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Managing a Peer-to-Peer Data Storage System in
Selfish Society

Patrick Maille, Laszb Toka

Abstract—We compare two possible mechanisms to manage order of 1$). However, while creating such a storage service
a peer-to-peer storage system, where participants can store jimplies owning huge memory capacities and affording the
data online on the disks of peers in order to increase data associated energy and warehouse costs, one can imagige usin

availability and accessibility. Due to the lack of incentives for ;
peers to contribute to the service, we suggest that either each the smaller but numerous storage spaces of the service users

peer's use of the service be limited to her contribution level themselves, as is done in peer-to-peer file sharing systems.
(symmetric schemes), or that storage space be bought from and In a peer-to-peer storage system, the participants are at
sold to peers by a system operator that seeks to maximize profit. the same time the providers and the users of the service:
Using a noncooperative game model to take into account user each participant offers some memory capacity (possibimfro
selfishness, we study those mechanisms with respect to the socia . . . . -
welfare performance measure, and give necessary and sufficien multiple Ioc_:at'onslm the network: part O,f her disk Sp"’}ce at
conditions for one scheme to socially outperform the other. home, storing device devoted to the service, ...) to prothide
service to the others, and benefits from storing her own data
onto the system. The added value of the service then comes
from the protection against failures provided by the system
from the ease of data access, from the versioning management
. INTRODUCTION that may be included, and from the difference in the amount
HE “digital society” that has been soaring since thef data stored into the system versus offered to the service.
creation of the Internet implies that all kinds of digital An online storage service is valuable only if data are avail-
documents are now likely to be created, accessed, and mibditile: therefore to cope with disk failures and with partcits
from several types of devices. Therefore, an appropriage sylisconnecting their disk from the system, data replicatastm
tem for storing the data of a user should offer various sesyic be spread over several (sufficiently reliable) peers toantae
such as versioning, ease of access, protection againstedevfat data are not lost and are almost always available; the
failures, and short transfer time to a given device. data replication rate then depends on the reliability of the

In that context, the possibility of storing data online agge participants. To work properly, a peer-to-peer storagevaet
as a promising solution. Indeed, having access to the lettertherefore needs that participants offer a sufficient patheir
becomes easier and easier, with the multiplication of Wildisk space to the system, and remain online often enough.
hotspots, the development of WIMAX and third generatioRlowever, both of those requirements imply costs (or at least
wireless networks, and the appearance of other access modeastraints) for participants, who may be reluctant to ¢tevo
such as multi-hop networks that work in an ad-hoc fashion gome of their storage capacity to the system instead of using
reach an access point. Let us also highlight the high rise iofor their own needs.
available transmission rates in access networks, whiotlersn  In this paper, we consider that users behave selfishly, i.e.
transfer times reasonable, even for large files. Finallyinen are only sensitive to the quality of service they experience
storage systems are able to cope with document versionirggardless of the effects of their actions on the other u3ties
and to protect data not only against user device failures Hrdmework of noncooperative Game Theof¢] is therefore
also against disk failures, through the use of data replécajparticularly well-suited to study the interactions amoregs.
stored on different disks. For a peer-to-peer storage system, it is clear that without

For those reasons, many companies now propose onler®y reward for contributing participants, selfishly benayi
data storage services, most of them offering a given storageers will only benefit from the service without providingyan
capacity (betweer2 and 25 gigabytes) for free, with the part of it'. In other words, the only Nash equilibrium of the
possibility of extending that quota to a higher value for &dix noncooperative game is the situation where the systemlctua
price per year (the price per year per gigabyte being of tles not exist due to the lack of offering peers.
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knowledge no references on the economics of peer-to-peer Il. MODEL
storage networks. Now, the economic models developed f&r
peer-to-peer file sharing systems do not apply to peer#o-pe "’
storage services: in file sharing systems, when a peer @®vid In a peer-to-peer storage system the availability of theesito
some files to the community, she adds value to the systél@ta is considered as the most important factor in user’s
for all users since they all can access the data she propog@preciation. As the storage disks are users’ propertyethe
in that sense the resource offered to the system is a putii€ no direct means to guarantee that a given user diskgtorin
good_ On the contrary, in a peer-to-peer storage system ﬁ']épeCIfIC file will be online 100% of the time. To ensure
memory space offered by a peer is a private good: it can ggta availability, the system can introduce several taalish
shared among different users but each part is then devoted®$odata replication and coding [14]. We suppose here that
only one user. Therefore the economic implications of tho#ee system detecting that a peer has gone offline triggers a
systems are necessarily different. recovery of the data stored in that peer from the replicas in

The existing literature on peer-to-peer storage systeitf® system, and a new storage of those data into other peers.
main|y focuses on Security, re||ab|||ty and technical fbﬂﬂ;y Likewise, when a peer comes back online, then new data will
issues [7], [8], [9], whereas the incentive aspect receivé§ transferred into her offered storage space, indepegdent
little attention. Only solutions that do not imply financiaWhat and whose data she was storing before. Such a scheme
transactions are considered in current works, therefore ifopurely reactive (actions are taken when a user deparure i
create some incentives to participate, the counter payfoent detected). One could also imagine using proactive appesach
providing service is usually the service in question as weRr @ combination of both, to smoothe the incurred traffic [15]
This approach finally leads to a scheme where every peerfhis data protection mechanism implies data transfers, and
should contribute to the system in terms of service at ledbgrefore nonmonetary costs due to resource consumption
as much as she benefits from others [10], [11]. We call su¢GPU, bandwidth utilization, etc.). A peéris concerned by
a mechanism imposing the contribution of each peer to eqlﬁbj)se data transfers in two situations: when she comes back
her use of the system symmetricscheme. online after an offline period (new data load), and when other

In this paper, we also investigate solutions based on mdpeers enter and leave the system (upload traffic if user
etary exchanges: users can “buy” storage space for a fix@@res replicates of the leaving user's data, downloadidraf
unit price, and “sell” their own memory space to the systetihen useri has to store more data). The mean data transfer
at another unit price. It is known from economic theory thassociated to the first situation is thus proportional to the
when those unit prices are fixed by the supply and dema@thount of capacityC; she offers to the system, and to
curves (as in a perfect market [12]), then user selfish ckoid@e mean number of online-offline cycles per unit of time:
lead to a socially efficient situation. However, it is moteely  denoting byt?" (resp.2™) the mean duration of online (resp.
here that the system be managed by a profit-maximizing ent@ffline) periods of use¥, the corresponding mean amount of
that fixes prices so as to maximize revenue. That entity théata transferred is then proportional €g /(2" + ). The
acts as the leader of a Stackelberg game [1]. mean amount of data transferred to and from usper unit

The main question addressed in this paper is whether itastime in the second situation is proportional to the wedght
socially better to impose a symmetric scheme or to let a profiby the offered capacity) megm of peer status changes per
maximizing monopoly set prices. The performance measutgit of time?. This term appears only at those peers who offer
we consider is social welfare, i.e. the total value that trorage space (proportionally to their offered capacitgeithe
system has for all participants. Under some assumptions pigbability that useri be concerned by a peer’s departure is
the peers utility functions, we derive a necessary and saific proportional toC’;), and only during the time they are online
condition for symmetry-based systems to outperform regendit is therefore also proportional to the mean availability
oriented management. We obtain that user heterogeneitg teHseri, m; := 9/ (t" + o).
to favor pricing-based schemes that are more flexible, andConsequently, the transfer cost perceived by usdor
above a given user heterogeneity threshold even a monopdgiifering capacityC; with the mean availabilityr; expresses
managed system will be socially better than a system imgosif¥im: (0;/t3" + v:fi), whered; and~; are parameters that reflect
symmetry. The results presented here are a generalizatiorihe user characteristics such as sensitivity, access hathgw
our preliminary work [13] that did not consider incentives tor hardware profile.
stay online and where the only source of heterogeneity came
from the price sensitivities. B. User preferences

This paper is organized as follows. Section Il introduces’
the model we consider for user preferences, and for the twoWe describe the preferences of a usein the user set
incentive mechanisms studied in this paper, namely synymetélenoted byZ by a utility function, that reflects the benefit
based and profit oriented price-based schemes. In Sectionofi using the service by storing an amouiif of data in the
we define the social welfare performance measure and cosystem, the cost of offering storage spacg := m;C; for
pute its value for those two types of schemes. We compare
them in Section IV to determine the management scheme th;fﬁActually peeri should only be sensitive to the status change rate of
. . . . all other peers but hers. However we consider here a system avivery
is best suited to the society, and present our conclusmnsmh%e number of users, so that taking the mean of the change oaée all
Section V. participants but one is equivalent to considering all pgyénts.

Content availability management and associated costs
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other users, and the monetary transactions, if any. We stigge 1) Symmetric scheme¥Ve follow here the ideas suggested
to use a separable additive function. in the literature for schemes without pricing. As evokedtia t
Definition 1: The utility U; of a useri € Z is of the form introduction, the principle of those schemes is that usees a
invited to contribute to, at least as much as they take from, t
U; (C;, Oy, 1o, tgff, Q) — other users. The availability of the peer is therefore chdck
(OSY O (o (T (5. /40N =N (e.g. at randomly chosen times) to ensure that = m;C;
Vi(C) = OullCim) = Cms (/87 4 milt) —ei (D) e s the peer’s service USg.
=Py (Ot 23" We assume in this paper that this verification is technically
feasible. Determining whether and how it can be done remains
an active topic of research and is beyond the scope of this
aper, since we only focus here on incentives.
2) Payment-based schemade consider a simple payment-
ased mechanism where users can “buy” storage space in the
system for a unit price® (per byte and per unit of time) and
“sell” some of their (time-average available) disk capaéditr
da unit pricep®.
The (possibly negative) amount that usés charged is then

where

e V;(C?) is useri’s valuation of the storage service, i.e. th
price she is willing to pay to store an amou@t of data
in the systerh We assume thak;(-) is positive, continuously b
differentiable, increasing and concave in its argumerd,that
V:(0) = 0 (no service yields no value).

o P(Cy, t" t?”) is the overall non-monetary cost of user
for offering capacityC; to the system with mean online an
offline durations rgﬂspectively equal t§" and 0, i.e. with

7 1
availability m; = It consists of two distinct costs: € =p°C; —p°Cy.

oo -

« an opportunity cosD; (C;;) of offering storage capacity In this paper, we assume that prices are set by the system
for other users (during online periods) instead of usingperator so as to maximize her revenue, knowing a priori the
it for her own need whereO;(-) is assumed positive, reactions of the users. The operator can thus drive the metco
continuously differentiable, increasing and strictly €onof the game to the most profitable situation for herself, and
vex, and such thab;(0) = 0 (no contribution brings no in this sense, she acts as the leader of a Stackelberg (or
cost); leader-follower) game [1]. In a real implementation of the

« data transfer cost€;m; (6;/t" + 1) due to the data mechanism, the operator may not perfectly know the user
protection mechanism implemented by the system gsactions, but an iterativéonnement of prices can converge
described in the previous subsection. to those profit-maximizing prices.

e ¢; is the monetary price paid by usérThis term is0 in
case of a symmetric scheme, and otherwise equals the pi£eyser behavior related to availability
difference between the charge for storing her data into theIn the game we studv. a peérc 7T has four stratedic
system and the remuneration for offering her disk space. ) 9 W udy, a peerc ou tegl
N variables, namely her offered@; and storedC? capacities,
Remark that we implicitly say that the storage space nec- - on e . .
. and her mean onling?" and offline t2" period durations.
essary to safely store some data in the system equals the pize. ’ . ' :
o : . . Equivalently, we can also consider that the four strategic
of those data. This is done without loss of generality, tgkin _": s o s0n off s
. variables areC?, C¢,t", and t?". From (1), whenC? and
into account the redundancy facteradded by the system -, ! R ¢ N S
. , o . ¢ are fixed, the utility of each user is increasingtffi, so
in users’ cost function: a user considered to offer space |
store an amount’; of data actually devotes more of her dislg'gé,n

will be set by user to a maximum value. We denote by
space £C;) to the service. Likewise, prices are then per unjg that maximum value, which is only limited by uncontrolled
of “protected data”.

events (power black-out, accidents, hardware failure3,teat
may force the user off the network.

Notice that this selfish decision is profitable to the whole
network: longer online periods mean fewer data protection
transfers and therefore smaller costs for the system (the pa

Users selfishly choose strategies that maximize theityutilirametery in (1) being small). Remark also that sinc does
We assume here that apart frafff and C?, each used can not appear in (1), there remain only two decision variables,
also decide about her behavior related to availability.hiis t namelyC$ andC¢ (that equalsC; 9"/ (22" + t9™)). From now
subsection, we describe the two types of incentive mecheniswe will therefore writeP;(C?) instead ofP;(C;, t9", t9™), and
that we intend to compare in this paper. Both schemes mgjll also use the notation
imply the existence of a central authority or clearanceiserv _
to supervise the peers behavior and/or manage payments: as Pt =0 /8" + il 2)
the model aims to give hints for commercial applications,
do not try to avoid such a centralized system control.

C. Incentive schemes for cooperation

W that the transfer costs simply wrigé?pmin,

3We assume here that data replication ensures a given alifyjadn that E. User supply and demand functions

this availability does not appear in the utility function. Supply and demand functions are classically used in eco-
We implicitly assume here that the opportunity cost depends @m the . 12 d tivelv derived f th luatib

mean capacity offered over time, since during offline peribdsuser can use nomics [ ]’ and are resp_ec vely er'\_/e rom ! e valuaa

the disk space for other purposes than the service. consumers and cost functions of providers. Notice howéner t
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particularity here that peers can be consumers and pravider )
at the same time. R R

Definition 2: For a uset € Z, we callsupply functior(resp.
demand functionthe functions;(-) (resp.d;(-)) such that for
all p e Ry,

si(p) = inf{g>0:P/(q) > p},
di(p) = inf{g>0:V/(q) <p}, o

whereg’ stands for the derivative function gf and with the
conventioninf ) = +oo.

For a givenp > 0, s;(p) (resp.d;(p)) is the amount of
storage capacity that usémwould choose to sell (resp. buy)
if she were paid (resp. charged) a unit pricéor it.

For the sake of simplicity, our main results in the followingsig. 1. Reactions to prices and utility of a useg 7 under Assumption A.
consider a particular form of supply and demand functions
described in the assumption below.

Assumption A:For all ¢ € Z, the supply and demand
functions of user:; are affine. More precisely, there existo
nonnegative values,;, b;, and pi"** such that Y

]

utility U;

quantity
3

unit price

Definition 3: We callsocial welfare(or welfare) and denote
W the sum of the utilities of all agents in the system:

min W .= Vi(CY) c? 5
) = -, @ 2 VA(CD) ~ P, ®
d; = b[p* —p]T, 4 . . . .

(p) pi 7l “) Notice that no prices appear in (5), since all system agents
wherep™i® is given in (2),z* := max(0, ), and we assume are considered, including the operator that receives asgiv
that max; p™™ < min; pin®, payments, if any, and whose utility is her revenue. The

This actually corresponds to quadratic functions for theperator being a member of the society, all money it exchange
valuation and opportunity cost (with denoting themin): with the users stays within the system and therefore does not
9 influence social welfare.
0 L ey
ooy 1 (C5 A bpinax)? S — A. Optimal value of social welfare
(C7) = b B (C7 N bipi™™) ). The optimal situation (in terms of social welfare) that the
. . . . system can attain corresponds to the maximization problem
Under Assumptl(_)n A a gserls entirely described by four maxcs oo Yep Vi(CF) — Pi(C?), subject to the feasibility
parameters (see Figure 1): constraintsC? > 0, C¢ > 0 for Vi and Y, C? > 3. Cs.

« two price thresholds, namefy™' andp}**, that respec-  This classical convex optimization problem can be solved by

tively represent the minimum value of the unit prig& the | agrangian method: j* andC* are the (unique) solutions
such that usei sells some of her disk space and thgf the demand-supply equation

maximum value of the unit price® such that she buys

some storage space, cr = Z i (p*) = Zdi (r"), (6)
« two price sensitivitiesy; and b;, that respectively corre- i '

spond to the increase of sold capacity with the unit priaeen the maximum social welfare is attained whefi =

p° > p» and the decrease of bought storage space with(p*), and C? = s; (p*) for all i € Z. Under Assumption

the unit pricep® < p"a*. A, the optimal social welfaréV* is then
Consequently, the total supply functigh:= >, s; is a
1 2 *2 2
(piecewise afﬁne) nondecreasing convex function on theg-int Zb ( P - ) G (p —pn ) (7
val [min; p™'* max; p*i%], and is affine ofmax; p™i®, +-00).
Likewise, the total demand functiodD := Zz’EI d; This maximal valueW* as well as the so-called “shadow

is nonincreasing, affine orj0, min; pi***] and convex on price” p* are illustrated in Figure 2 displayed in Subsec-
[min; p"®*, max; pi***], as illustrated in Figure 2 displayedtion Ill-C. Remark that this optimal situation can be até&ain
in subsection IlI-C. with a payment-based scheme whefe= p* = p*.

I1l. SOCIAL WELFARE PERFORMANCE OF INCENTIVE B. Performance of symmetric schemes

MECHANISMS
Under a symmetry-based management scheme, each user

In this section we introduce the performance measure useghoosesC? and Cf so as to maximizé/;(Cs) — P;(C?),
in this paper to compare incentive schemes, and study msvagubject tOCO > Cf. As P;(+) is increasing inC#, it is in
for the social optimum and the outcomes of the two incentivich user’s best interest to choose a strategy @jth= C?.
schemes that are the object of this paper. Useri then maximizes her utility at the poity = C? = C
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where V/(C}) = P/(C}), as illustrated in Figure 1. UnderRemark that this straightforwardly imply thatax; p*» <
Assumption A, this corresponds to every user “exchanging® < min; pi"®*, so under Assumptions A and B, (8) holds as
capacityC} = a“f;, (pmax — pmin) gt thevirtual unit price noticed in the previous subsection.

p; = % Compared to the socially optimal situa-

tion, each and every user losé&p* — p})?(a; + b;) of utility

if max; pmm < p* < min, p***. In that case, the welfare loss
of the system is — Maximal
X a;+bi , . L2 welfare W*
3 2 Operator's
‘ 2 o @ profit
Remark thatp* = ZZ(“Q%J" is then the weighted mean g
of p¥, therefore the loss of welfare only depends on the [0 User welfare
heterogeneity of userg)f. In particular, in the case when all C*/2
users have the samé, then symmetric management schemes S
maximize social welfare. Peccy = s e e ceere
= 0 S asass -
C. Performance of profit-oriented pricing schemes mai (o) o p ] P ming (p}") b
unit price

We now study a pricing mechanism where the system
operator strives to extract the maximum profit out of thgig. 2. Total supplyS and demandD functions, maximum social welfare
business by playing on pricgg and p°. Knowing that each and surplus repartition with a revenue-driven monopoly uAdsumption A.
useri will sell s;(p°) and buyd;(p®), the operator faces the
following maximization problem.

max ( Zd —p° Z Si (po)> ) 9)

subject top® > 0, p° > 0 and the feasibility constraint
Ssip°) > Y, di(p?).
Let us examine the best choices for such a profit-driven
monopoly. Figure 2 plots two curves: the total supply=
>, si and the total demand = )", d; as functions of the
unit price p. First remark thatp® and p® must be chosen
such thatS(p°) = D(p®): otherwise it is always possible for !
the operator to decreag€ (if S(p°) > D(p*)) or increase max; (p}™") - p* min; (p;***) P
¢ (if S(p°) < D(p®)) to strictly improve its revenue. The unit price
operator revenue with such prices is then the area of the _ L
rectangle displayed in the left hand side of Figure 2, embeadd 9 3 lustration of the proof of Proposition 1.
within a zone whose area is the maximum value of social
welfare. While p° > max; p™® and p* < min; p®*, the We can now quantify the performance of pricing mecha-
largest revenue is attained wheét{p®) = D(p®) = C*/2. nisms designed to maximize revenue.
However we are not guaranteed that sy€hand p*® indeed Proposition 1: Under Assumptions A and B, a profit-
verify p° > max; p® and p® < min; p®, nor are we oriented pricing yields a social welfai&,,,,,, such that (with
assured that such a choice yields the maximum revenue (tb&t given in (6)):
maximum might actually be attained wigit < max; p™® or 1 1 1
p® > min,; p*¥). W* — Wyon = —C*? ( + ) . (12)
To be able to predict the choices of the profit-oriented 8 a3 ibi
monopoly, we therefore make the following assumption re- Proof: We first establish that the monopoly chooses the
garding user price thresholds, that fixes those two points. profit-maximizing unit pricep® and p°® such thatS(p°) =
Assumption B:The repartition of price thresholgg*™ and D(p*®) = C*/2, wherep* is the welfare-maximizing price
p™a* is such that given in (6). To do so, we compute an upper bound of the rev-

p* + min, pin enue that can be attained when choosing the prices in the non-

quantity

max pﬁ“i“ < — (10) linear part ofS or D. Since both functions are convex, we can
’ P* + max; prex upper bound them by their cords dmin; p™®, max; pi™in]
min pi*** > #7 (11) for the supply function, and ofmin; pi"®*, max; pi®*] for
3

. . the demand function. We extend these segments until the
wherep* = Lia ""a j_“é’p from (6). Moreover user profile vertical linep = p* to form two triangles (with the abscissa
valuesa; (resp. l/?) of all usersi € 7 are independent andaxis). Under Assumption B, the largest rectangle embedded
identically distributed, and; andb; are independent. in each triangle is indeed embedded in the triangle formed by
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extending the affine parts éfandD, as illustrated in Figure 3.  Proposition 3: Under Assumptions A and C, symmetric
Therefore the sum of their areas is smaller than the reverasghemes socially outperform profit-oriented pricing mecha
yielded by the prices verifying(p°) = D(p®) = S(p*)/2, nisms if and only if
which are thus the profit-maximizing prices.
( ! ) >3 e
Z*Gz‘ z; T 127 (

As illustrated in Figure 2, the differend®™* —W,,,,,, is then
simply the area of the hatched triangle above the horizontal

B Moreover, if the couplesa,, b;) are mdependently chosen for
all users and identically dlstrlbuted, then when the nundfer

line C*/2, which gives (12).

IV. ' WHICH MANAGEMENT TO PREFER? users tends to infinity, (14) writes
In this section we compare the outcomes of the two practical [f(a,b)] 3 1
schemes, i.e symmetric and payment-based schemes. From (8)7 —, with f: (x,y) — e 1la (15)
and (12) we immediately have the following result. f(Elal, EB]) fet1/y

Proposition 2: Under Assumptions A and B, symmetric Since the functionf is strictly concave, from Jensen’s
schemes socially outperform profit-oriented pricing mechiequality the left-hand term of (15) is always smaller than

nisms if and only if 1, and decreases as the dispersioriagb) increases. Remark
1 1 1 that when(a,b) are deterministic then the left-hand term of
10*2 <Z ats > Z(a, +b;) (p* —pl)>, (15) equalsl and symmetric schemes are better than profit-

i oriented ones, as we remarked in subsection IlI-B.
. . pmin | p o max Let us have a look at (15) for two simple examples of
* * « _ aip; t+bipy
\_/I_vrr]]etreC dfstlndp. are 'glvlentltn (6), andj = ai+b; *  distributions for(a,b), assuming that andb are independent
at condition is equivalent to variables.

e Uniform distribution If a (resp.b) is uniformly distributed

1 * min max * * *
1 (p - D_aipi ) (Z Bipi™ —p ) 2> @i (] =P")s over [0, ] (1€SP.[0, b)),

| . | | , B Ef@y 2/ 1 1
with the weights for alli € 7 : o; := -, ; := -, and =z + Amax T Dmax

f(E[a]’ E[b]) 3 a’max bmax
w; = <qitbi
P aitbi . a?, by b2 Gy
Proof: Relation (13) comes after some algebra, using the — maXn(] 4 EE) - HE (1 4+ ““”‘)). (16)
equalitesp* = Y, w;p; and C* = Y, a;(p* — pin) = max Gmax  (max max
> bi(p™ —p). B This expression is minimum when, .. = bu.x, in Which case

Proposmon 2 combines the four user heterogeneity factoisequals8(1 —1n(2))/3 ~ 0.82. Consequently inequality (15)
namely the price thresholdg™®, p™a% and price sensitivities always holds.
a,b, to determine the best mechanism in terms of socialExponential distributionlf a (resp.b) follows an exponential
welfare. Whereas the right-hand term of (13) is the variarice distributions with parameten,, (resp.us), i.e. P(a > z) =
the p? with weightsw;, the left-hand term is hard to interpret.e=#«%, then we obtain after some calculation
We thus suggest to have a look at the particular cases where
oo i . e E[f(a,b)] 3 e 1
user heterogeneity lies entirely on prices sensitivitiesg. on — > - & a<—< -
price thresholds). f(E[a], E[B]) ~ 4 o o
where a ~ 0.179 is the smallest positive root of +—

A. Homogeneous price thresholds (llj;‘)g (1—22+2x In(x))—3/4. In that case, either a symmetric

or a profit oriented mechanism is socially preferable depend
We consider here that users only differ by their pric y yp e

S o . on the relative values and .
sensitivitiesa; andb;. That simplified model has been studleg Gta He
in a previous work [13], we therefore recall the main results _ o
and refer the interested reader to [13] for details. B. Homogeneous price sensitivities

ASSUmptlon C:All usersi € Z have the same prlce thresh- We now consider the case where the pnce threshp)‘fdg
olds "™ and p{"**. Without loss of generality (via a changeand pax can be user specific, but the price sensitivities
of abscissa in Figure 2), we can therefore assume that  andp, are identical for every user.

VieZ, pMin=0 and pmex = pmax, Assumption D:All users hgve the same price sensitivity of
supply (resp. demand), i.8% € Z, a; = a and b, =

Notice that under Assumptions A and C, Assumption B. Moreover, the couplegp™®, pax) are independent and

always holds. It can then be proved (see [13]) that identically distributed among users, apft® is independent
of p** for all i € 7.
Weym = (Z% + ﬁ) > {1}”}1] w*, In that case, we establish that one mechanism is always
W _ 3y o preferable to the other.
mon 4 .

R _ _ _ Proposition 4: Under Assumptions A, B and D, manage-
This yields the following comparison (which can also bghent mechanisms based on symmetry are always socially
directly obtained from Proposition 2 after some algebra). petter than profit-oriented pricing mechanisms.
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Proof: Assumption D implies that for all, the weights REFERENCES
a;, B; andw; introduced in (13) all equa%v_Wh?r?n is the 1] D. Fudenberg and J. Tirolgame Theory MIT Press, Cambridge,
number of users. Moreover we haye = %, where Massachusetts, 1991. N
) 5, pmin 5, pmax a+ [2] E. Adar and B. Huberman, “Free riding on Gnutell&jrst Monday
pmin = =P gnd pmex .= =12 So whenn tends to vol. 5, no. 10, Oct 2000.
infinity, (13) is equivalent to [3] P. Antoniadis, C. Courcoubetis, and R. Mason, “Compagggnomic

incentives in peer-to-peer network§omputer Networksvol. 46, no. 1,
ab , _ i 2 9 : 9 . pp. 133-146, 2004.
Y (pmax - Pmm> > a”Var(p™™") + b=Var(p™**), [4] C. Courcoubetis and R. Weber, “Incentives for large geeeer sys-
. tems,” |[EEE JSAC vol. 24, no. 5, pp. 1034-1050, May 2006.
where Var denotes the variance, and where we used tf® P. Golle, K. Leyton-Brown, I. Mironov, and M. Lillibridg, “Incentives

independence assumption p¥®* and p™* to develop the for sharing in peer-to-peer networks,” Rroc. of 3rd ACM conference
. on Electronic Commerce (EC'01Tampa, Florida, USA, Oct 2001, pp.
right-hand term. 264-267.

Since the variance of a real variable with support length [6] K. Lai, M. Feldman, I. Stoica, and J. Chuang, “Incentivesdooperation

is always smaller tha@2/4, and using (10) in peer-to-peer networks,” ifProc. of 1st Workshop on Economics of
. . Peer-to-Peer Systems (P2PECON’0Bgrkeley, CA, USA, Jun 2003.
min (p* — manxp’imm)2 (p* —ﬁmm)z [7] C. Batten, K. Barr, A. Saraf, and S. Treptin, “pStore: Acsee peer-
Var(p ) < 4 < 4 , to-peer backup system,” MIT Laboratory for Computer Scief@gh.

] ) Rep. MIT-LCS-TM-632, Dec 2001.
where the last inequality comes froff#® < max p™® < p*.  [8] P. Druschel and A. Rowstron, “PAST: A large-scale, etesit peer-
Likewise, Va'(pmax) < (p'max —p*)2/4. Therefore by replac- tzo(;giegstc;rgggoutlhty, irHotOS VIl Schloss Elmau, Germany, May
ing the optimal shadow pricg* by (ap™" + bp™**)/(a+b)  [9] M. Lilibridge, S. Elnikety, A. Birrell, M. Burrows, andM. Isard,

and applying the inequalitya + b)? > 2ab, we get “A cooperative internet backup scheme,” Proc. of 1st Workshop
b on Economics of Peer-to-Peer Systems (P2PECONB8jkeley, CA,
2 min 2 max ad  max ~min\2 USA, Jun 2003.
a Val’(p >+ b Val’(p ) = Z(p -bp ) ’ [10] L. Cox and B. Noble, “Samsara: Honor among thieves in peer-

. . . peer storage,” irfProc. of 19th ACM Symposium on Operating Systems
Therefore Relation (13) is always satisfied and symmet- pyiciples (SOSP'03)Bolton Landing, NY, Oct 2003.

ric schemes always outperform profit-maximizing pricingl1] B. Stefansson, A. Thodis, A. Ghodsi, and S. Haridi, “MyStore,”
schemes. Swedish Institute of Computer_Scier_]ce, Tech. R_ep. TgOOM@g,ZOOG.
[12] D. Besanko and R. R. Braeutigaijcroeconomics Wiley, 2005.
[13] L. Toka and P. Maik, “Managing a peer-to-peer backup system: Does
V. CONCLUSIONS AND FUTURE WORK imposed fairness socially outperform a revenue-driven moly@p in

In this work we have addressed the problem of user incen- Proc. of 4th International Workshop on Grid Economics andiBeass
P Models (Gecon 2007Aug 2007.

tives in a peer-to-peer storage system. Using a game tieairet;4) R Rodrigues and B. Liskov, “High availability in DHT&rasure coding
model to describe selfish reactions of all system actorgguse vs.replication,” inProc. of 4th International Workshop on Peer-to-Peer
and the operator), we have studied and compared the outcomes Systems (IPTPS)thaca, USA, Feb 2005. o

. . Ef% A. Duminuco, E. Biersack, and T. En-Najjary, “Proactiveplication
of two possible managing schemes, namely symmetry-based i, gistributed storage systems using machine availabilitjmesion,”
and profit oriented payment-based. Not only the size of the in Proc. of 3rd International Conference on emerging Netwagki
offered storage space was targeted with incentives, but as EXperiments and Technologies (CONEXWEw York, USA, Dec 2007.
the availability and reliability are particularly importaissues
in storage systems, the model also aimed to reduce churn.
By comparing the social welfare level at the outcome in the
two cases, under some assumptions on user preferences we
exhibited a necessary and sufficient condition for a type of
management to be preferable to the other: it appears théit pre
oriented payment-based schemes may be socially better tt
symmetric ones under some specific circumstances, namely
the heterogeneity among user profiles is high.

There are different ways to extend the results we hay
obtained. First of all, in reality the perceived utility ofuser
should not only depend on the amount of stored data and t
associated availability, but also on the rapidity to ac¢bese
data. Therefore the available bandwidth of a storage space
offerer should be taken into account in addition to the arhoun
of space proposed. Another interesting direction wouldde t
consider demand and supply functions that are not affine, b
can have any form, or eventually to carry out experiments 1
estimate the form of those functions. Finally, since a mor
complete and realistic model may not be solvable analyical
a simulation testbed could be built in order to study the
behaviour of a peer-to-peer storage system in a more compl
setting and eventually exhibit other phenomena that are
captured by our model.
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