. In that paper, the authors obtain a lower bound @ff any pull request increases in the number of pull requests
Q(nloglogn) on the number of transmissions of the singleccuring strictly before it. It is thus sufficient to assurheitt
piece that need to occur for complete dissemination, feie pull requests for piece occur in strict sequence, with no
any protocol relying on random user contacts of the kingvo being simultaneous. For such a sequer(éeo(%') pull
studied in our paper. However, when there are multiple jsiecgequests forp are needed before its occupancy goes from
protocols can save bandwidth by pipelining accross piecgs.; + 1 user§. Thus A is stochastically larger than the sum
INTERLEAVE manages to do this pipelining in @ way thatieo( L) + ... + Geo(j5r;). In turn, the probablity that the
results inO(n) transmissions per piece, which is the optimadum is less tharil — ¢)nlogn can be shown to be as small
order. required by the lemma. [

We now move on to consider two-sided piece selection
protocols. Users carry out pushes/pulls, but have knov@ledgroof of Theorem 1: For a given pull protocol, letd, be
of the target's current state. We consider an initial stetter® the number of pull requests for a particular piecantil it is
n distinct pieces are present in the system, one in each ‘Usgfresent in—"- users. Since there are at mespull requests

logn

For this state, consider the following two-sided pull pratb in one time slot, it follows that for any time

—C

ADVOCATE: If the user does not already possess the nt _
target’s initial piece, it downloads that piece. Else itlpul P[P <t] < P |:Ap < Bk for some plecq)}
a random piece from among those present in the target nt

Sr <

but absent in the user.

In this protocol each user acts as an advocate for its initial
p@ece._lf each user is restricteq to downloading at most OReom |Lemma 1 we see that, if is large enough, choosing
piece in every time slot, an optimal central protocol wikéa ,, _ (1— el ields S P {A - Lt} < n-<. This
at leastn — 1 time slots to complete. The following theoremst cynlogn y P b= Pk "
shows that the ADVOCATE protocol completes in time verffoves the theorem. u
close to this optimal, with high probability.

Theorem 7: Starting from an initial state where each user
has one unique piece, the ADVOCATE protocol operati
under soft constraints finishes in+ O(logn) time with high
probability.

In the above theorem the pre-constant 1nofs the best
possible. The above theorem means that for lartfee fraction
of wasted time slots will be negligible.

IN

We now turn our attention to Theorem 2. Here, we assume

ithout loss of generality that the system is operating unde
ard constraints. Any user needs at méssuccessful pull

requests until its collection is complete. From the inittdte

of Theorem 2, the time to the next sucessful pull is always

stochastically less thafieo(2)°. Each user can thus be shown

to complete inO(k) time, and by a union bound the slowest

of n users can be shown to finish @(k + logn) time.

Sketch of Proof of Theorem 2:Using the above arguments,

it can be shown that for all timels and anyn andk,

In this section we sketch the proofs of Theorems 1-6, which

IV. ONE-SIDED PROTOCOLS

: X 0 k
deal with one-sided protocols. PIT. >t < —ot pe 2
[ 7I>] >~ ne 1*(17p)60 ()
A. One-sided Pull-based Protocols . " and ) ) S .
orp=1Tand0 < 6 <1 —— |. Settingd = log(1 ,
Since Theorem 1 is a lower bound on completion time, there P=e o8 (1*P) g og(1 + )

the value oft that makes the RHS of (2) ta—¢ proves the

is no loss of generality in assuming soft constraints. Thea id -

behind the proof is to use a probabilistic counting argumeﬁpeorem'

to lower bound the number of pull requests needed per piecel.f imol ina SEOUENTIAL PULL. all that i
Since at most: pull requests occur in any given time slot, || USers are implementing SEQU ULL, all that is

such a lower bound on the number of requests needed yierlagui“ad for (_aquation _(2) to hold is_ that piecee present _in
a lower bound on the dissemination time. nm users by time slot, instead of being so from the beginning.

Lemma 1: Consider a system with soft constraints, and Jll]ﬂS is because users pull in sequence, and so will not pull

initial system state such that a given pigees present in only 8For any0 < a < 1, Geo(a) represents a geometrically distributed

random variableP[Geo(a) > m| = (1 — a)™ for integerm > 0
“Completion from such an initial state has been previouslgistl often 9The target has the requested piece wpand will not be simutaneously
under the alternate title of “all-to-all communication”. targeted by any other user w.fl — %)"—1 > %



piece: before timei. Choosing close to 0 gives the following For any number of requests,
lemma, which is used in Section IV-C.

T T a4
Lemma 2: Consider a scenario such that pi¢ds present P Z“t s |l < E[p21 ] < ni
in nn users by time slot, for eachi € 1,...,k, and - - pE - pF
SEQUENTIAL PULL is implemented. Then/[Tifis the time .
till all users have allk pieces, Setting the RHS of the last inequality above tg-, setting
6 = 1 and substituting the value ¢f yields
€ —c
P {T > (77 +€> k+(1+ce)Mclogn| < n F = (4e)nlogk + 4e(1+ c)nlogn
such that)/, is a constant. This is true for any and . This proves the lemma. u
For the proof of Theorem 3, we first prove a stochastic _ 5
upper bound on the number of pull requests for a given piec&€tch of proof of Theorem 3:Sete = 515, and letl. be the

before it is present imn users. We will then use this to upper 'St time that each piece is in at least users. UntilT, there
bound the number of requests needed for all pieces to getffj be at leastn(1 —¢) pulls in each time slot. If is chosen
en users each. Since at leastl — ¢) pulls take place in every SO thatn(l —e)t = k((de) nlogk + 4e(l + c)nlogn), then

time slot until this state is reached, an upper bound on tia¢ totn€ré Will be enough pulls for each piece to be disseminated

number of pull requests needed will provide a lower bound df €7 Users with hihg probability, by Lemma 3. This gives an

the time taken for the system to reach such a state. For H{#fP€r bound orit, which can be combined with the upper
remaining time to full completion, we will use Theorem 2. Pound onT’ —T. given by Theorem 2 to obtain the required

Lemma 3: Letd be the number of pull requests for a piecé/PPer bound oy u
p until it is present in all users. Then, for any> 0 and any B. One-sided Push-Based Protocols

k andn, The proof of Theorem 4 about the inefficiency of any one-
n=¢ sided push protocol in the final stages is similar to the proof
P[A > (4e)nloghk + de(1+c)nlogn] < —— of Theorem 1. Lemma 4 below is analogous to Lemma 1 for

Sketch of proof of Lemma 3: For any timet let a; be the pull, can be proved in a similar fashion and leads to Theorem
number of requests fop in that time slot, andV; be the 4 inthe same way that Lemma 1 leads to the proof of Theorem
number of users who have at time ¢. The variablea; can 1.

vary greatly from slot to slot, because users can be pulbing f Lemma 4: Consider an initial system state such that a given
other packets too. Le§; denote the entire history until (andpiecep is absent i users. Let4 be the number of pushes
including) timet: it contains all the variables; .. .a; as well  for p needed till it is present in all users. Then given any 0

asNp...Ng. and ¢ > 0, for any pull-based protocol,
Note thatN; < Nyp1 < 2N,. For anyfd > 0, and any —e
0 < b<a<2bwe have that P[A<(1—-enlogn] < n

k

11 < —0(a—b) for k polynomial inn andn large enough.
a b (20)0+1 The PRIORITY PUSH ProtocolThe PRIORITY PUSH
protocol is described in Section lll. In this section we gr&s

which implies ) R . . A
the idea that simplifies its analysis when all pieces aréihjt

pl L gL —0E[Nij1 — Ni|F] at one source. Consider a particular pigceand let time be
Nf ¢ /. (2IV)f+1 counted so that the source first transmitsn time slot 1.

) - ~ Note that the spread of piegeand subsequent pieces is not
Given NV, the probability that any one of the, requests is affected by the spread of pieces precedingror any timet,
successful is at least. This means that let A, be the number of users transmittipgin time slot ¢.
We are interested in the proceds and for this purpose all

E {i ]—‘t} < ig - ﬁ% higher numbered pieces are equivalent since they causkusimi
Nit N{ - (2Ny) ne interference to the spread pf Thus, letB; be the number of
< (e—ﬁ%) RS ©) users transmitting higher numbered pieces in time &l@&o,
- NY at any time, a user may be counted eitherdinin B, or as
0 i _ not transmitting pieces that are numbegedr higher.
Let § = exp(grrs;) and define the quantityMy = At this point it is useful to briefly recall the setting of the
N; %> e:. Then, using (3) it can be shown thaf, is classical random gossip problem described in [10]. In this
a supermartingale with respect 0. setting, there aren users and only one message, which is
Let T' be the number of time slots required fersuccesses. initially present with one user. Users with messages aledtal
SinceM; = Ny =1, informed In every time slot, every informed user contacts
ST ST, another user chosen uniformly at random from the set of all
1 > E per o > E pe % users and sends (pushes) the message to this user, who is then
- NS, o n? also informed. Let; be the number of informed users at time




t, and call the proces¥; : t > 0) theclassical gossip process such thaty is a constant independent of
with the initial condition beingty = 1 as it is in [10]. Proof of Lemma 5: For eachi € 1,...,k let T be the first
With this background, the following two observations aréme that each piece i, ..., is present in all users, and
easy o make: _ _ T' = max {T", 2i + 2(1 + €) log, n}
o The procesgA;+1 + Biy1 : t > 0) is stochastically
identical to the classical gossip proceds : t > 0). In  Consider any two successive failed pieggsand ¢;1, and

short, (Ay1 + Beey 1t > 0) £ (Y, : t > 0)° and in let qgrl — 4 :h'l.hTrTen, for ?Ia‘:jhl ﬁ bS < l-1 pietl:e
particular 4, + By.; & Y, for eacht. numberg; + s, which has not failed, will be present in at least

S imeT% T4
o The B process is also stochastically identical to adelayé%)(1 € ¢) Users k?y timer + 2s. Also, aftng all
_ s & s users will be pulling pieces numbergg + 1 or higher. For
Y processi(Biii41:t 2 0) = (Vi : 12 0). this scenario, Lemma 2 implies that all users will obtain all

Thus, A; + B; 4 By, for all ¢ > 1, and thus alsdZ[A;] = pieces: such thaty; < i < g;41 within

E[By4;—By]. It can be shown that the values 4f and B, are 1

tightly concentrated around their expected values forimlés ( + e) (¢Gj+1—¢; — 1) + Mc(14+c¢)logn
P

t, and thusA; 2 (1 — €)(B:y; — B:) with high probability,
until the time thatB; ~ n. Adding up over time, this meanspull §Iots, with probability at least — n~¢, where p =
that with high probability 1=e—=<_Choosinge so small that% + € < 5, this implies

ST A 2 (o) @ ™

T+ 71 < T% 410(gj41 — q;) + 2M (1 + ¢) logn
Now, the quantity) ; A, above is the total number of transmis- - P
sions ofp by time T'. The target of each of these transmission4ith probability at leastt —»~. Also, by time 7%+~ all
is chosen uniformly at random, independently of other trangSers will be pulling for pieceg; ., or higher pieces if they
missions. Thus the number of users who have pjebg time ~already havey; . By Theorem 3 withk = 1,
T will have the same distribution as the number of bins with T Fgjp1—1

. . T+t — T+ < 8e(l+0)(1 1

at least one ball in an experiment such that4, balls are < Se(1+9)(1+c)logn
thrown inton bins. Sinced", A; > ni(1 — ¢), this means that with probability at leastl — n~. The last two inequalities
the number of users receivingis ~ n(1 — e~!) with high above imply that
probability. This is the idea behind the proof of Theorem 5. T+ < T% +10(gj41 — ;) + (1 +c)logn  (5)

C. INTERLEAVE with probability at leasti — 2n ¢, such thaty = 8e(1+4) +
In this section we analyze the performance of INTER2)M,. Defining T — 2(1 + €)logy n and g1 = ki, and

LEAVE, and prove Theorem 6. The following two observasumming (5) over allj shows that

tions about INTERLEAVE facilitate its analysis:

« The pulling does not interfere with the pushing: if the
system is sampled only in the odd time slots, the piecesth probability at least — 2mn~—¢. Replacinge by ¢+ lloogT’:
pushed will be identical to an alternate system runningoves the lemma. [ ]
only PRIORITY PUSH. In particular, the pushing of
higher numbered pieces is unaffected by the spread ofWe are now ready to prove the performance guarantee of
lower numbered pieces. the INTERLEAVE protocol as given in Theorem 6.

« Within the pulling in the even time slots, the spread
of higher numbered pieces does not interfere with tHeroof of Theorem 6: Let m be the number of failed pieces

™ < 10k, + 2(14¢€)logon +my(1+4c)logn

pulling of lower numbered pieces. in {1,...,k}. Then, by the Markov inequality we have that
Call a piecefailedif it does not reach® users within2(1+- . E[m]
¢) log, n of being pushed by the source. Note that 1—e ™!, Plm > kin™°] < T

and hence the PRIORITY PUSH operating in the odd ti
slots will ensure thaP[p fails] < n=¢for 0 < c < 1, andn
large enough. The following lemma gives an upper bound
the dissemination tim&*: of the k; lowest-numbered pieces
which have a given fixed number of failed pieces. P[m > kin~%] < 4n~*

Lemma 5: Letf be the event thafq,...,q,} is the set , , . .
of all failed pieces numbered less than or equalio with NOW: in Lemma 5, ifm < kin™* then the fact thak; is
¢i < gisr. Then, for any: > 0 and n large enough, polynomial in n implies thatmw(l + ¢)(logn + logm) is

o(ky): for n large enough its value will be less thaky. This
P |:Tk1 > ( ]-Okl + 2(1 + 6) 10g2 n ) ‘(c/’:| < 9p¢ means that

1 1 1
+m’Y( +C)(0gn+ Ogm) P[Tkl > 10k, +2(1—|—e)log2n ‘ m < klnfs} < 2n®

nEy Theorem 5, ifn is large enough the probability piege
fails is less thanin=2% for s < 1. This means thak[m] <
4k;n~2 and so

10The symbol< denotes equality in distribution The theorem follows from the above two inequalities. W



V. Two-SIDED PROTOCOLS to let each user have only a limited view of the network that

We sketch a proof for Theorem 7, on the performance gpes not change over time. Specifically, we assume that each
the ADVOCATE protocol. The idea is to break the evolutiohSer has a fixed list of a small number of other users, which

into stages, and show that each user is successful in eaeh ti#¢ Shall refer to as itontact list A user only pushes to
slot in each stage. and pulls from other users in its contact list. Each contatt |

By any given time, a user would have contacted a list s ge_nerated randomly, independent of other contact lists.
other users and would definitely be in posession of the cégMains constant for all time. _
responding pieces. The usepsmary collectionat that time ~ Consider now the case that users implement INTERLEAVE,
consists of the pieces corresponding to users it has cedtadut in €ach time slot a user communicates with a neighbor
directly by that time. All other pieces in its collection areh0Sen at random from within its contact list. The source
defined to besecondary however still pushes pieces in every other time slot to atoth
At the very beginning, users will contact a new other us&iSe" chose_n uniformly at random .from the set of all users.
with high probability, and hence their primary collectiomtl  Figure 1 displays the observed time taken for= 1000
grow at close to the rate of one per time slot. In fact, giveR{€Ces to be disseminated 0= 500 users, versus the size
somes < % it can be shown that all users will have at leaf the contact lists. From this we can see that if each user
1g 4 . 1_s : . has a contact list of size 8 or more, the completion time using
ieces by timen 2, with probability greater than : S
P Bpees by iiment oA P y9 INTERLEAVE is close to2(k + logyn) ~ 2020, which is
After this time, users will start repeating contacts motteof _rpr:JiCh dil?fetrterr] than thmkt; thﬁ lf[)%ﬁ " prrei“t:teirl\)iy Thfe?r_?_ér";ﬂ
and their primary collections will grow more slowly. At time s difference suggests that the proot technique 1o o

t, the size of a particular users primary collection will e L
n(1 — e~ ), and the size of the intersection of the primar s
collections of a user and its target will be n(1 — e~ # )2

Thus, the number of pieces in the primary collection of th rocop ]
target that are not present in the primary collection of theru
will be ~ n(1 —e~w)e~%. As long as the size of the user’s , s ]
secondary collection is smaller than this number, the usiér wg
be able to download a new piece from the target. Now, a use5 **
total collection has size at mostand hence a useful transfer&
will occur as long as

4000 4

t—n(l—ew)<n(l—en)e 3000 .
Or, stated another way, in each time slot each user will be al 00! " " . " s - . )
to download a new piece up until time, for anyt > 0 such Size of contact list
—2t n
thate <l-t Fig. 1. The completion times of INTERLEAVE forn = 500 users and

We use the above argument to show that all users are 1000 pieces, versus the size of the user contact lists.
successful in all or all but one time slots up until some time
2. Then, letL = 8logn, and lete = %™ and let a setd of Besides the overall completion time, we are also interested
pieces with|A| = L be “bad” if it exists in less than(1 —¢) in the time a typical piece takes to get from the source to a
users. With these definitions, for amy> 7 it can be shown typical user. Specifically, if a pieceemerges from the source
that the probability of there being a bad set at any time at time ¢ and reaches a user at time ¢t + d, we say that
less thare~(°2™)° A union bound ovef < t < n shows that delay(i, j) = d. Theaverage delay profild(d) is the average
there will be no bad set in these times. This implies that eaoh 14ejay; ;)<4 Over all possible choices of usernd piecey:
user will have at least — 8logn pieces by timen — 4logn .
with high probability. 1

After this point, each user has been contacted by around D(d) = nk Z Z Lelay)<d
n(1—e~') other users and hence each piece is in at least that ==t
many users. Thus each pull will be successful with probigbiliwhere 1geiay; j)<q iS 1 if and only if delayi, j) < d and 0
at leastl — e~ !, and hence then users will finish their otherwise.
collections inO(logn) more time. This gives us an overall Different piece selection protocols have different averag

completion time ofn + O(logn). delay profiles. Also, for a given dissemination protocok th
average delay profile will vary with the size of each user’s
VI. SIMULATIONS contact list. A delay profile rising further to the left imes,

In this section we investigate the performance of the PR¥n average, faster dissemination of pieces. Figure 2 phats t
ORITY PUSH and INTERLEAVE protocols using simula-average delay profiles far = 1000 pieces being disseminated
tions. In the system model analyzed in this paper each user tkmn = 500 users, for different choices: of user contact
the ability to communicate with another user chosen at randdist size. From the figure we see that users having contact
from the entire network. A more realistic assumption might dists of size two leads to poor performance, but with four or



five contacts the average delay profile is comparable to
achieved if each user were to have a complete view of
network.

Average delay profile D(d)

40 60 80

20

Delay d

Fig. 2. The average delay profiles of INTERLEAVE far= 500 users and
k = 1000 pieces, for different sizes: of user contact lists.

We now turn our attention to the PRIORITY PUSH pro-
tocol. Figure 3 plots the average delay profiles for differenl®
choices of the spacing if each user has an entire view of the
network. Recall that the source transmits a new piece every

[ time slots. The final limiting value of each delay profi
represents the final fraction of users a typical piece reac

that designed an efficient two-sided protocol for all-to-all
the exchange.

We believe that the techniques and results of this work wdll a
in the understanding of systems that involve the decenédli
dissemination of large files. We would like to emphasize that
the dissemination of multiple pieces of data over unstmectu
networks is significantly different from the disseminatioh

a single piece, but also note that insights gained from singl
piece dissemination can be effectively leveraged to dgsign
tocols for multiple pieces. It would be interesting to inigate
the spread of multiple pieces in unstructured networksgusin
more detailed system models.
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