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Abstract—The growth of real-time content streaming over the In this paper we study optimal algorithms for mesh-based
Internet has resulted in the use of peer-to-peer (P2P) approdes P2P multicast. Here, a server generates chunks at constant
for scalable content delivery. In such P2P streaming systems, rate, and randomly selects on peer to push it to. Other
each peer maintains a playout buffer of content chunks which
it attempts to fill by contacting other peers in the network. The peers §elect some other peer at fa”fjom' and rgqugst some
objective is to ensure that the chunk to be played out is available Chunk in the selected peer's possession. The objective is to
with high probability while keeping the buffer size small. Given ensure that the chunk that needs to be played out is available
that a particular peer has been selected, golicy is a rule that with high probability. Under this paradigm, a distribution
suggests which chunks should be requested by the peer from 5144rithm essentially answers the following questiGiven
othgr peers.. We conslder conS|d.er.a.number of recgntly suggest that ticul has b lected. which chunk f
policies consistent with buffer minimization for a given target of al a parficular peer has been selected, which chunk from
skip free playout. We first study ararest-firstpolicy that attempts ~ that peer should be pulled”Phe answer is not obvious, since
to obtain chunks farthest from playout, and a greedypolicy that on the one hand pulling the chunk with the shortest playout
attempts to obtain chunks nearest to playout. We show that they deadline might be optimal in the short term, but might yield
both have similar buffer scalings (as a function of the number 4 herformance as far as the rest of the peers are concerned
of peers anq the target §k|p-free probablllty). We then study On the other hand lli hunk that is farthest f
a hybrid policy which achieves order sense improvements over -~ 1€ Otherhand, pulling a chunk that 1S farthest irom platyo
both policies and can achieve order optimal performance. We Would give maximum amount of time for its dispersal amongst
validate our results using simulations. peers, but this might be at the expense of the chunk that is mos
| INTRODUGTION urgently reguired. It is also clear that t'he qgestion caroeot

) . answered independently of the buffer size, since a largetuf

Peer-to-peer (P2P) networks are rapidly becoming t&e gives more time for chunk dispersal than a short one.
medium of choice for content distribution over the Internet
Several studies have indicated their widespread adopaioth,  There has been considerable interest in P2P systems for both
suggest that anywhere between 35-90% of Internet bandwigi gelivery and streaming. Analytical models and studiés o
is consumed by P2P applications [1], [2]. As P2P file sharinge achievable limits of P2P file delivery are presented J [8
networks have matured, many ideas have been transplantes} The primary objective of these studies is to ensuré tha
to media streaming applications with a degree of sucags (q)| interested peers obtain the entire file with as short aydel
[3], [4]). As entertainment delivery over the Internet bB®S 45 possible. The authors of [14], [15] consider a generakcla
increasingly main stream, P2P streaming is likely to assumge syreaming algorithms. They develop an analytical model
an even greater significance. . of P2P real-time streaming algorithms, and numericallyasho

Streaming media using P2P has a more exacting set{Rht pased on available server capacity, different hybafls
constraints than file sharing since eatttunkthat constitutes greedy and rarest-first policies perform better than eifiéne
the streamed file must be received within a certain deadtinedqstituent policies. Our work builds on the model introetdic
order to allow for smooth sequential playing out of the medig, [14], but our goal is to analytically answer the following
A popular approach to P2P Streaming is using applicatigestion: how much buffer size reduction can be achieved
!ayer _multicast_with a full mesh topology among peers. Thﬁsing a hybrid policy? The model in [15] is slightly more
idea is to maintain a playout buffer, and full chunks 4ccyrate than the one in [14], but the model in [14] is more
into the buffer by communicating with a random selectioggctable which allows us to obtain design insights which ar
of peers. This approach bears a strong resemblance to ¢B@firmed by our simulation results. Finally, [16] analyzes
BitTorrent technique [5] of selecting peers from a full mésh ,qqe| similar to ours. However, it only considers the saalin
order to exchange chunks [5]. However, the sequential playQyf pyffer size as a function of number of users, and not as a
constraint requires that the chunk to be played nextisa@@il fnction of the probability of skip free playout. As such, iteh
when required. its piece-selection policy is optimal as the number of users

Research was funded in part by NSF grants CNS-0721286 and- Cl\gecomes large, it is suboptimal as the probability of skge fr
0904520, and DTRA grant HDTRA1-09-1-0051. playout approaches one.



Main results lower bound. Given a target probabili% < ¢ < 1, the buffer
We consider a system dif users who are all interested inSiz€ t0 attain this target probability under any policy stou

a real-time content stream generated by a server. The strd¥rft 1eastog M, which for our example is also of the order

consists of chunks with one new chunk generated at edhl0s- Further, for a target of > 1 —1/M, the hybrid policy

discrete time instant, and the server selects one peerdaman attains this lower bound in an order sense.

for each new chunk. Peers obtain chunks either if they areFinally, we show using simulations that the order sense

selected by the server, or by full-mesh P2P with random p&duction in buffer size promised by the hybrid-policy do

selection. Peers maintain a buffer of sizewith the chunk in indeed materialize, particularly when the desired target o

the mth location played out at each time instant if availablduffer occupancy is high, so arguing for the adoption of such

We have a target of skip-free playout probabilityéver all hybrid chunk selection policies in P2P streaming systems.

peers. _ o _ [l. BACKGROUND AND MODEL
We present an analytical characterization of the scaling OfWe first introduce the model of a P2P content streaming

required buffer sizen with A andq under different policies. system developed in [14] under a large-system assumption
The main results of of our analysis are summarized below: . : . . '
; ) ) ) .77 7 According to the model, time is considered to be slotted
« We consider therarest-first policy wherein priority is  4nq js synchronized across the whole system. The system is
given to the chunks farthest from playout. In other wordgy sirated at some time slot in Figure 1, and consists of a
a peer picks that chunk in the difference set with higingie server and/s peers. The server is a source of real-time
selected peer that is closest to the first buffer positiopgntent such as media coverage of a live event, and generates
We show that given any target probabilltys < ¢ < 1,  gne chunk of new data per time slot. The server has a limited
the buffer size to attain this target probability with the,ommunication capacity, and is able to transmit this chank t
rarest-first policy scales approximately as exactly one peer. It does so by choosing one of Migeers
log(M) + log(2q — 1) + 1 at. random. Each peer is.assumed to have a buffer ofrasize
08 oel4q 2(1—¢q)° with the buffer positions indexed bye {1,..,m}. As shown
This result also been obtained in [16], but our subsequeint':igure L in. gach time S.|0t they attempt to playout the &hun
results also emphasize the role @fn buffer sizing. zﬂ buffer positionm, causing a rightward shift of the buffe_r
contents by one position. Since the data stream is real-time

o We then consider thgreedy policywherein priority is .
given to the chunks cﬁnsestytopplagc\),\lljt. Thuspa pe)(/ar picEgerS are synchronized and they all attempt to playout the

that chunk in the difference set with his selected peer th gme chunlof data; in the figure the chunk quele_d A's to be
is closest to thenth buffer position. We show that givenp ayed out by all the peers. If the buffer positionis empty,

any target probabilityy > ﬁ, the buffer size to attain this there is a gap in play out, and the missing chunk is never

. : . . recovered (i.e., the rightward shift occurs even if the d¢hisn
target probability with the greedy policy approximately ="~ . .
scales in a similar fashion as missing, and peers remain synchronized). Hence, the peer at

the bottom of Figure 1 will never obtain chunk A.
log(M) + log(q) +

- Buffer position ...... m
 H B EA~revon
A

l—gq+ & 12
o We develop dybrid policyh. which combines the greedy MN‘ ‘
and the rarest-first policies. The policy uses rarest-fipst u pop
to a buffer position where the probability of occupancy y
is greater thar, and switches to using the greedy policy =~ Server = M'—‘ ‘ " H E‘ ‘C‘ ‘A‘+ Playout M Peer
from there on. For this policy, we show that there exiStelects 1 peer) A

constantse. and a..,, independent off// and ¢, such p2p v
that, if the buffer sizen satisfies ‘N‘M‘L‘ M ‘F E‘ D‘ ‘+ Playout
1
m > alog(M) + ae,e, log 1_a 7))’ Fig. 1. A P2P content streaming system. Content is generatédime at

server, and each chunk is sent to oneldf interested peers. Peers try to

i il > . obtain chunks via P2P among themselves. Chunks are shiftée toght by
then the skip-free .playOUt .pmbab”ltg(hﬁ””).(m) =4 ope position at each time step, and the chunk at positiois played out if
Thus, the buffer size required by this policy less thafaiiaple. We would like to ensure that all peers possesstthek at position

that required by either of the two policies it is composegh with high probability.

of in an order sense. Peers are part of a P2P network, and they can potentially
Above, log(.) refers to base. Consider an example scenariambtain any chunk from each other until the point of playout
where we havel/ = 10,000 and a target probability of skip- of that chunk. Thus, chunks B through O can be obtained
free playoutg = 99.9%, we see that both the rarest-first andhrough P2P chunk sharing. Our P2P network model is a fully
greedy policies would need a buffer size of the ordet(f0s, connected graph. Each peer chooses one peer at random, and
whereas the hybrid policy would need a buffer size only ahay request a chunk from it. There are no restrictions on
the order ofl 0s. We contrast the results with a straightforwardpload and download bandwidths, since with random peer



selection the number of peers selecting any one peer is finite2) Greedy: Under this policy (denoted by), priority is

with high probability (so the results would essentially be t given to the chunks that are closest to playout. From (1)
same even with such bandwidth constraints). Suppose that a this is equivalent to prioritizing those chunks that have
peer has a set of chunkg and its selected peer has a set of the highest steady state probabilities. Hence, the greedy

chunksR. Define4A = R\ Q. Then a chunk selectiopolicy policy selects chunks with priorityps—1 > m—2... > 2.
1 is a rule by which the peer selects one of the chunkglin It is shown in [14] that for the greedy policy
The model in [14] is an equilibrium model, i.e., it studies 1

the system assuming that it is in steady-state. We assume  8(g.m)(i) =1 — i — Pig.m) (M) +Prgm) (i +1).  (4)
that the buffer occupancy probabilities have a steadystat S ] )
distribution where the steady-state probability that éugpace The objective is to find a policy that has the smallest value of
i is occupied is denotegb, (/). We assume that this 77 for @ target value op, ) (m). In other words, we would
distribution is identical and independent across peerswés like tO_ find a pOII_cy that requires the smallest buffer size fo
will see shortly, under the independence assumption, it dsdesired probability of skip-free playout.
analytically tractable to characterize the impact of thst re m
of the system on a single peer. This is similar to mean-field
approximations in physics where, in a large system, the énpa Our first objective will be to obtain insight into the perfor-
of the rest of the system on a single particle is captured bym@ance of the chunk-selection policies by approximating the
“mean field.” In our case, the large-system assumption medfiflerence equations in the previous section by diffenti
that M/ is assumed to be large. equations. The resulting model is called the fluid model.
Under the above assumption, we can write down a simpféhile the fluid model is not precise, the main purpose of
relation between the steady state probabilities (at thnbagy this model is to provide key intuition which will serve as

. I NSIGHTS FROM AFLUID APPROXIMATION

of any time slot) of buffer occupancies as follows: the basis for our analysis in the next section, where will
rigorously prove all results in the next section by directly
P(m) (@ + 1) = p(,m) (7) working with the difference equations. Let us first consider
+ 8 Gom) (DPGm) () (L = plumy (1) ¥Vi>1, (1) the expression describing the steady state probabiliti€$)i
1 We can approximate this system of difference equations by
p(p,,m)(l) = ) using differential equations in the following manner.

In the above, since buffer positiar-1 is filled by a rightward dp(um) (i) : : ‘

shift from buffer positioni, its steady state probability at the di = 30am) (DPGum) (D1 = P (7)), ©)
beginning of the current time slot is the probability that P (0) = i (6)
was already filled at the beginning of the last time slot, plus () M

the probability thati was filled by P2P methods during theConsistent with the fluid approximation, when applying the
last time slot. The latter term is derived by consideringt thabove equation to the greedy policy, we will replage; by
Pyum) (1) (1= p(u,m) () is the probability that a peer does no, in the expression fos, (i) given in (4).

possess but the selected peer does, and In this section, we will provide a heuristic explanation of
) ) the main ideas in the paper by using the above fluid model.
sy (i) = ) P(selecti| A)P(A), In the later sections, we will use this intuition to deriver ou
Aie A

main results directly from the discrete model.
where A is the difference set between the peers as defined o ) )
above. In other wordss, .,y (i) is the probability that a peer A Buffer sizing for the rarest-first policy
m chooses to download churikrom its selected peex, given We first use the fluid model to study the minimum buffer
that = does not possess chunkvhile A does. This selection size required to achieve a given probability of buffer occu-
probability is a function of the chunk selection poligy. pancy. We have the following result.
As mentioned earlier, a number of independence assumption§&luid Result 1: The buffer size m required to attain
have been made in arriving at the above model; see [14] fat. ,,)(m) = ¢ using the rarest-first policy i®(log M) +
an informal justification. O(1/(1—q))*

Two policies that are of particular interest are the follogui Proof: Please see [17] for details. [ ]

1) Rarest-first: Under this policy (denoted by), priority
is given to the chunks that have the lowest stead
state probability. From (1) for any policy. we have We have the following bounds on the minimum buffer
Py () < Pium)(8) for j < i. Hence, rarest-first is requirements for the greedy algorithm. We start with theeupp
equivalent to selecting chunks with prioriy> 3... > bound.

m—1. An interesting result of [14] is that for this policy

9_. Buffer sizing for the greedy policy

We use the notatio® (log M) + ©(1/(1 — ¢)) to denote that, with\/

N . fixed, the asymptote behaves liy(1/(1 — ¢)) and, withgq fixed, it behaves
$(r,m) (1) = 1 = p(r.m) (0)- 3) ke O(1log M).



Fluid Result 2: The buffer size m required to attain p,,,) (k) = 0.5. In the fluid model, since bothy, ()
P(g,m)(m) = q using the greedy policy isD(log M) + and p, (i) vary continuously as functions af (which is

O((1/(1 —¢q))log(1/(1 —q)))- also a continuous variable in the fluid model), we make the
Proof: Please see [17] for details. m following observation: to allow for the largest increase in

We also can find a lower bound on the buffer requiremenisiffer-occupancy probabilities, use the rarest-first gyolill

when using the greedy policy. the buffer position where the occupancy probability is and

Fluid Result 3: The buffer size m required to attain the then switch to the greedy policy. While this policy may
P(g,m)(m) = q using the greedy policy i€ (log M)+Q(1/(1— not be optimal, the fluid model suggests that this may be a
q))- good heuristic to combine the rarest-first and greedy pedici

Proof: Please see [17] for details. B In the next section, by directly working with the discreise
C. A hybrid policy model, we show that such a hybrid policy leads to significant

_ ) ) reductions in the buffer size requirements for skip-fresyplt
Our conclusions from the previous two subsections are: gnd is also optimal in an asymptotic order sense.

o The buffer size requirement for both the rarest-first and _
greedy policies have logarithmic scaling in the number V- DISCRETETIME MODEL: LOWER BOUNDS ON THE

of usersO(log M). BUFFERSIZE REQUIREMENT

» The buffer size requirement grows at leastladél — q) In this section, we obtain lower bounds on buffer size
for both policies when the desired skip-free playoutequirement. We first introduce two notations that will be
probability isq. extensively used in our analysis. We denoterhy ,,,)._, the

This suggests that the buffer size requirement could be higigestindex i of the buffer spaces such thag, ) (i) < ¢,
if very stringent QoS is required, i.e., a skip-free playo®"d 7(.m):+ the smallestindex i such thatp,,m)(i) = ¢,
probability close tol is required. In the next sections, our-€-
goali is tq understand if _there is a dlfferept pohcy that can N(umyq = mMax {Z Dy (i) < q}
provide significant reduction in the buffer-size requirermndt Lo .

has been observed in [14] that the buffer-size requiremamt ¢ Numytg = W0 {7 G Dgum) (@) > ¢ -

be reduced by a using a hybrid policy which uses the raregtis easy to see that(, m):—g < Num)itg < Mum):—q + 1.
first policy under certain conditions and the greedy policy we first provide a simple lower bound on the buffer size,
under certain conditions. Since both the rarest-first ae@dy \vhich holds for all chunk selection policies.

policies have similar asymptotic performance, we now use th | emma 1: For any < < ¢ < 1, any chunk selection policy

fluid model to get some |nS|ght into when one pO“Cy performﬁ and any buffer Sizen7 the fo”owing inequa"ty holds
better than the other, which would be helpful in designind an

analyzing hybrid policies. From (3) we have that for the s&re N(m)s+q = log M +log q.
first policy
S(rm) (1) = 1 = Dy (4), (7) Proof: First, we know that
whereas for the greedy policy with a target, ,,,\(m) = g, P(um)(J +1)
from (4) = P(u,m) (]) +p(u,m) (]) (1 - p(/t,m)(j)) S(u,m)(i)
~ p(g,m)(l)+1_q_1/Ma S 2p(u’m)(j).

where the approximation is motivated by the fluid mOdeéincep
Since pmy(1) = pgm)(1) = 1/M, for M > 2 and
small (1 — q), S(g’m)(l) < S(nm)(l). Thus, p(r’m)(Z) >
P(g,m)(2). By induction, it follows that, for allj such that N(pm)i+q = log M +logq.
Pr,m) (J) < 0.5, we haves g ) (j) < S¢m)(j), which im-
pliespr.m)(J +1) > pg,m)(j +1). This suggests that, for the
lower buffer positions, larger buffer occupancy probdiei A, Rarest-first policy
can be obtained by using the ra_rest-flrst policy. . . In this subsection, we obtain a lower bound on the buffer
Next, let us consider the higher buffer positions, i.e,, ; : .

the ones numberedn, m — 1 Suppose that both theSlze required by the rarest-first policy. .
rarest-first and reed7 oIiciéé.ékactl achi _ Theorem 2:Given any target probabilitp.5 < ¢ < 1, the

9 y P Y .@(ﬁ’”)(m) buffer size required to achieve this target probabilityhatite
P(gm)(m) = ¢q. Then, from (7) and (8), it follows that rarest-first policy is at least
5(g,m)(m) > S(.m)(m). Due to the monotonicity of both
P(rm) (i) @Nd p(g ) (7), it follows that there exists & such
that s(gm) (1) > S(m)(i) for all i > m. When (1 — q)
is small andM is large, such ak would correspond to

(0) = 1/M, it follows from a simple induction
argument thapy,, . (j + 1) < .. Thus,

log g — log(2qg — 1)
log M +log(2q — 1) + —1.
& 820 = 1)+ 10 1+ (2-29)?)




Proof: Please see [17] for details. m then requests are made for chunks in positigp.)., . + 1 to
Remark: Note that whend is small enough, we havem, with priority decreasing frommn — n, ... + 1 (greedy).

log(1+6) ~ 4. So The chunk selection function that determines the polichént

log ¢ — log(2q — 1) N —(1—q)+2(1—¢q) 1 formally d'efln.ed as fqllows: . '

log (1+(2—2¢)2) 41— q)2 T 2(1-gq) « Considering any: such thati < n ..., the policy
o . . , satisfies

which implies that the buffer size required by the rarest firs Sty (Asi) = 1

policy is Q(log M) + Q(1=).

if 4 1...,i—1}=

B. Greedy policy ific AandA({1,...,i-1} =0, and
In this subsection, we characterize the buffer size reduire Sthem)(Aii) =0

by the greedy policy.

otherwise.
i i 1
_Theorem_S.Gl_ven any target pr_obab_mtyz a7 the buff_er . Considering anyi such thati > n,..,., the policy
size to attain this target probability with the greedy pplis satisfies e
at least 1 Sy (Ar) =1
log M +logg — 1+ log(2—q+2) if i € Aand AN{L,...,npmyse,i+1,...,m} =0,
and
Proof: Please see [17] for details. [ ] Sthe,my(Asi) =0
Remark: Whenl—gq and% are sufficiently small, we have otherwise
1 -~ 1 . We now analyze this policy and show that the buffer size
log(2—q+%) 1-q+% requirement of this policy is optimal in the order sense.
. Theorem 4:Under the hybrid policy.., if we have a target
1 )
According to the theorem above, when- ¢ > 57, the b”ffer occupancy of the final buffer spage> 0.8, and the switching

size needs to be at ledsfy M+ﬁ; and whenl —¢q <

, M’ parametek = 0.5, if
the buffer size needs to be at le&st M + %. P

From Theorem 2 and Theorem 3, we can see that either the ,,, > 1 log 1-9 +2
rarest-first policy or the greedy policy, if used along, rieg@ — log m 1—gq
buffer with sizeQ(log M)+Q(1—iq). Thus, if we have a target 1 5 log 2Me
probability p(n) = 99.9%, the buffer has to have at leai00 log L log — ¢ log(l+ (1—e2)

chunk spaces. However, from the analysis, it is not diffitmlt
see that under the rarest-first policy, the occupancy pitityab then pi, m(m) > ¢. Here,d = 0.8; a = €(1 — d);e2 =
increases slowly whedose tog; and under the greedy policy, €1(1 + (1 — €1)?);e1 = e(1 4 (1 —€)?).

the occupancy probability increases slowlythe initial stage. Proof: The proof is omitted due to space constraints.
Similar observations can be found in heuristic argument afidease see [17] for details.
the simulations in [14]. This motivates us to consider hybri u

policies that use the rarest-first policy on the buffer spauith
small indices and the greedy policy on the buffer spaces with
large indices. We will demonstrate in the next section that aln this section, we use simulations to further evaluate the
properly designed hybrid policy only requir€glog M) buffer Performance of different chunk-selection policies. Wetfirs

V1. SIMULATIONS

size for any target probability such thaty > 1 — L. consider a network with a fixed number of active peers.
Specifically, the network consists of one server and 10,000
V. DISCRETETIME MODEL: HYBRID PoLICY peers. Each peer has a buffer of size The network is a

The insight obtained on hybrid policies from the fluid modedlotted time system. During each time slot, the server rarylo
of Section Il was “use the rarest-first policy till the buffe selects a peer and uploads a new chunk to it, and each peer
position where the occupancy probability is 0.5 and the théexpect the one who obtains the new chunk from the server)
switch to the greedy policy.” In this section we will analyzeandomly selects another peer and downloads a chunk stlecte
this policy using a discrete model and show that this insightcording to the chunk-selection policy. Figure 2 shows the
is indeed valid and achieves the minimum buffer size (in aninimum buffer sizes for attaining target skip-free platou
order sense) required for a given miss probability. We firgrobabilities under the greedy, rarest-first and hybridgesl
formally define the policy. We see that the buffer size required under the hybrid poicy i

Hybrid Policy: Let h. denote a policy, where is the substantially smaller than the rarest-first and greedyciadi
occupancy probability at which we switch from rarest-fist tAccording to our simulation, the greedy policy requires the
greedy. In other words, priority is given to buffer positsonbuffer size to bel83 to attain skip-free playout probability
1 to n(.)4e With priority decreasing froml — n..;.;. 0.976, the rarest-first requires the buffer-size tollté to attain
(rarest first). If the selected peer has no chunks in this sskip-free playout probability0.996, and the hybrid policy



200 ‘ ‘ ‘ VIl. CONCLUSIONS

180 -~ :g;:;y_m[v In this paper we considered the problem of designing
S Y N I S S R - efficient policies for real-time streaming applicationsings
. 140’"j’"’("j""("j”’:;“’}”"r’"’:”..r" P2P approaches. Our objective was to ensure that the playout
A I A A C A R S A buffer for a given target of skip free playout remains as $mal
o I A W o B R R A as possible. We showed that both the rarest-first and greedy
[s1]

policy have similar buffer scalings, and that their combioma
into a hybrid policy yielded order sense improvements in the
e required buffer size. Further, the buffer size required gy t

S S RN NN N S N ! hybrid policy is close to the minimum over all policies. Frgu

Bs 001 0z Probabilty of Skip-ree Playout 0 0% 1 work includes the design of policies which are designed for

ensuring good QoS for specific video codec formats.

Fig. 2. The minimum buffer size versus target skip-free playwobability
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Fig. 3. The minimum buffer size versus skip-free playout pholitg with
peer arrivals and departures. Greedy is not shown due iteregty poor
performance. The hybrid policy easily does an order betten tarest-first.



