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Free riding has long been a serious problem in peer-to-peer (P2P) systems due to the selfish
behavior of individual users. To conquer this problem, a key design issue of the P2P sys-
tems is to appropriately incentivize users to contribute resources. In P2P Video-on-Demand
(VoD) applications, content providers need to incentivize the peers to dedicate bandwidth
and upload data to one other so as to alleviate the upload workload of their content servers.
In this paper, we design a simple yet practical incentive mechanism that rewards each peer
based on its dedicated upload bandwidth. We use a mean field interaction model to char-
acterize the distribution of number of peers in different video segments, based on which
we characterize the content providers’ uploading cost as a function of the peers’ contribu-
tion. By using a game theoretic framework, we analyze the interaction between a content
provider’s rewarding strategy and the peers’ contributing behaviors and derive a unique
Stackelberg equilibrium. We further analyze the system efficiency in terms of the price of
anarchy and study the long term behavior of the system under a repeated game setting.
Via extensive simulations, we validate the stability and efficiency of our incentive scheme.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, we have witnessed the rapid growth of
Peer-to-Peer (P2P) systems, many of which have large pop-
ulation bases, e.g., file sharing systems like BitTorrent [5]
and Video-on-Demand (VoD) systems like PPLive [1] and
PPStream [2]. The key advantage of the P2P architecture
is that by utilizing the distributed resources at the peers,
the system can be more scalable and fault-tolerant than
traditional client–server architectures. Nevertheless, due
to the selfish nature of the peers, free-riding [7] often hap-
pens where peers do not have incentives to contribute re-
source for other peers. Thus, designing an effective and
practical incentive scheme becomes critical in encouraging
the peers to contribute to the system, and thereby improv-
ing the system performance. Although plenty of work has
been done for systems of traditional P2P applications, for
example, the tit-for-tat [5] protocol has been well-adopted
for file sharing applications, very limited work has been
focusing on the incentive mechanisms for P2P-VoD
applications.

What makes it challenging to design incentive schemes
for P2P-VoD applications? Compared to file sharing, VoD
applications need to satisfy more stringent temporal and
spacious constraints for data delivery. To share files, peers
exchange segments of files that have not been received.
Segments might be received in different orders; and there-
fore, there is hardly a temporal constraint under which a
particular segment has to be received. On the contrary,
when a user watches a particular video segment, this seg-
ment has to be received by the user within a short period
of time, while nearby segments would not satisfy the user’s
luation,
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instantaneous demand. Even worse, predicting the data
demand is difficult because users might fast-forward
and/or rewind among the video segments. The tit-for-tat
scheme does not work for VoD applications, because the
data demand and supply among the peers are highly
volatile.

Instead of using a punishment-based scheme like tit-
for-tat, we propose and analyze a reward-based scheme that
incentivizes peers to contribute upload capacity for VoD
systems. Our contributions are as follows.

� We model the stochastic operations of the peers and
derive the system state by using the mean-field
approximation.
� We propose a practical reward-based incentive scheme

based on the dedicated upload capacity of the peers.
� We model the interaction between the content provider

and the peers by using a Stackelberg game. We derive
the unique Stackelberg equilibrium and analyze the
efficiency of the equilibrium in terms of the price of
anarchy. We analyze the strategic interactions between
the content provider and the peers using a repeated
game model.
� We validate the effectiveness of our scheme and the

theoretic results via extensive simulations.

Our paper is an extension of the earlier work [22] and is
organized as follows. In Section 2, we present the system
model and the reward-based incentive scheme for P2P-
VoD systems. In Section 3, we study the system dynamics
and characterize the content provider’s cost as a function
of the peers’ dedicated upload bandwidth. In Section 4,
we model the strategic behavior between the content pro-
vider and the peers, derive a unique system equilibrium,
and analyze the efficiency of that. We evaluate the perfor-
mance of our incentive scheme in Section 5. We discuss
some practical issues in Section 6. Section 7 states the re-
lated work and Section 8 concludes.
2. System model and reward-based scheme

In a P2P-VoD system, each peer can support other peers
by (1) caching data that would be needed for other peers
and (2) uploading data to other peers. Both aspects are
equally important because a peer cannot contribute if it
either does not have the needed content, or does not have
upload capacity. Thus, the design space for an incentive
mechanism includes both incentivizing peers to cache
the right content as well as to devote upload capacity.
Since the complicated viewing operations supported by
VoD systems, data demand and supply can be volatile
and therefore, the optimal data caching policy for a peer
might be difficult to predict given its local knowledge of
the system. Although the content provider’s global knowl-
edge might help guide the data caching policy, collecting
this global knowledge and coordinating with peers bring
overhead to the system, even if the peers are willing to
comply. Our study focuses on incentivizing the peers to
dedicate upload capacity, while making a minimum
assumption on the data caching policy. Naturally, each
Please cite this article in press as: W. Wu et al., On incentivizing uploa
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peer caches the video segment it recently watched/re-
quested and can contribute to other peers that need the vi-
deo segment. Under this default policy, a peer cannot
contribute much either due to its little upload capacity or
the low demand for its recently watched segment.

We denote K as the total number of videos in the sys-
tem, and denote N as the total number of peers that watch
any video in the system. We assume N is fixed but the
peers can switch among different videos. Denote r as the
required playback rate, i.e. bits per second, for serving
the video. We consider homogeneous peers and explore
the symmetric strategies of them. We denote u as the up-
load capacity of each peer, which is the maximum capacity
a peer is willing to contribute to the system. In Section 4,
the peers will choose u as their strategy to maximize
utility.

2.1. Peers’ viewing behavior

We assume that the system organizes any particular vi-
deo as I consecutive data segments. We denote Sik as the ith
data segment of video k. We model the user behavior of the
system by specifying a set of rate transition probabilities
{pijk: i, j = 0, 1, . . . , I; k = 1, . . . , K}. Each pijk denotes the
transition probability of a typical user watching Sjk after
finishing segment Sik. In particular, pi0k denotes the proba-
bility that a user quits video k after finishing Sik. When this
happens, this peer chooses another video to watch. Denote
by ql as the probability that this peer chooses video l. How-
ever, users might not start from the very first segment S1,
because they might have watched part of the video before,
or they intend to skip the titles/advertisements. Thus, we
let p0jl denote the probability that a new arrival peer to vi-
deo l starts with Sjl. In particular, pi0kqlp0jl denotes the
probability that a peer departs from watching Sik to watch-
ing Sjl, k – l. To keep consistency, we define p00k = 0 and re-
quire

PI
j¼0pijk ¼ 1 for all i = 1, . . . , I; k = 1, . . . , K. In practice,

the probability pijk represents a state transition where a
peer performs a play, fast-forward or rewind operation
when j = i + 1, j > i + 1 or 0 < j < i + 1, respectively.

Under our default caching policy, we assume that after
transiting from segment ik to segment jk, a peer only pro-
vides Sik to other peers if needed when it is viewing Sjk. In
practice, a peer can cache and upload multiple data seg-
ments at any time. However, we will show that even by
using such a restricted caching policy, one can still design
a simple yet effective scheme to incentivize peers to dedi-
cate upload capacity for other peers, which consequently
reduces the workload of the content provider as well as
improves the system performance. When a peer down-
loads data segment ik, we assume that the system will di-
rect the demand to the peers that can contribute Sik first,
which upload Sik at an aggregate rate that equals the play-
back rate r. If the supply capacity of Sik is lower than aggre-
gate demand rate, the content server will support the
remaining data rate by using content servers’ capacity.

2.2. Reward-based incentive scheme

We design an incentive mechanism under which the
content provider rewards the peers based on the amount
d capacity in P2P-VoD systems: Design, analysis and evaluation,
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of upload capacity they contribute. The reward can be in
various forms, e.g., real money rebate for the service fee
and virtual credits or reputation record for advanced ser-
vices. Notice that any reward scheme can be represented
by the currency flow from the content provider to the
peers. Even for rewards in virtual currency or reputation,
they imply that the P2P-VoD operator needs to invest
money for developing advanced/prioritized services for
users. We do not restrict the form of implementing the re-
wards in our paper; however, we use an abstract model to
describe the reward in terms of monetary value.

We define the reward W to a peer to be a function of its
dedicated maximum upload bandwidth capacity u as
WðuÞ ¼
Z u

0
wðxÞdx; ð1Þ
where w(x) denotes the marginal reward at the contribu-
tion capacity level x. Notice that our incentive scheme is
based on the maximal upload bandwidth that a peer is
willing to dedicate to the system; in practice, whether a
peer will upload data at the maximum capacity u depends
on the demand for the data segment the peer has cached
and the peer might not upload at the rate of u. We assume
that the system will maximize the utilization of upload
capacity of the peers whenever their data segments are re-
quested by other peers.

A simple reward scheme is to use a linear reward
function
WðuÞ ¼ wu; ð2Þ
where the marginal reward w(x) = w is the same for all lev-
els of contribution x. w can also be interpreted as the re-
ward per unit capacity dedicated by a peer. The linear
reward scheme can be easily understood by the peers
and implemented by the content provider in practice. In
what follows, we will start with the linear reward model
and extend our results for general reward functions W
later.

In summary, under our reward based incentive scheme,
the content provider decides the reward function W, and
then each peer decides its upload capacity u dedicated to
the P2P-VoD system. In Section 4, we present a game the-
oretic framework to analyze the interaction between the
content provider and peers under this reward-based incen-
tive scheme. Before we present this analysis, let us first
investigate the distribution of peers in different video seg-
ments so as to understand the impact of peers’ upload con-
tribution on the content provider’s upload cost.
3. Peers’ contribution and content provider’s cost

In this section, we derive the distribution of number of
peers watching different segments based on the user
behavior described in Section 2.1. We further characterize
the content provider’s upload cost as a function of both the
distribution of peers and their upload contribution.
Please cite this article in press as: W. Wu et al., On incentivizing uploa
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3.1. Distribution of peers in different video segments

Based on a typical user’s viewing behavior described in
Section 2.1, we say that a peer is in state ik when it is
watching segment Sik. Thus, each peer’s viewing behavior
becomes a random process. For a system with N peers
and K videos (each containing I segments), the size of the
state space of the system is (IK)N. To overcome the large
dimensionality of the state space, we tackle the problem
from a macro perspective, i.e., instead of observing each
peer’s individual state, we are only interested in the frac-
tion of peers in each of the states or the distribution of
the peers in the states. In particular, we use the mean field
interaction model [3,4] to calculate the steady state distri-
bution of this peers in the P2P-VoD system. For the system
with N peers, we denote qN

ikðtÞ 2 ½0;1� as the fraction of
peers in state ik at time t. The system state at time t can
be specified by the vector qN

ikðtÞ
� �

; i ¼ 1; . . . ; I; k ¼ 1; . . . ;K ,
where

PI
i¼1

PK
k¼1qN

ikðtÞ ¼ 1.
We first have the following theorem, which character-

izes the stochastic system by deterministic limits when
the system size is large.

Theorem 1. For any given initial state qN
ikð0Þ

� �
¼ ½qikð0Þ�;

i ¼ 1; � � � ; I; k ¼ 1; � � � ;K , define qik(t + 1) iteratively by the
initial value qN

ikð0Þ for t P 0:

qikðt þ 1Þ ¼
XK

l¼1

XI

j¼1

qjlðtÞpj0lqkp0ik þ
XI

j¼1

qjkðtÞpjik: ð3Þ

Then, for any fixed time t, almost surely

lim
N!1

qN
ikðtÞ ¼ qikðtÞ: ð4Þ
Proof. We will use Theorem 4.1 in [4] to prove this claim.
Consider a system with N peers at time t. The transition
probability for a peer from state jl to ik is

PNðSjl ! SikÞ ¼
pjik þ pj0kqkp0ik if k ¼ l;

pj0lqkp0ik otherwise:

(
ð5Þ

Note that this transition probability does not depend on
N. Hence we have

lim
N!1

PNðSjl ! SikÞ ¼
pjik þ pj0kqkp0ik if k ¼ l;
pj0lqkp0ik otherwise:

(
ð6Þ

Also note that the initial state qN
ikð0Þ

� �
are given indepen-

dently of N and hence almost surely converges to [qik(0)]
when N ?1. According to Theorem 4.1 in [4], for any fixed
time t, almost surely Eq. (4) holds. h

The above theorem indicates that when the system size
is large, this stochastic system can be accurately approxi-
mated by the following deterministic difference equation:

qikðt þ 1Þ � qikðtÞ ¼
XK

l¼1

XI

j¼1

qjlðtÞpj0lqkp0ik

þ
XI

j¼1

qjkðtÞpjik � qikðtÞ: ð7Þ

If this difference equation converges, then we call qik =
limt?1qik(t) as the steady state fraction of peers in state
ik. In the following theorem, we compute these fractions.
d capacity in P2P-VoD systems: Design, analysis and evaluation,
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Theorem 2. If the P2P-VoD system does not support the
rewind operation, i.e. pijk = 0 for all 1 6 j 6 i. Then
qik ¼ qk
P0ikPI
j¼1P0jk

8i ¼ 1; . . . ; I; k ¼ 1; . . . ;K; ð8Þ

where Pijk denotes the aggregated probability of transiting
from state ik to jk, which can be defined recursively as
follows.

Pijk ¼
pijk if j ¼ iþ 1;

Xj�1

m¼iþ1

pimkPmjk þ pijk otherwise:

8>><
>>: ð9Þ
Proof. According to Theorem 1, at any given time, the frac-
tions of peers in each state converges to

qikðt þ 1Þ ¼
XK

l¼1

XI

j¼1

qjlðtÞpj0lqkp0ik þ
XI

j¼1

qjkðtÞpjik: ð10Þ

In the steady state, this limiting fraction should not change
over time. Hence,

qik ¼
XK

l¼1

XI

j¼1

qjlpj0lqkp0ik þ
XI

j¼1

qjkpjik: ð11Þ

Noting that
PK

l¼1

PI
j¼1qjlpj0l is a constant and we denote it

by D. Then, we have

qik ¼ Dqkp0ik þ
XI

j¼1

qjkpjik: ð12Þ

Given pijk = 0 for all 1 6 j 6 i, we have q1k = Dqk p01k and
qik ¼ Dqkp0ik þ

Pi�1
j¼1pjikqjk. By recursively solving qik and

requiring
PK

k¼1

PI
i¼1qik ¼ 1, we can derive the above

formula. h
3.2. Content provider’s upload cost

Since content providers are often charged by their tran-
sit providers (ISPs) based on the traffic volume going
through them, we assume that the content provider’s cost
is proportional to the upload capacity needed to support all
peers. In steady-state, Nqik peers watch segment Sik. Given
a required playback rate of r, the aggregate required upload
capacity for Sik should be Nqikr. In the proof of Theorem 2,
we have derived qik ¼ Dqkp0ik þ

PI
j¼1qjkpjik, or equivalently,

Nqik ¼ NDqkp0ik þ N
PI

j¼1qjkpjik. Among the peers watching
Sik, NDqkp0ik peers transit to Sik from watching another vi-
deo, and Npjikqjk peers have viewed Sjk before transiting to
watch Sik. Note that we can only assure that peers perform-
ing continuous play, i.e., moving from Sik to Si+1,k, have
watched and therefore cached the whole segment of Sik.
Under our simplistic caching policy, only the peers that
have transitioned from Sik to Si+1,k and currently watching
Si+1,k can upload Sik to other peers. Suppose each peer con-
tributes u amount of capacity for uploading available video
segments, the total available upload capacity for Sik would
be Nqikpi,i+1,ku. If the dedicated peer contribution Nqikpi,i+1,k-

u is less than the required download capacity Nqikr, the
Please cite this article in press as: W. Wu et al., On incentivizing uploa
Comput. Netw. (2013), http://dx.doi.org/10.1016/j.comnet.2013.02.016
content provider needs to upload segment Sik to support
the difference in capacity. In particular, the playback
requirement of the last segment, NqIkr, must be supported
by the content provider. Assume the content provider in-
curs a cost cs (cs > 0) per unit bandwidth capacity, then
the content provider’s total upload cost is:

CsðuÞ ¼ csN �
XK

k¼1

XI�1

i¼1

qikðr � pi;iþ1;kuÞþ þ qIkr

" #
: ð13Þ
Proposition 1. Cs(u) is a convex and non-increasing function
in u.
Proof. Because cs, N, qik and pi,i+1,k are all positive, the cost
Cs(u) is non-increasing in u. Since (r � pi,i+1,ku) is linear (and
therefore, convex) in u, (r � pi,i+1,ku)+ = max (r � pi,i+1,ku, 0)
is convex in u. Given that the convex property keeps under
summation operation, we reach the above conclusion. h

Notice that the maximum cost is Cs(0) = csNr when the
peers do not contribute any capacity and the minimum cost
is CsðuÞ ¼ csNr

PK
k¼1qIk when u is large enough. In particular,

when u P r, the system might not be able to utilize all peers’
upload resource, i.e., fewer peers will participate in data
uploading when u increases. This implies the sub-linearity
of cost saving of the content provider with respect to the in-
crease of peers’ capacity contribution u. We will show an
example that validates the convexity feature in Section 5.

4. Game theoretic analysis on incentive scheme

In this section, we present a game-theoretic model to
study the strategies of the content provider and the peers
in a P2P-VoD system under the reward-based incentive
scheme and analyze the stability and efficiency of the
incentive scheme. We define w, the per capacity reward
to the peers, as the strategy of the content provider and
u, the amount of dedicated capacity, as the strategy of
the peers. We assume that peers are homogeneous and
use the same u strategy in the game. We denote ½0; �w�
and ½0; �u� as the strategy space of the content provider
and the peers, where �w and �u are the upper-bounds of
the content provider’s and peers’ strategy respectively.

4.1. Stackelberg game model

From the content provider’s perspective, it aims at min-
imizing its total cost, i.e., the cost of uploading and the cost
of rewarding the peers. We define the utility of the content
provider as the following:

psðw;uÞ ¼ �CsðuÞ �wuN: ð14Þ

Similarly, we define the utility of a peer as the reward it re-
ceives, minus its cost of upload contribution as the
following:

ppðu;wÞ ¼ wu� CpðuÞ; ð15Þ

where Cp(u) denotes the cost of dedicating u amount of
capacity. To maximize their utilities, the content provider
solves the optimization problem maxwps(w,u), and the
peers solve maxupp(u,w). Here, we do not specify the form
d capacity in P2P-VoD systems: Design, analysis and evaluation,
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of the peer’s upload cost function Cp(u). Rather, we assume
the cost function satisfies the following property:

(1) Cp(u) is continuous and twice differentiable in u.
(2) Cpð0Þ ¼ 0;C0pðuÞ > 0;C00pðuÞ > 0.

C0pðuÞ > 0 means that a peer’s cost increases with its
dedicated capacity. C00pðuÞ > 0 means the marginal cost also
increases with the dedicated capacity. The above assump-
tion reflects the fact that a peer’s viewing performance
would not be affected too much if it contributes a small
amount of upload capacity; however, when a peer dedi-
cates much upload capacity, its download rate as well as
the performance of video might be substantially reduced.

Proposition 2. pp(u,w) is a strictly concave function in u.
Proof. Noting that C00pðuÞ > 0 implies �Cp(u) is strictly con-
cave in u, and that wu is linear and hence concave in u, we
have pp(u,w) strictly concave in u. h

We consider a Stackelberg game [17] where the content
provider decides w first, and after that, the peers decide u.
It is natural to assume the content provider as the first-
mover whereas the peers response to the reward w accord-
ingly, because once u is determined, the content provider
would have no incentives to provide any reward for the
peers. To obtain the Stackelberg equilibrium of the game,
we can use the backward induction [17]. In particular,
the peers solve the problem u⁄(w) = argmaxupp(u,w) given
any w. By knowing the peers’ best responses, the content
provider solves the problem w⁄ = argmaxwps(w,u⁄(w)). In
what follows, we analyze the existence, uniqueness and
efficiency of the Stackelberg equilibrium.

4.2. Existence and uniqueness of Stackelberg equilibrium

We start with the following lemma, which establishes
the connection between the Stackelberg equilibrium and
an optimization problem:

Lemma 3. If u⁄ is a solution to the following problem:

min
u

CsðuÞ þ NuC 0pðuÞ; ð16Þ

then there exists a Stackelberg equilibrium u�;u�C0pðu�Þ
� �

;
further, if (u⁄,w⁄) is a Stackelberg equilibrium, then u⁄ is the
solution to problem (16).
1 Noting the above three cases and that the content provider aims at
maximizing its utility, if u⁄ > 0, then the corresponding Stackelberg
equilibrium is unique where w� ¼ u�C 0pðu�Þ. If u⁄ = 0, then any (u⁄,w⁄)
where 0 6 w� 6 C0pð0Þ is a Stackelberg equilibrium.

2 We do not claim the Stackelberg equilibrium is unique. The only chance
of having multiple Stackelberg equilibria is u⁄ = 0, where any (u⁄,w⁄) with
0 6 w� 6 C0pð0Þ is a Stackelberg equilibrium. When u⁄ > 0, the Stackelberg
equilibrium is unique, where the content provider sets w� ¼ u�C0pðu�Þ.
Proof. We start by showing the first half of the statement.
Denote u� ¼ argminu½CsðuÞ þ NuC0pðuÞ� and w� ¼ u�C0pðu�Þ.
We show that (u⁄,w⁄) is a Stackelberg equilibrium. Since
pp(u,w) is strictly concave in u, so for any given w⁄, if u⁄ sat-
isfies u�C0pðu�Þ ¼ w�, then u⁄ maximizes the peers’ utility
pp(u,w⁄). Hence, the peers do not have incentives to devi-
ate from u⁄. Suppose the content provider has an incentive
to deviate from w⁄ and can obtain higher utility by setting
w = w0, where the peers’ response is to set u = u0 so that u0

maximizes pp(u,w0). Because of the strict concavity of
pp(u,w), there are only three possible cases:
Please cite this article in press as: W. Wu et al., On incentivizing uploa
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(1) C0pðu0Þ ¼ w0 if C0pð0Þ 6 w0 6 C0pð�uÞ; or
(2) u0 = 0 if C0pð0Þ > w0; or
(3) u0 ¼ �u if C0pð�uÞ < w0.

For any of the above cases, we have

Csðu0Þ þ Nu0C 0pðu0Þ 6 Csðu0Þ þ Nu0w0

< Csðu�Þ þ Nu�w�

¼ Csðu�Þ þ Nu�C 0pðu�Þ: ð17Þ

The first inequality holds for the above three cases. The sec-
ond inequality holds because we assume the content pro-
vider can have higher utility by setting u = u0 instead of
u = u⁄. However, Csðu0Þ þ Nu0C0pðu0Þ < Csðu�Þ þ Nu�C0pðu�Þ
contradicts the fact that u⁄ is a solution of (16). This implies
that the content provider has no incentive to deviate from
w⁄. Given that we have shown the peers do not have any
incentive to deviate from u⁄ given any w⁄, we conclude (u⁄, -
w⁄) is a Stackelberg equilibrium.1

To show the second half of the statement, suppose there
exists a Stackelberg equilibrium (u⁄,w⁄), but u⁄ is not a
solution to (16), i.e., there exists u0 – u⁄ such that
Csðu0Þ þ NuC0pðu0Þ < Csðu�Þ þ NuC0pðu�Þ. Assume the content
provider sets w0 ¼ u0C0pðu0Þ. Taking the derivative in (15)
and noting the strict concavity of pp(u,w), we have the
peers’ unique best response is u = u0 for given
w0 ¼ u0C0pðu0Þ. Therefore, psðw0;u0Þ ¼ �Csðu0Þ � Nu0C0p
ðu0Þ > �Csðu�Þ � Nu�C0pðu�Þ ¼ psðw�;u�Þ, which contradicts
to the fact that (u⁄,w⁄) is a Stackelberg equilibrium. This
implies u⁄ must be a solution to (16). h
Theorem 4. The Stackelberg equilibrium always exists. If
uC0pðuÞ is strictly convex in u, then the peers’ solution u⁄ at
the Stackelberg equilibrium is unique.
Proof. We first show the existence. The peers solve maxu

pp(u,w) = wu � Cp(u). For any given w, pp is continuous
and strictly concave in u over the compact set ½0; �u�. Hence,
the optimal solution u⁄(w) = argmaxupp(u,w) exists and is
unique. Substituting u by u⁄(w) in ps(w,u), the provider’s
utility ps(w,u⁄(w)) is continuous in w over the compact
set ½0; �w�, so w⁄ = argmaxw ps(w,u⁄(w)) exists.

Next we show the uniqueness of u⁄ when uC0pðuÞ is
strictly convex in u. Since Cs(u) is convex in u (Proposition 1),
and uC0pðuÞ is strictly convex in u, we can observe that the
problem (16) is a strictly convex minimization over a
compact set, which has a unique solution. According to
Lemma 3, any Stackelberg equilibrium (u⁄,w⁄) satisfies that
u⁄ is a solution to (16). Therefore, we conclude that the peers’
solution in the Stackelberg equilibrium is unique.2 h
d capacity in P2P-VoD systems: Design, analysis and evaluation,
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In the proof, we assume uC0pðuÞ to be strictly convex. In
fact, if the marginal cost C0pðuÞ is super-linearly increasing
in u, then by multiplying a linear function f(u) = u, the term
uC0pðuÞ can be guaranteed to be strictly convex.

4.3. Efficiency of Stackelberg equilibrium

Now we discuss the efficiency of the Stackelberg equi-
librium. For mathematical simplicity, in this subsection,
we assume Cs(u) and Cp(u) are both twice differentiable
in u.

We define the social welfare, pw, as the sum of the con-
tent provider’s and all peers’ utilities:

pwðuÞ ¼ ps þ Npp ¼ �CsðuÞ � NCpðuÞ: ð18Þ

Because of the convexity of Cs(u) and the strict convexity of
Cp(u), we immediately have

Proposition 3. pw(u) is strictly concave in u.
We define uw = argmaxupw(u), and u⁄ as the peers’ solu-

tion at the Stackelberg equilibrium. We first state the fol-
lowing lemma:

Lemma 5. The peers’ upload contribution at the Stackelberg
equilibrium is no larger than the upload capacity that
maximizes the social welfare, i.e., u⁄ 6 uw.
Proof. Denote CSW(u) = �pw(u) = Cs(u) + NCp(u), and
CSEðuÞ ¼ CsðuÞ þ uC0pðuÞ. Maximizing the social welfare is
equivalent to solving minuCSWðuÞ;u 2 ½0; �u�. According to
Lemma 3, u⁄ can be obtained by solving
minuCSEðuÞ;u 2 ½0; �u�. Therefore, uw and u⁄ are the minimiz-
ers to CSW(u) and CSE(u), respectively. By taking the first
order derivative, we have

C 0SWðuÞ ¼ C 0sðuÞ þ NC0pðuÞ; ð19Þ
C 0SEðuÞ ¼ C 0sðuÞ þ NC0pðuÞ þ NuC 00pðuÞ: ð20Þ

There are only two possible cases regarding C0SWðuÞ:

(1) If C0SWðuÞ > 0;8u 2 ½0;1Þ, then uw = 0. Since
NuC00pðuÞP 0, we have C0SEðuÞ ¼ C0SWðuÞþ
NuC00pðuÞ > 0;8u 2 ½0;1Þ, so u⁄ = 0 = uw.

(2) If there exists a uSW 2 [0,1) such that C0SWðuSWÞ ¼ 0,
then uSW must be unique due to the strict convexity
of CSW(u). We have uw ¼maxðuSW ; �uÞ. By the concav-
ity assumption on Cp(u) and Proposition 1, C0sðuÞ and
NC0pðuÞ are both non-decreasing in u and
NuC00pðuÞ > 0. Hence, for any u > uSW, we have
C0SEðuÞ > C0SWðuÞ > C0SWðuSWÞ ¼ 0. This implies any
u > uw ¼maxðuSW ; �uÞ cannot be the minimizer of
CSEðuÞ;u 2 ½0; �u�. Therefore, u⁄ 6 uw.
Combining the results in the above two cases, we
have u⁄ 6 uw. h

We define the bandwidth utilization (BU) as the ratio of
the bandwidth dedication at the Stackelberg equilibrium,
to the value which maximizes the social welfare, i.e.,
Please cite this article in press as: W. Wu et al., On incentivizing uploa
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BU ¼ u�

uw
: ð21Þ

According to the above lemma, we know that in general,
BU 6 1, and when BU approaches 1, it indicates that the
system is in an efficient state. In particular, we have the
following theorem.

Theorem 6. If u⁄ > 0 and C00pðuÞ is increasing in u, then
BU P 1

2.
Proof. Since uw P u⁄ > 0, there must exist unique uSW and
uSE such that C0SWðuSWÞ ¼ 0;C0SEðuSEÞ ¼ 0. Thus, we have
uw ¼maxðuSW ; �uÞ and u� ¼ maxðuSE; �uÞ.

Since uw P u⁄, we have BU ¼ u�
uw

P uSE
uSW

. Noting the form
of C0SWðuÞ and C0SEðuÞ, we have

C 0sðuSWÞ þ NC 0pðuSWÞ ¼ 0; ð22Þ
C 0sðuSEÞ þ NC0pðuSEÞ þ NuSEC 00pðuSEÞ ¼ 0: ð23Þ

Since C0sðuÞ and C0pðuÞ are both continuous functions in u,
there must exist u1, u2 2 [uSE,uSW] such that

C 00s ðu1ÞðuSW � uSEÞ þ NC00pðu2ÞðuSW � uSEÞ
� NuSEC00pðuSEÞ ¼ 0: ð24Þ

Hence, we have

uSW � uSE

uSE
¼

NC 00pðuSEÞ
C 00s ðu1Þ þ NC 00pðu2Þ

6

C 00pðuSEÞ
C 00pðu2Þ

: ð25Þ

Since Cp(u) is increasing in u and uSE 6 u2, we have

uSW

uSE
6 1þ

C 00pðuSEÞ
C 00pðu2Þ

6 2; ð26Þ

and thus

BU ¼ u�

uw
P

uSE

uSW
P

1
2
�: ð27Þ

The above theorem requires that C00pðuÞ increases in u. If
this condition does not satisfy, it is in general difficult to
characterize BU. In the following theorem, we choose a
special form of the peers’ cost function and derive a corre-
sponding efficiency bound.
Theorem 7. If u⁄ > 0 and Cp(u) = cpub(1 6 b 6 2), then
BU > b�1

b .
Proof. Using the similar approach in the previous proof,
we have

uSW

uSE
6 1þ

C 00pðuSEÞ
C 00pðu2Þ

6 1þ
C 00pðuSEÞ
C 00pðuSWÞ

; ð28Þ

where u2 2 [uSE,uSW]. The second ‘‘6’’ holds because C00pðuÞ
is a decreasing function in u and u2 6 uSW.

Noting the form of Cp(u), we have

uSW

uSE
6 1þ ub�2

SE

ub�2
SW

¼ 1þ uSW

uSE

� �2�b

: ð29Þ
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Define x ¼ uSW
uSE

and f(x) = x � x2�b. Let g(x) = f(x) �
(b � 1)x + b � 1. Then it is easy to verify that g0(x) > 0,
"x P 1 and g(0) = b � 1 > 0. Hence, f(x) >
(b � 1)x � (b � 1), "x P 1.

Hence, in order to satisfy f(x) 6 1, we must have

ðb� 1Þx� ðb� 1Þ < 1; ð30Þ

which indicates x ¼ uSW
uSE

< b
b�1. Therefore,

BU ¼ u�

uw
P

uSE

uSW
>

b� 1
b

�: ð31Þ

Another important measure on the efficiency of the
equilibrium is the price of anarchy (PoA) [12]. In this paper,
we define it to be the ratio of the social welfare at the
worst Stackelberg equilibrium to the maximal social wel-
fare one can achieve when varying u 2 ½0; �u�. In particular,
when the Stackelberg equilibrium (u⁄,w⁄) is unique, we
have

PoA ¼ pwðu�Þ
pwðuwÞ

; ð32Þ

where uw = argmaxupw(u) and u⁄ is the peers’ solution at
the Stackelberg equilibrium. In our model, the social wel-
fare is non-positive, so PoA is in general no less than 1.
When PoA is close to 1, it implies the system is in an effi-
cient state.

Theorem 8. Denote u⁄ as the peers’ solution at any Stackel-
berg equilibrium. If u⁄ = 0 or u� ¼ �u, the system obtains the
maximal social welfare i.e., PoA = 1.
Proof. If u⁄ = 0, then C0SEð0ÞP 0. Suppose uw – 0, then by
the strict convexity of CSW(u), we have C0SWðuwÞ ¼ 0 and
C0SWð0Þ < 0. From Eqs. (19) and (20), we have
C0SEð0Þ ¼ C0SWð0Þ < 0, which contradicts to C0SEð0ÞP 0.
Hence, uw = 0 = u⁄, so PoA = 1.

If u� ¼ �u, then by Lemma 5, we have uw P u� ¼ �u. In the
meanwhile, uw 6 �u, so uw ¼ �u ¼ u�, and hence PoA = 1. h

In general, pw(uw) and pw(u⁄) may not be equal. Given
the concavity property in Proposition 3, pw(u) is strictly
increasing in [0,uw]. Therefore, the gap between pw(uw)
and pw(u⁄) is impacted by the gap between uw and u⁄. In
particular, we have pwðuwÞ � pwðu�Þ 6 p0wðu�Þðuw � u�Þ,
and PoA6 1� p0wðu�Þ

pwðuwÞ ðuw � u�Þ. It is also intuitive to investi-
gate that a higher bandwidth utilization (i.e., larger BU)
indicates a lower PoA, i.e., better system efficiency.

We would like to emphasize that the results derived in
this section are only loose bounds on the bandwidth utili-
zation. In practical systems, the performance can be very
near to optimal. In the next section, we will use simula-
tions to show the efficiency of the Stackelberg equilibrium
in general cases.

4.4. General reward scheme

The linear reward model is a simplification of the gen-
eral reward model in Section 2. If we use the general model
where w(x) denotes the marginal reward per upload capac-
ity x, the content provider’s problem is
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max
wðxÞ

psðwðxÞ;uÞ ¼ �CsðuÞ � Nu
Z u

0
wðxÞdx; ð33Þ

and the peers’ problem is

max
u

ppðu;wðxÞÞ ¼ u
Z u

0
wðxÞdx� CpðuÞ: ð34Þ

We discuss the following question: among all possible
reward models, which reward model can make the content
provider obtain the maximal utility?

Theorem 9. If the content provider can find u⁄ = argmaxu

� Cs(u) � NCp(u), then any reward scheme satisfying the
following property can make the content provider’s utility
arbitrarily close to the maximal:

WðuÞ ¼
Z u

0
wðxÞdx

6 CpðuÞ if u – u�;

¼ CpðuÞ þ � if u ¼ u�;

�
ð35Þ

where � is a positive real number and is arbitrarily small.
Proof. For a given reward scheme w(x), assume the peers
set u = u⁄(w(x)) to maximize their utility. We have
ppðu�;wðxÞÞ ¼ u�

R u�

0 wðxÞdx� Cpðu�ÞP 0; otherwise, the
peers can obtain pp(u,w) = 0 > pp(u⁄,w(x)) by setting u = 0.
Therefore, the content provider’s utility ps(w(x),u) in (33)
is upper-bounded by argmaxu � Cs(u) � NCp(u). The
content provider’s utility achieved in Eq. (35) is argmaxu

� Cs(u) � NCp(u) � �, so it can be arbitrarily close to the
upper-bound when � is arbitrarily small. h

In this subsection, we relax the requirement of
continuity on the reward function W(u). An interesting
implication is that the theorem provides us the insight
in designing such reward schemes that maximize the
content provider’s utility. In fact, maxu � Cs(u) � NCp(u),
or minuCs(u) + NCp(u) is a standard convex optimization
and can be easily solved. After obtaining u⁄, we can easily
design a reward scheme satisfying (35). For example, we
can design

wðxÞ ¼ C 0pðxÞ þ �dðu�Þ; ð36Þ

where d(x) is the unit impulse function.
It is also interesting to note, using the general reward

scheme in Theorem 9, the procedure of determining u⁄ is
exactly maximizing the social welfare. Therefore, we have
PoA = 1, i.e., the social welfare is maximized when the con-
tent provider maximizes its own utility.

4.5. Repeated game model

We have analyzed the one-shot interaction of content
provider and the peers using a Stackelberg game. In gen-
eral, this interaction can last a long time. Will the players
follow the Stackelberg equilibrium solution in the long
run? In this section, we use a repeated game model to dis-
cuss this issue.

Assume that the game is played infinitely long. At round
t, the utilities of the content provider and the peers are de-
noted by ps(t) and pp(t) respectively. Their utilities in the
repeated game are
d capacity in P2P-VoD systems: Design, analysis and evaluation,
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Ps ¼
X1
t¼1

dt
spsðtÞ; Pp ¼

X1
t¼1

dt
pppðtÞ; ð37Þ
where ds and dp denote their discount factors.
An interesting difference of the repeated game from the

one-shot game is that the peers may have incentives to
deviate from the Stackelberg equilibrium: the peers may
threaten to punish the content provider (e.g., contributing
zero upload capacity) unless the content provider sets the
reward higher than that in Stackelberg equilibrium. We
would like to emphasize that, in our following repeated
game model, we do not require that the peers communi-
cate with each other; but rather, any particular peer can
threaten to punish the content provider. Although we as-
sumed homogeneous peers with the same utility function,
similar analysis can apply to systems with heterogeneous
peers.

Assume the peers request the content provider to set
w ¼ ~w, and threaten that if the content provider refuses
to do so, they will set u = 0. We first consider what are
the possible interactions in a particular round. Responding
to this threat, the content provider has two possible strat-
egies: (1) it compromises and sets w ¼ ~w; or (2) it resists
the threat and sets w = w⁄ where w⁄ is the Stackelberg
equilibrium. We denote by C and R the compromising
and resisting strategy of the content provider. If the con-
tent provider plays R, then the peers have two possible
choices: (1) they punish the content provider, i.e., setting
u = 0; or (2) they do not carry out the threat at all; rather,
they accept w⁄ and set u⁄ = argmaxupp(u,w⁄). We denote by
P and A the punishing and accepting strategy of the peers.
If the content provider plays C, then the peers will surely
accept this reward and set ~u ¼ argmaxuppðu; ~wÞ. We still
use A to denote this accepting strategy for u ¼ ~u. There-
fore, there are three cases of possible interactions in a par-
ticular round: ðR;PÞ; ðR;AÞ and ðC;AÞ, where the two
elements in each pair denote the content provider’s and
the peers’ strategies, respectively. We use p̂s;p�s and ~ps

(resp. p̂p;p�p and ~pp) to denote the one-shot utility of the
content provider (resp. the peers) for the above three cases
respectively. In general, we have p�s > ~ps > p̂s and
~pp > p�p > p̂p ¼ 0.
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Fig. 1. Arrival and departure probability for each video segment.
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We define a threat to be credible if, under the triggering
condition, the threat-claimer would obtain no less utility
by indeed carrying out the threat than not carrying out
the threat. In particular, the peers’ threat is credible if the
peers can achieve higher (or at least equal) utility by play-
ing P compared to A if the content provider plays R in an
arbitrary round. Now we discuss under what condition the
peers’ threat is credible.

Theorem 10. If logds

~ps�p̂s
p�s�p̂s

j k
6 logdp

p�p�p̂p

~pp�p̂p

j k
, then the peers’

threat is credible; otherwise, it is not credible.
Proof. Suppose the content provider and the peers have
played ðC;AÞ in the first (t0 � 1) rounds, and that the con-
tent provider plays R in round t0. There are two possibili-
ties regarding the peers: (1) the peers play P, resulting that
psðt0Þ ¼ p̂s and ppðt0Þ ¼ p̂p; or (2) the peers play A, result-
ing psðt0Þ ¼ p�s and ppðt0Þ ¼ p�p. Whether the peers really
punish the content provider depends on how many rounds
they need to play P before the content provider plays C. In
particular, denote by tp the number of rounds the peer can
afford playing P. After that, the content provider changes
back to C. We have:

Xt0�1

t¼1

dt
p
~pp þ

Xt0þtp�1

t¼t0

dt
pp̂p þ

X1
t¼t0þtp

dt
p
~pp

P
Xt0�1

t¼1

dt
p ~pp þ

X1
t¼t0

dt
pp
�
p: ð38Þ

The left side term represents a particular peer’s total
utility if the peers play tp rounds of punishing strategy P
when the content provider plays resisting strategy R, and
after that, the content provider compromises to set back
w ¼ ~w; the right side term represents a particular peer’s
total utility if the peers accept w = w⁄ and set u = u⁄ from
t0 onwards. If (38) holds, it is beneficial for the peers to
play P for tp rounds; otherwise, the peers are better off
by playing A from t0 onwards.

Similarly, denote by ts the number of rounds that the
content provider can afford playing R and being punished
by the peers. After that, the peers play A from round t0 + ts

onwards and the content provider continues playingR. We
have:

Xt0�1

t¼1

dt
s ~ps þ

Xt0þts�1

t¼t0

dt
sp̂s þ

X1
t¼t0þts

dt
sp
�
s P

X1
t¼1

dt
s ~ps: ð39Þ

If this condition holds, then the content provider has an
incentive to play R from round t0 onwards; otherwise, it
is better for the content provider to play C in all time
rounds.

The maximal value satisfying the above inequalities are

ts ¼ logds

~ps�p̂s
p�s�p̂s

j k
and tp ¼ logdp

p�p�p̂p

~pp�p̂p

j k
. When ts > tp, it

means the peers will give up playing P before the content
provider changes back to C. In this case, the threat of the
peers is not credible: it is better for the peers to accept
w = w⁄ when the content provider plays R in round t0.
Otherwise, i.e., when ts 6 tp, the peers can play P for no
d capacity in P2P-VoD systems: Design, analysis and evaluation,
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larger than tp rounds whereas the content server has to
compromise and accept w ¼ ~w, and therefore, the threat is
credible. h

From Theorem 10, we can see that a larger gap between
~pp and p�p, or a larger discount factor dp, will induce a larger
tp, implying that the peers’ threat is more likely to be cred-
ible. Physically, it means if the potential benefit after
threatening is large, or if the peers care much about utility
in future, the peers will have higher incentives to punish
the content provider in a few rounds so as to force it to re-
ward more than in the Stackelberg equilibrium.

We briefly conclude the result in our game theoretic
analysis. The one-shot interaction of the content provider
and the peer can be viewed as a Stackelberg game where
the content provider takes the first action and the peer fol-
lows. The existence and uniqueness of Stackelberg equilib-
rium shows the stability of the reward scheme, while
efficiency is quantified by price of anarchy. We also point
out the content provider’s best strategy in designing re-
ward in the general form. Considering the long term effect,
a peer may perform ‘‘wiser’’ in a repeated game than in the
one-shot Stackelberg game.

5. Performance evaluation

In this section, we validate the stability and efficiency of
our incentive scheme via extensive simulations. Since the
videos are independent in terms of peers’ caching and
viewing behaviors, in this simulation we focus on one par-
ticular video and omit the subscript k for video indices. The
performance of a multiple video system is just a combina-
tion of the corresponding single video systems.

5.1. Simulation settings

In this section, we have the following settings:

� The system consists of N = 10,000 peers, one server and
one video with I = 50 segments and playback rate
r = 500 Kbps.
� The peers’ external arrival probability to segment i is

p0i ¼ 2i�1

ði�1Þ! e
�2ð1 6 i 6 IÞ; the probability of doing play

operation is pi,i+1 = 1 � 0.6e�0.25�i(1 6 i 6 I � 1); and
the probability of quit operation is pi0 = 1 � pi,i+1

(1 6 i 6 I � 1), pI0 = 1. Assume the fast forward and
rewind operations are rare and can be omitted.
� The content provider’s cost per unit capacity cs = 1. The

peers’ upload cost Cp(u) = cpub, where cp and b are
parameters we will vary in simulation.
� The content provider’s strategy w 2 [0,1], and the peer’s

strategy u 2 [0,1000] Kbps.

In what follows, we evaluate the performance of our
incentive mechanism design by showing the Stackelberg
equilibrium and its efficiency. We would like to mention
that we do not compare the performance of our design
with the widely-used tit-for-tat mechanism since the per-
formance measures are hardly comparable. On the one
hand, if the system applies tit-for-tat, then the content ser-
ver must not upload any data to users even if the required
Please cite this article in press as: W. Wu et al., On incentivizing uploa
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download rate is not achieved by the users; otherwise, all
users can always get help from the content server so that
they will set their upload bandwidth as zero and there is
no actual exchange among peers. On the other hand, due
to the high volatility between demand and supply of data,
peers are rarely able to exchange the required data among
themselves, which indicates low download rate. To sum-
marize, tit-for-tat mechanism induces poor quality of ser-
vice but zero upload consumption at the server. To
summarize, our mechanism is significantly different from
tit-for-tat and it is hard to find a comparable performance
measure. Therefore, we do not compare the performance of
our design with tit-for-tat mechanism.

5.2. Performance evaluation of our incentive scheme

In Fig. 1, we plot the arrival probability p0i and depar-
ture probability pi0 of each segment i. Observe that when
a peer starts watching a video, it has probability
p01 = 0.135 to start from the first segment, and p02 =
p03 = 0.271 to start from the second or third segment, but
the probability of watching from S4 and onwards decreases
rapidly. This corresponds to the reality where some people
start from the beginning, but more people would like to
skip the first few segments like advertisement. We can also
observe that peers watching S1 will quit the viewing course
with probability 0.6, but the probability of quit operation
decreases for peers watching later segments of the video.
In Fig. 2, we plot the fraction of peers qi for each video seg-
ment i. We can see from the figure that there is an increas-
ing trend of popularity from S1 to S4, and a decreasing trend
thereafter. This trend is due to the peers’ viewing behaviors
described above.

In Fig. 3, we plot the content provider’s upload cost Cs(u)
(refer to Eq. (13)) when we vary u 2 [0,1000] Kbps. From
this figure, we can observe that Cs(u) is convex and non-
increasing in u, which validates Proposition 1.

In Fig. 4, we investigate the content provider’s utility
ps(w,u) (refer to Eq. (14)) when varying the unit reward
w to peers. Assume the peers decide their upload capacity
u to maximize their utility for given w. In this simulation,
we fix cp = 0.15 and b = 1.2 in the peers’ upload cost func-
tion Cp = cpub. We plot the content provider’s utility ps
d capacity in P2P-VoD systems: Design, analysis and evaluation,
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when varying w 2 [0,1]. When w = 0, peers do not contrib-
ute any upload bandwidth and thus the content provider’s
utility equals the negative value of the cost for supporting
Please cite this article in press as: W. Wu et al., On incentivizing uploa
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all peers’ viewing requirement. When w increases from 0,
the content provider can utilize part of peers’ upload
capacity so as to increase its utility. However, when w is
very large, peers’ decision u is also large. The content pro-
vider’s utility decreases due to the huge amount of reward
it has to pay to the peers. There exists an optimal unit re-
ward w = 0.62 where the content provider’s utility is max-
imized with value �3.63 � 106.

In Fig. 5, we investigate the Stackelberg equilibrium un-
der different parameters. In particular, we plot the value of
w⁄ and u⁄ at the Stackelberg equilibrium when fixing
b = 1.2 and varying cp 2 [0.02,0.18]. The figure shows that
when cp increases (i.e., the upload cost of peers increases),
the content provider rewards more to peers, and the peers
contribute less upload capacity at the Stackelberg
equilibrium.

In Fig. 6, we evaluate the efficiency of the Stackelberg
equilibrium when fixing b = 1.2 and varying cp 2 [0.02,
0.18]. In Fig. 7a, we compare the peers’ upload capacity
that maximizes the social welfare, with that at the Stackel-
berg equilibrium. We can observe that the two values are
close to each other in general. We compare the maximal
social welfare and the social welfare at Stackelberg equilib-
rium in Fig. 7b, which shows that the social welfare at the
Stackelberg equilibrium is always very near to the maxi-
mal value, i.e., PoA � 1 for any cp 2 [0.02,0.18]. We do sim-
ilar simulations in Fig. 7; the difference is we fix cp = 0.2
and vary b 2 [1.06,1.60]. These simulation results validates
the efficiency of our incentive scheme.

5.3. Impact of pre-fetching on the system performance

We have been focusing on the simple caching policy,
i.e., a peer only caches the segment it is current watching.
Practical systems may apply various caching policies
where a peer caches some more segments in order to en-
large the possibility of successful contribution to other
peers. In this subsection, we consider a natural extension
of the simple caching policy, i.e., we consider pre-fetching
where a peer caches the segment it is current watching, as
well as one additional segment that it will watch next. For
example, a peer also downloads Si+1 when it is watching Si.
However, we would like to point out that if a peer quits
from the system, then its pre-fetched data are not useful
anymore so that pre-fetching may incur wastage as well.

We still apply our linear reward scheme and study the
Stackelberg equilibrium. In Fig. 8a, we show the Stackel-
berg equilibrium when all peers pre-fetch the next seg-
ment. Comparing to Fig. 5, we observe that we can still
achieve Stackelberg equilibrium. However, we like point
out that the peers may even need to set a larger upload
capacity, in particular, when cp is small. This is because
the peers have a high probability of quitting the video ser-
vice when they are watching the first few segments. If we
let these peers pre-fetch the later segments, it increases
the download requirement while with high probability,
their pre-fetched data are not useful. Therefore, we modify
our pre-fetching policy by letting the peers in the first five
segments using the simple caching policy without
pre-fetching while the rest of the peers pre-fetch the next
segment. The rationale of doing so is the peers in early
d capacity in P2P-VoD systems: Design, analysis and evaluation,

http://dx.doi.org/10.1016/j.comnet.2013.02.016


1.1 1.2 1.3 1.4 1.5 1.6
0

100

200

300

400

500

β

u w
 a

nd
 u

*

uw
u*

(a) comparison of peer’s contribution

1.1 1.2 1.3 1.4 1.5 1.6
−5

−4.5

−4

−3.5

−3

−2.5

−2
x 106

β

π w

maximal social welfare
social welfare at the
Stackelberg equilibrium

(b) comparison of social welfare

Fig. 7. System efficiency at the Stackelberg equilibrium when varying b.

0 0.05 0.1 0.15 0.2

500

550

600

650

cp

u*
 a

nd
 u

w

uw
u*

(a) comparison of peer’s contribution

0 0.05 0.1 0.15 0.2
−4

−3

−2

−1

0 x 106

cp

π w

maximal social welfare
social welfare at the
Stackelberg equilibrium

(b) comparison of social welfare

Fig. 6. System efficiency at the Stackelberg equilibrium when varying cp.

0 0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

1

cp

w
* &

 u
*

w*
u*/103

(a) Stackelberg equilibrium with full pre-fetching

0 0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

cp

w
* &

 u
*

w*
u*/103

(b) Stackelberg equilibrium with modified pre-fetching

Fig. 8. Impact of pre-fetching.

W. Wu et al. / Computer Networks xxx (2013) xxx–xxx 11

Please cite this article in press as: W. Wu et al., On incentivizing upload capacity in P2P-VoD systems: Design, analysis and evaluation,
Comput. Netw. (2013), http://dx.doi.org/10.1016/j.comnet.2013.02.016

http://dx.doi.org/10.1016/j.comnet.2013.02.016


0 0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

cp

w
* &

 u
*

w*
u*/103

12 W. Wu et al. / Computer Networks xxx (2013) xxx–xxx
segments are more likely to quit the system. We show the
corresponding Stackelberg equilibrium in Fig. 8b. We ob-
serve that the feature of Stackelberg equilibrium remains
as shown in Fig. 5, while peers need to allocate a bit less
upload capacity at the Stackelberg equilibrium due to the
help of pre-fetching.

We would like to remark that in practical systems, pre-
fetching may have a larger impact on reducing the upload
requirement of the server. Unlike our ideal assumptions,
peers in a P2P-VoD system may not be fully connected.
Therefore, it is not always possible to fully utilize a peer’s
upload bandwidth. By caching more segments, it is more
flexible to find the downloaders for a particular peer, so
that the utilization of the peers’ bandwidth can be more
efficient.
Fig. 9. Stackelberg equilibrium with uses’ engagement.
5.4. Impact of user engagement on the system performance

In the above analysis and simulations, we assume a
fixed number of peers in the system, while practical sys-
tems may be different. In often times, the content server
of a P2P-VoD system has a limited upload bandwidth
capacity, so it may not always be able to serve all peers
due to various reasons. Therefore, if peers do not contrib-
ute enough upload bandwidth, then the system may pro-
vide service of poor performance to users (i.e., download
rate is less than playback rate), and hence impacts the
users’ engagement, e.g., some peers may leave the system.
We will discuss this practical issue in the next section.

In this section, we use simulation to show how the
users’ engagement may impact the system performance.
For simplicity, we assume that the server has a fixed
amount of upload bandwidth (and hence, a fixed amount
of upload cost), but the content provider’s utility changes
with respect to the number of peers in the system. This
is due to the fact that a large fraction of profit is advertise-
ment income which highly depends on the market share of
the VoD service. In particular, we have the following
assumptions.

� The server’s upload capacity is limited at 100 Mbps. The
peers’ download rate may be less than the video’s play-
back rate.
� If the peers’ average download rate r0 is less than the

playback rate r, then a fraction c = r0/r of peers continue
watching the video, while the rest 1 � c peers depart
from the system.
� The content provider incurs a lost in its utility when the

number of users decreases. In particular, the content
provider’s utility ps decreases by a(1 � c)N if a fraction
1 � c peers leave the system. The constant a represents
the marginal reduction of advertisement income when
users leave the system. In the following simulation,
we set a = 1000 to cope with the setting of cs and r.

In Fig. 9, we plot the Stackelberg equilibrium with con-
sideration of the impact of user engagement. We can ob-
serve from the figure that the trend of Stackelberg
equilibrium is the same as Fig. 5, but the difference is the
content provider proposes higher reward to incentivize
Please cite this article in press as: W. Wu et al., On incentivizing uploa
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the peers to contribute more bandwidth, so as to improve
the video quality and attracts more peers in the system.

To summarize, all these simulation results validate our
theoretic analysis and show the stability and efficiency of
our incentive scheme.
6. Discussion on practical issues

In this section, we briefly discuss some practical
implementation issues related to our incentive mechanism
design. We will show that our simplistic assumptions are
only for ease of mathematical expression, and can be sim-
ply extended to adapt to various practical problems.
6.1. System heterogeneity

Real systems consist of heterogeneous peers which
have different sensitivities on the reward. Hence, peers
may have different responses upon a given reward scheme.
We want to point out that, our reward scheme design can
be easily adapted to this heterogeneity. In particular, a typ-
ical peer solves

max
u

ppðu;wÞ ¼ wu� CpðuÞ ð40Þ

for given unit reward w. Since peers are heterogeneous,
they may have different cost functions Cp(u) and hence
have different optimal solutions u⁄(w). From the content
provider’s point of view, it wants to decide the unit reward
w so as to maximize its own utility:

max
w

psðw;U�ðwÞÞ ¼ �CsðU�ðwÞÞ �wU�ðwÞ; ð41Þ

where U⁄(w) denotes the total upload bandwidth dedica-
tion of all peers, which depends on the unit reward w. Fur-
ther game analysis is of the content provider and all these
peers. We can apply the similar approach of the previous
sections and thus we omit the details here. It is also worth
noting that videos can also be heterogeneous in terms of
playback rate. Hence, the impact of peers’ contribution
can be correlated to the video it is currently watching.
The content provider can also take into this consideration
d capacity in P2P-VoD systems: Design, analysis and evaluation,

http://dx.doi.org/10.1016/j.comnet.2013.02.016


W. Wu et al. / Computer Networks xxx (2013) xxx–xxx 13
and propose different unit reward based which video this
peer is watching.

6.2. P2P-VoD system with caching

In this paper, we apply a simplistic caching policy where
a peer only caches one segment it watched in the previous
time slot. Practical systems can better utilize the peers’ up-
load bandwidth resources by letting them cache more data
so as to enlarge the opportunity of contributing to other
peers. These caching policies differ among systems accord-
ing to the system’s specific implementation and network
environment. In the simulation section, we showed the
applicability of our design to practical systems by illustrat-
ing some simple caching policies. In particular, we consid-
ered the pre-fetching mechanism, i.e., peers may buffer
segments of the video before their playback. The rationale
of doing so is to ensure that a smooth playback of the video,
and at the same time, the peer may upload the pre-fetched
content to other peers so as to further reduce the upload
requirement of the content server.

Practical caching policy may be much more compli-
cated, and its design is beyond the scope of this paper.
How to incentivize the peers to cache the desired video
data is another independent mechanism design problem,
which we consider in a parallel work [23]. Nevertheless,
the model in this paper provides some important insights.
For example, the earlier few but not the very first segments
(e.g., segment 2–6 in Fig. 2) of the video need the most rep-
licas since a lot of peers are watching these segments, and
many peers quit after watching the first few segments of
the video.

In a system with more caches, the cost function of the
content provider may not in the form of Eq. (13) any more,
but should depend on the caching policy of the system.
However, we want to emphasize that in general, it is still
rational to assume that the content provider’s cost function
Cp(u) is non-increasing and convex in the peers’ contribu-
tion u. The non-increasing feature obviously holds in gen-
eral. In reality, when peers contribute a small amount of
upload resources, it is very easy for the system to utilize
them efficiently; however, when u is large, the system
may only utilize part of the resources and hence leads to
the convexity feature of Cp(u). Therefore, all the following
analysis still applies to a general P2P-VoD system with
caching.

6.3. Cheating proof guarantee

One of the rationale that we choose the upload capacity
u, rather than the real upload contribution of a peer, as the
criteria of reward, is for cheating proof guarantee. If peers
are rewarded based on their upload contribution, then the
peers may have incentives to form coalitions and upload
garbage packages to each other so as to cheat for reward.
In our design, a peer’s reward is based on its dedicated up-
load capacity, and the system operator fully controls the
upload resources. A peer does not have the incentive to
find other peers to upload so as to increase its reward; it
receives the reward even if it is not contributing. However,
a peer must upload at the rate of its declared maximal
Please cite this article in press as: W. Wu et al., On incentivizing uploa
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value if it is assigned by the tracker to deliver data to any
other peer. One can design punishment mechanism if a
peer is found refusing to upload at its declared rate. Hence,
we are not concerned on peers’ coalition, but only investi-
gate the upload bandwidth contribution of peers, which
can be estimated by many existing tools [20].
6.4. Impact of video quality on users’ viewing behaviors

In this paper, we assume the model where all peers can
download the video data at the playback rate, so that peers
do not need to wait for the data buffering. In real systems,
the content server may not always be able to serve, so that
peers may receive poor quality of service from time to
time, either by receiving low resolution video, or by wait-
ing due to data buffering. The quality of video may depend
on various factors. In regarding to our design issues, the
incentive scheme and caching policy we consider, decide
the total bandwidth resource of the system, and hence im-
pact the quality of service each user experiences.

It was observed in [6] that the video quality impacts the
user engagement in video-over-the-Internet applications.
Consequently, it in turn impacts the bandwidth resource
of the system as a departed peer may not be able to con-
tribute its upload capacity any more. Therefore, under-
standing the user behavior is important in designing
practical incentive schemes. Authors in [6] reported some
interesting results, for example, buffering ratio and join
time are two important factors that impacts the engaging
time and number of peers watching the video. However,
up until now, we have only found measurement results
but there is no explicit model to characterize these im-
pacts. Due to the difficulty in modeling these factors, in
this paper, we simply assume that the content server al-
ways upload the deficit bandwidth to all peers, such that
the peers’ viewing behavior is not influenced by the incen-
tive or caching mechanisms. One future research direction
is to study the interactions between user engagement, vi-
deo quality and incentive mechanisms design.
7. Related work

Incentive issue has received plenty of attentions in P2P
applications. Zhao et al. [24,25] proposed a general frame-
work to evaluate the expected performance gain and sys-
tem robustness for a class of incentive protocols wherein
peers can distributively learn to adapt their actions. In
[18], the authors used game model to analyze the content
production and sharing in P2P networks and compare the
performance of different existing incentive schemes. There
are also some existing works on designing particular
incentive schemes. The first incentive scheme proposed
for P2P system is the micro-payment in [8]. Misra et al.
[15] proposed a Shapley value approach in incentive design
using a cooperative game model. Reputation [9,11] is an-
other well-known approach where a peer’s reputation rep-
resents its history of contribution in the system. Ma et al.
[14] proposed a service differentiation approach in P2P
network based on the amount of contribution each node
has provided to the network community.
d capacity in P2P-VoD systems: Design, analysis and evaluation,
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All these existing works are based on general P2P set-
tings or are specifically designed for P2P file sharing sys-
tems. However, P2P-VoD systems have special features.
Wu and Lui [21] analyzed how to efficiently utilize the
peers’ resources, but did not address how to incentivize
peers to contribute their resources. Habib et al. [10] pro-
posed a service differentiation approach for incentive
scheme in P2P multimedia systems, where peers with high
contribution have flexibility in peer selection so that they
receive better quality of service. Mol et al. [16] designed
a free-riding-resilient P2P-VoD system where peers favor
uploading to other peers who have proven to be good
uploaders. These two works are similar because these
incentive schemes they proposed are both variants of the
tit-for-tat mechanism in file sharing applications. Similar
approaches were also proposed for live streaming systems,
e.g., in [19], the authors presented a modified tit-for-tat
mechanism; in [13], a multi-layered live streaming system
punishes the peers with low contribution by providing
them with low quality of service. Instead of using the pun-
ishment-based approach, we propose a general reward-
based incentive scheme where we incentivize the peers
to contribute their upload capacity. In practice, peers’ up-
load capacity is constrained by their Internet access types
and hence varies a lot. Using our approach, peers with
low upload capability can still receive good quality of ser-
vice provided that they accept a low level of reward.

8. Conclusion

Incentive scheme is a key design issue in P2P applica-
tions in order to encourage peers’ resource contribution.
However, due to the complex and stochastic nature of
peers’ behavior, it is challenging to design an effective
incentive scheme in P2P-VoD systems. In this paper, we
propose a simple yet effective reward-based incentive
scheme. Using a mean field approximation model, we show
that the content provider’s cost is a non-increasing and
convex function in the peers’ upload contributions. Using
a Stackelberg game model, we convert the system equilib-
rium into an optimization problem and show the existence
and uniqueness of its solution, as well as the theoretical
efficiency bound of the equilibrium. Using a repeated game
model, we analyze the strategic interactions of the content
provider and the peers, pointing out the factors that impact
the credibility of the threat. Using extensive simulations,
we validate our model and show the high efficiency of
our inventive mechanism.
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