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Abstract—The basic concepts of three branches of game theory, in computer networks [19], [20]. The fundamentals of the mul-
leader—follower, cooperative, and two-person nonzero sum games,tiparty (ISPs and users) optimization problems can be captured
are reviewed and applied to the study of the Internet pricing issue. by game theory (see, e.g., [1], [10], [21], [23], [24], [27]). An-
in pariclr, e etz hat e Cooperahe e (e 24 girclosclyeltedarcais e appication of game thery e
With a simple model for Internet quality of service (QoS), we esource allocation problem (e.g., routing) in networks [4]-[6],
demonstrate that the leader—follower game may lead to a solution [8], [18], [22], [25], [26].
that is not Pareto optimal and in some cases may be “unfair,” Most of the existing works applying game theory to Internet
and that the cooperative game may provide a better solution pricing adopt a leader—follower game framework in which the
for ththI the l!ntci_rnet ]f'fr':" ice p:tov@det[] (LSP) and th? “Serl- tT_he ISP sets up a price as a leader and the users respond with a de-

ractical Implication o e results Is that government regulation f . .
gr arbitratiorr)l may be helpful. The QoS gmodel is alsogapplied mgnd (sge, eg. [, [.28])' The ISP’s task is to set up the rlght
to study the competition between two ISPs, and we find a Nash Price to induce a desirable demand from the users to achieve
equilibrium point from which the two ISPs would not move out @ profit (or a welfare function) as large as possible. This be-
without cooperation. The proposed approaches can be applied to longs to the domain of noncooperative game. In this paper, we
other Internet pricing problems such as the Paris Metro pricing  propose to study the Internet pricing problem by using another
scheme. branch of game theory, i.e., the cooperative game, or the bar-

Index Terms—Bargaining problems, cooperative games, gaining problems. With this approach, we study all the possible
leader—follower games, quality of services, Paris Metro pricing, outcomes in a utility space, and the players (ISP and user) deter-

two-person nonzero sum games. mine, through negotiation or arbitration, a particular outcome as
theirfair solution. The solution of a bargaining problem depends
I. INTRODUCTION on the concept of fairness, which can be specified clearly by a

) set of axioms. The study confirms our original concern about the
I N RECENT years, substantial progress has been madesition of the leader—follower game approach: it may not be on
understand Internet economics by both the engineering aid pareto boundary and may not be fair. Thus, we show that by
economic research communities [10], [29]-[31]. The centrghoperation a “fair” solution can be obtained at which both the
issue of Internet economics is pricing, which can be used as|@p and the user are better off than the leader—follower solu-
effective means to recover cost, to increase competition amafih, This result seems to be consistent with the current industry
different service providers, and to reduce congestion or to cQfisnd toward cooperation between corporations [11], and indi-
trol the traffic intensity. There are many approaches in det&fates that government regulations or arbitration may be helpful.
mining a pricing strategy, e.g., the cost-based approach, the §pz cooperative game approach was used in [5] to study the fair-
timization-based approach, asdge pricing16]. ness issue of the admission control of broadband networks.
The optimization-based approach may provide insight aboutone engineering feature distinguishes Internet pricing from
market \{alue of the services (how much others are willing 9 her pricing problems: users pay for quality of service (QoS),
pay). This approach is referred to yigld managemerin op-  \hich deteriorates as the demands increase if the bandwidth is
eration research literature. It has been widely practiced in Ggyared. Therefore, determining QoS is an important part of In-
pacity-constrained service industries (e.g., airline and hotel sgfrnet pricing. Different applications require different QoS; an-
vices) to match prices to demand, and has begun to be employgfical results do not always exist in most cases. To facilitate
analysis, in this paper, we propose a simple model for QoS; with
this model, we are able to analyze the pricing issue by numerical
L et e 2, 109, e 5, 200 40 thocs. Thi QoS model i also used i the two P compet-
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we study the ISP versus user case. We propose a simple modet Symmetrytf S is symmetric with respect to the axis= v

for QoS, and based on it some analytical formulas are devel- and the starting point is on this axis, then the solution is
oped. The numerical examples show that the leader—follower also on this axis (two players are treated equally).

game does not lead to the Pareto optimum and the cooperatives Pareto optimality:The solution is on the Pareto boundary
game solution is better for both the ISP and the user; these exam- (no outcome is better for both players).

ples also indicate thatin some sense the leader—follower solution. |nvariance with respect to utility transformationdhe
may not be “fair.” In Section V, we study the two-ISP case and  solution to bargaining problemf(S), f(so)) is f(s*),
illustrate, by a numerical example, that Nash equilibriums exist  \wheres* is the solution to probleriS, sq), f is any posi-

(no rigorous proof is provided, nor is uniqueness established). tjve affine transformation, anf(S) = {all f(s) : s € S}.
The example also shows that cooperation is better for both ISPs  (the solution is the same if different currencies are used).

at the cost of a reduced profit for the user. The paper concludesrhree arbitration schemes are of particular interest: Nash
with some discussion in Section V1. Raiffa—Kailai-Smorodinsky (henceforth called Raiffa), and the
modified Thomson solutions. The Nash bargaining solution is
uniquely determined by the above three axioms and the fol-
lowing one [15]:

« Independence of irrelevant alternatives (l1A)the solu-

We start with reviewing some basic concepts of game theory ~tion for (S, so) is s*, andS’ C 5, 5™ € 5, then the solu-
[14], [9], [15], [17], [2] by using the Internet pricing framework. tion for (S, so) is alsos*. (Sinces* is fairer than all the
We will discuss both cooperative (bargaining problems) and ~©Other pointsinS, andS’ C S, thens* must be fairer than
noncooperative games (leader—follower games and two-person all the other points ir5”.)
games). Two players of the game are the ISP and the user (réfje Nash solution maximizes the value of the product of the two
resenting a group of users having the same characteristics). VHbties, v X v. Itis the tangent point of the hyperbalax v =
ISP sets up a price for its service; based on the price and otfeprstant with the Pareto boundary.
considerations, the user determines the amount of request thathe Raiffa solution [9] can be uniquely determined by the
it wants to submit to the Internet. The outcomes of a game dfist three axioms and the following axiom.
theutilities of each player (i.e., profits for the ISP and the user). ¢ Monotonicity:If S C S andmax{u : s = (u,v) € S} =
In the game, the ISP and the user choose respectively their best max{u : s = (u,v) € S’} andmax{v : s = (u,v) €
strategiegprice for the ISP and demand for the user) to gettheir S} > max{v : s = (u,v) € S’}, thenv*™ > ", with
desired outcomes. s* = (u*,v*) ands™ = (u'*, ") being the solutions to

The leader—follower game model has been widely used Problems(S,(0,0)) and(S’,(0,0)), respectively.
in studying the pricing issue. Let be the price that the The modified Thomson solution was defined in [2] by mod-
ISP announces. With this price, the user determines its d@ing the utilitarian rule [17] that maximizes the sumoH- v
mand r. The utilities for the user and the ISP are denotéf the normalized problem defined below. o
as U(c,r) and V(c,r). Given any pricec, the user chooses One of the drawbacks of Nash'’s fairness criteria is that it im-
r(c) = arg{max,cg[U(c,7)]}, whereR is the set of all’s, plies that each player does not care about how much the other
to maximize its utility. Knowing this reaction of the user, theld€ has given up. With this observation, [2] proposed a set of so-
ISP chooses a pricg’ = arg{max.cc[V(c,7(c))]}, whereC lutions that represent the concerns of each player for how much
is the set for alk’s, to maximize its utility. it gets as well as how much the other side gives up, with a pa-

In a cooperative game [9], [15], [17], [2], the two playeréameter whose value indicates the tradeoff between those two

. - concerns.
are called bargainers They work on the utility space ) . . .
(u,v). Each pair of policiegc, ) corresponds to one point. First, with the third axiom, any game problem can be normal-

(u = U(c,r),0 = V(e,r)) in the utility space. The set of al ized into a problem with starting poi®, 0) andmax{u : s =

the points in the utility space corresponding to all the feasibi;e‘éﬁie% Sjo;eﬁa);évr;:er:en(:é ?&niti];l[;] :6rvggt1hth(|eang:;
policies, S, is called abargaining set With random policies P e play

; X are defined as
if necessary,S is a convex set. The problem that the two

bargainers face is to negotiate for a “fair” point on this convexw; = v+ 3(1 —v), we=v+p3(1—-u), -1<p<1L
set as the outcome. If no agreement can be reached by the two ) o
bargainers, one particular pois§ = (uo, vo) € S, called the Since the maximum utility i§, 1 — » or 1 — v represents how

starting point will be the outcome of the game. Thus, onl)fnuc_h the pla_y_er has given up. i
those points ir§ with u > o andv > v, should be considered. With the utility function replaced by the preference function

Such a bargaining problem is denoted &sso). The fair point and applying the first three axioms and the axiom IIA, we obtain

chosen by the two players is called #autionto the problem. a set of solutions (parameterized By

The outcome is chosen based on certaimesscriteria that u*,v* = arg{max[w; X wy]}.
both bargainers agree upon. The fairness criteria are clearly ex- wv
pressed by a set of axioms, which usually uniquely determinkés shown in [2] that the Nash, Raiffa, and modified Thomson
a points on the bargaining set [15]. The first three axioms aselutions are special cases correspondingte= 0, 1, and
very simple and have clear meanings: —1, respectively, and whepfi changes continuously from 1

Il. NONCOOPERATIVE ANDCOOPERATIVE GAMES
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to 1, the solution moves monotonically and continuously on theill have the same probability distribution for its waiting time,

Pareto boundary of from the modified Thomson solution to regardless of its length. Thus, the results will be the same if we

the Nash solution and then to the Raiffa solution. The bargaininge a constant charge which equals the average.) Later, we will

problem now becomes to determine a valuefdinat is accept- study the case where the ISP provides two types of services

able for both players. Onggis agreed upon, a fair solution canwith different priorities and prices. Next, we assume that the

be uniquely determined. user only employs static policies; i.e., its policy depends only
Finally, the two-person (nonzero sum) game model can be am statistics, not on the state of the system. When a request with

plied to study the competition between two ISPs. Each ISP caraximal acceptable response timarrives, the user submits

set up different prices, denoted @s, cz). Based on the prices, it to the Internet with a probability«(s) and discards it with a

the user chooses to submit its request to either one or both I®Rsbability 1 — «(s). We will see that iff(s) is a continuous

to maximize its utility. Each ISP may reduce its price to attraéinction, o(s) is either 0 or 1. Wherf(s) is discretizedq(s)

more requests to make more profits. However, in many casggecifies the portion of a particular application that is submitted

there exist one or more pairs of prices such that if one chandssthe user. Overall, the arrival rate to the Internets where

its price without the cooperation of the other, one cannot im- -

prove its utility. Such points are callédiash equilibriumsSee o = / a(s)f(s) ds. 1)

Section V for more details. 0

With the above setting, the link can be modeled simply by
Ill. ONE ISP WITH A SINGLE CLASS OF USERS an M/M/1 queue with arrival rateeh and service rate:. Let
o = a\/p be the traffic intensity, ang,,,» = 0,1,2, ..., be the

In this section, we study the case where there is only one sgr- - ]
. : S ) . steady-state probability that there areequests in the system.
vice provider with link capacity: unit. Users generate (say,

) . . Thenp,, = (1 — " n = 0,1,.... From this, it i
packets). Since we assume that the behavior of all users are |den§ pn = ( Pl " 0.1, om this .t S easy tq

. : . verify that the response time of an M/M/1 queue is exponentially
tical, we can view all the requests as being from the same u

er - .
and simply use the singular word “user.” We will apply both th%IStrIbUted with meart/[(1 — p)ul. Letr denote the response

leader—follower game and cooperative game approaches toﬁH]ees Inthe queue. Then forany giverthe probability of- > s

problem and compare the results obtained. S
Each request is associated with a QoS requirement. QoS may pir > s) = o—A=pns — —(n—ad)s )

take many different forms, such as response time, bit-error rate,

or both; we choose response time as QoS in our examples (otherhe user’s utility is

QoS criteria can also be studied by the same principle with

more complicated analytical or simulation techniques). Itis wel . > —(p—a)s

known that the analytical solutions to response time distribuly(c’ @) = )‘/0 g(s)a(s)f ()1 —e e Jds—ade. (3)

tions are only available for some simple systems. Thus, we will o

make further assumptions, which are for the purpose of facife ISP’s utility is

tating analysis; when an analytical solution does not exist, we

use simulation to evaluate QoS. We hope that with the simpli-

fied assumptions, we can clearly illustrate the main ideas and_. ) _ " L
insights. First, let us determine(s) for a fixed traffic intensityy, i.e.,

We firstassume that the requests come from a Poisson proctgggaxmueU(c, o) under the constra'lnt of (1) with being a
with arrival rateX, and each request requires a unit bandwidffPnstant. Forany.0 <o <1, we define
to serve for an exponentially distributed time with a unit mean.
Then we propose a simple model for the QoS requirement. \llg = {Ia C [0,00) : h(s) > h(s')if s € I, and
assume that each request has a maximal acceptable response
time, denoted as; if the real service response time (the trans- s ¢ Ia;/ f(s)ds = a}
mission time plus the waiting time) is smaller tharhe service I,
is successful; otherwise, it is considered a failure. We assume
that s has a distribution density functiofi(s). (This function where
can be discretized by using Dirac delta functions to represent a h(s) = g(s)[1 — e*W*‘“)S]
finite set of QoS requirements corresponding to different appli- ’

cations, such as voice over IP (VoIP), and email; see Example; easy to see that for a fixed U(c, a) reaches its maximum
2 and 3.) A user earng(s) > 0 for a successful service with,nen we choose(s) as the indicator function o, :
a maximal acceptable response timéy(s) can also be dis-

cretized), and earns 0 for a failed service. 1 ifsel,
We first study the case where the ISP provides only one type afs) = { 0 otherwise

of service (best effort); thus, for every request, the ISP charges

a feec. (More realistically, the charge should depend on th¥ote that:(s) is the expected gain for a request with maximal

length of the request. However, since in our model the serviaecepted response tinse thus, the user should submit all the

discipline does not depend on the request length, each requeguests which have the largest expected gdins an interval

Vie, o) = ahe. 4

(®)
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if A(s) is continuous and has only one peak. (In fact,ifcon- 5000
sists of two intervals, then(s) has at least two peaks. There-
fore, concavity is not required.) In this case;s) is 4500

4000

. 1 if S1 S S S S92
ofs) = {O otherwise ) 3500

wheres; ands, satisfy %%

S > 2500 -
o :/ f(s)ds @) S0l

1500
and

h(s1) = h(sz2), if s1 > 0; h(sy) = h(sz), ifsg=0. (8)

500---

(3) becomes

1 I
4000 4500 5000

0 5:)0 1000 1500 2000 2500 3000 35|00
ED u
Uleisiosn) =A [ g f(sL - 0] ds—are (@)
51 Fig. 1. The leader—follower game solution.
A. The Leader—Follower Game sa00 > ]

In the leader—follower game approach, the problem now b¢ aseof .
comes: for a given price set by the ISP, the user determines s
ands, such thatl/(c, s1, s2) in (9) is maximized under the con-
straints (7) and (8). The ISP’s task is to choose such that 3500
its utility (4) is maximized. To continue the analysis, we fur-
ther assume that the value of the service decreases exponenti
as the maximal acceptable response time increases, i.e., we %[ TR
g(s) = de™*; we also assume thdt(s) is exponentially dis- sl . Fiiiigoi s
tributed, i.e.,f(s) = ne~". It is easy to verify that for any,
h(s) has only one peak. Putting these into (9), we get

4000[- -

3000

1500 -

1000

U(e, s1,52)
500~ 1
= Adn |:C*(X+77)51 — C*(X+77)52:| o Adn , _
X + n X + n + B Oé)\ 00 5(‘)0 10‘00 15‘00 20IOO 25‘00 30‘00 35‘00 40‘00 45’00 50‘00
u

) |:6_(X+77+M—(y)\)s1 _ e—(X+77+H_(y)‘)52:| —ale (10)

Fig. 2. The cooperative game solution.

Ve, s51,82) = Acfe™ "t — e71%2] (11)

and outcomes of the game for different prices. From this curve, it is

a=c Tt — e (12)  clear that the maximum utility is reached if the ISP sets up the
price asc = 5, for which the user responds with= 0.6, the
maximum utility for the ISP is about 3000 and that for the user
—XS1 _ o—(p—aX)si| _ —xs2 _ —(p—aN)ss is 1440. O
¢ [1 ¢ } = [1 ¢ } - (13 To examine how good this leader—follower game solution is,
To illustrate the idea, we provide a numerical example. ~ We plot out all the possible outcomes in the utility space. All
Example 1: In this example, the bandwidth of the Internethese points, including the ones corresponding to random poli-
is o = 1000 packet/s; the arrival rate is = 1200 packet/s; Cies, forma convex set, the bargaining set. The boundary of this
g(s) = 10e=*; and f(s) = e—*. For any given price: and set is shown by the_dark line in Fig. 2. This example clearly
traffic intensity o (or equivalentlyp = a\/p = 1.2c), we first  Shows that the solution of the leader—follower game approach
calculates; ands. using (12) and (13), and then we obtain thé$ not on the Pareto boundary. Thus, the utilities for both the
values of utilities corresponding to thesand p by using (10) ISP and the user can be improved. However, such improvement
and (11). For every price, the user can respond with differentc@nnot be achieved without cooperation between both parties;
p, leading to a curve on the utility space, v). We plot seven Such cooperation may be realized by negotiation between the
such curves in Fig. 1, correspondingte 1,2,3,4, 5,6, and7, WO parties or by a third party (e.g., government) arbitration.
respectively. For each) the user chooses an intensityo max- .
imize its utility, such a point corresponds to the tangent point 8 The Cooperative Game
the vertical lines with the curve corresponding:t@onnecting  The cooperative game theory provides guidance to the nego-
these points yields the dashed curve in Fig. 1 representing ttadion or arbitration process. In this approach, the two players,

Furthermore, the optimal solution satisfies
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the ISP and the user, will choose a point on the Pareto boundar 0%

as their solution. On the Pareto boundary, the social welfare de _ :
fined as 08k HOX

S(a) = U(c,oiy) + Ve, )
= )\/0 g(s)a(s)f(s) [1 - e_(“_a)‘)s} ds

0.25F"

0.2 - A /X

is maximized. Note that(«) does not depend on. Thus, >
(dS(e)/da) = 0, on the Pareto boundary. However, the o1s}
leader—follower game solution must sati§f/3a)U(c, «) = 0 :

for a fixedc. Therefore, on this point T
0] i

dS(a d
diy ) = %[U(c, a) + dac] = Ae ook
which is not zero. Thus, the leader—follower game solution : :
cannot be on the Pareto boundary. O o051 o150z  om 03 0
The two players are faced with two main issues: what point
should be chosen as the starting point, and what fairness critefigs. voipy.
should be used. Recall that if the negotiation fails, the starting
point will be picked up as the outcome. Thus, there seem to be IV. MORE EXAMPLES

two natural ways of choosing the starting point. The first one ) . ) ) )
is to pick up the solution of the leader—follower game as the In this section, we provide a few examples for different dis-

starting point of the bargaining problem. This implies that iftheg\'/etizeOI functiong(s) representing some possible applications.

fail in negotiation, the ISP will determine a price. In this cas&Ve Will show that the basic insight remains the same. We begin

with the cooperative game, both the ISP and the user are beft&f Only one application type. In other words, all the requests
off. Another way is to choose the origiid, 0) as the starting "3V€ the same maximal acceptable response 4iaved a user
point. This may happen when either ISP or the user thinks tENSy (With g > ¢) for a successful service. The possible ap-
the leader—follower game gives an unacceptable solution ditfations for this case may be VolIP, which usually has a strict
therefore decides not to have any business if negotiation faff€l2y requirement, and email, which is delay-insensitive. Re-
In this case, the cooperative game solution is fairer than tHHEStS have arrival rate but the user only submits to the
leader—follower one. After the starting point is determined, w@térnetand thup = aA/p. By (3) and (4), the user’s utility is
on!y need to C(_)n_siderthe upper-right quad_rant_ Wit_h the starting Ule, ) = adg [1 _ e—(l—p)u5:| — e (14)
point as the origin. The problem that remains is simply how to
choose a parametg@rto determine the fair point on the Paretdrhe ISP’s utility is
boundary.
For the shape of the Pareto boundary shown in this example, Vie,a) = ae. (15)
the solutions for differeng, —1 < 8 < 1, are very close. Thus, Example 2: In this example, we study three cases witk
we can choose either Nash or Raiffa solution as the solution (1/4),g = 1;s = 4-(1/u), g = 0.5;ands = cc andg = 0.1.
the problem. With the solution to the leader—follower game d%he first two may be viewed as voice applications and the last
the starting point, the Nash solutid® is shown in Fig. 2. To one, email. Since the real value @ill not affect the shape of
show that arbitration is needed to maintain the fair solution, vike curves; here, we just normalize it to be 1. For different prices
consider the following scenario. Suppose poinis the desir- ¢, the user responds with different traffic intensityleading to
able solution (withe = 4 andp = 0.9). Assume that one day, thea curve in the utility space. The curves for the above three cases
user thinks that by reducing its demandgte 0.7 and moving are shown in Figs. 3 to 5, respectively, with the solution for the
the solution point taB, it can get a larger utility and thereforeleader—follower game indicated & and the Nash solution by
it indeed reduces the demand. Noticing this change, the ISP fe-
sponds by increasing the pricede= 5, the solution pointthen  The exact values of the solutions are shown in Table I. For
moves toC'. The user then will reduce further its demands tthe first two cases, both the ISP and the user are better off by
increase its utility. The procedure continues until it reaches thegotiation. The last case is very illustrative: in the leader—fol-
solution to the leader—follower game, i.e., the starting point tdwer game, the ISP can deduct the best profit by charging a high
the cooperative game. price, leaving the user almost no profit at all. This extreme case
We have shown, by a numerical example, that the cooperatieflects the unfairness of the leader—follower rule. Apparently,
game approach, which considers all the possible outcomesofbusiness can be conducted in that way. Therefore, a reason-
a game, provides a clear picture for Internet pricing, and thalble approach is to use the oridi® 0) as the starting point of
cooperation (or arbitration) is needed in order to achieve a bettiee cooperative game. The Nash solution is simply dividing the
and fairer (in a sense) solution. profit between the two parties.
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035 ; ? ; ! ! ’ TABLE |
: : : : : : RESULTS FOREXAMPLE 2
08k e S R SR e _ the leador-follower game solation N
p=1 s g c P U \4 U 14
025 VoIP1 | 2- 4 0.53 | 0.355 | 0.069129 | 0.188150 | 0.105702 | 0.224723
VolP2 | 4-1 | 0.5 ] 0.35 | 0.444 | 0.042585 | 0.155400 | 0.066354 | 0.179169
Email | o {01]01*| 1* 0* 0.1* 0* 0.1*
0.2
* : very close to
>
0.15 TABLE 1l
USER S STRATEGIES(p s, o1 ) GIVEN THE ISP’S PRICES
01 cn cr 0.1 0.2 0.3 0.4
; 0.1 0.55 0.05 - - -
Rl P 0.2 | 0.400.20 | 0.50 0.05 - -
0.3 0.250.40 | 0.450.05 | 0.450.05 -
% 04 0.05 0.55 | 0.25 0.30 | 0.40 0.05 | 0.40 0.05
0.5 0.05 0.55 | 0.05 0.55 | 0.350.05 | 0.350.05
Fig. 4. \olP2.
9 ° 06 | 0.050.55 | 0.050.55 | 0.050.45 | 0.30 0.05
0.7 0.05 0.55 | 0.05 0.55 | 0.050.45 | 0.20 0.05

TABLE Il
USER'S AND THE ISP’SUTILITIES (U, V')

N CH CL 0.1 0.2 0.3 0.4

. 0.1 0.281 0.060 - - -

0.2 0.228 0.100 | 0.222 0.110 - -

0.3 0.193 0.115 | 0.173 0.145 | 0.168 0.150 -

0.4 0.181 0.075 | 0.135 0.160 | 0.124 0.175 | 0.119 0.180
| 0.5 0.176 0.080 | 0.121 0.135 | 0.086 0.190 | 0.081 0.195
0.6 0.171 0.085 | 0.116 0.140 | 0.068 0.165 | 0.048 0.200
0.7 0.166 0.090 | 0.111 0.145 | 0.063 0.170 | 0.024 0.160

rate, is normalized to be 1. Each simulation runs for 100 000
requests. The user’s and the ISP’s utilities are

Ulen,cr,pu,pr) = mprgipu(r < s1) + pprgepr(r < s2)
— WPHCH — PPLCL, (16)
Vew,cr,pu,pL) = ppaca + pprer. (17)

Fig. 5. Email.

In the previous analysis, we simply adopted th
first-in-first-out (FIFO) model. This is the “best effort”
service model of the current Internet. To model other servi
disciplines such as those in DiffServ and IntServ, we investig
priority queueingin this section. The ISP provides two type
of services with two different priorities and prices. Since there
are no formulae for the waiting time distributions for priority
queueing, the results are obtained by simulation. In this section, we will apply the noncooperative game ap-

Example 3: The user has two types of applicationswith=  proach to study the competition between two ISPs, ISP1 and
2-(1/p),n = 1,andsy = 4-(1/p), g2 = 0.5, with type 1 ISP2. This study is based on the simple QoS model proposed in
having a higher priority to be served than type 2 in a nonpréhe previous section. ISP1 provides services with bandwidth
emptive way. Given the traffic intensitigg; andpy of these and charges a prieg, ISP2 withy; and service charge. Let A
two priorities, we find out the distribution of response time be user’s request arrival rate. As discussed in the previous sec-
for these two types of applications by simulation. The servit®n, the requests are characterized by two functigiz$ and

Fables Il and 11l show the user's strategies to maximize its own
&gility given the ISP’s prices and the resulted utilities of the two
rties. Table IV shows the leader—follower game solution and
ash solution. Both parties are better off by cooperation.

V. Two COMPETITIVE ISPs
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TABLE IV We can verify that for fixedv andg3, U/ (c; , ¢2, «v, 3) reaches its
RESULTS FOREXAMPLE 3 maximum if
the leader-follower game solution the Nash solution 1 ifsel,
afs) = ¢ (22)
ca | o | pa | po U v or | po U v 0 otherwise
0604|030} 005]| 0048 | 0.200 | 0.60 | 0.05 { 0.095 | 0.246 1 ifselg
0 otherwise

f(s). When a request with maximal acceptable response timbe idea is, for fixedv and3, the user should submit to ISP1,

s arrives, a user submits it t@; with probability «(s), to 2 who provides services with short response times, those requests
with probability 5(s), and discards a request with probabilitthat have the largest difference of the expected gains between
1 —«f(s) — B(s). The arrival rates t@; andu; aread andgh,  the two ISPs. Now (20) becomes

respectively, where

U(cl,CQ,a,[}) = )\/

Lo,

+ )\/I g(8) f(s) [1 - cf(uzf"”‘)s} ds

3

— alXer — BAes. (24)

o o (s)f(s) |1 — e (m—aX)s| gg
o= [Tawreas, s= [T senes @) o] |
0 0

Let p; = o)X/ andp, = A/ e be the traffic intensities
of the two links. We use,;,i = 1, 2, to denote the numbers of
requests in the two queues apgy,s = 1,2,k = 0,1,2, ..,

to denote the probabilities _that there are = k, requests at becomes: Given pricas andcs, the user choosesand such
these two queues, respectively. Then. = (1 — PIPYE = that (24) is maximized; the two ISPs set their own prices inde-
1,2,k =0,1,.... Letr;,e = 1,2, be the response times in the, o jently, with the hope that they can improve their own utili-
two queues. The probability of > s is ties. The goal of our study is to find the Nash equilibrium points
ofthe game, if any, at which both ISPs cannot change their prices
without cooperation to obtain more utilities. (The problem is ob-
viously a two-person nonzero sum game, for which Nash equi-
librium points may or may not exist. In the following, we will
00 show, by numerical method, that such an equilibrium does exist
Uley, e, 00, 3) = A / g(s)a(s)f(s)[1 — e m=aN3] ds for our example.)
E Even with the exponential functiongs) and f(s), it is still
+ /\/ g(8)B(s)f(s)[1 — e 2= gs  difficult to find out the optimal sets defined above. Thus, we
0 need to resort to numerical approaches. The first step is to find

With the above formulation, the problem for this two-ISP case

plr; > s) = e~ rnis, i=1,2. (29)

The user’s utility is

—adey — e (20)  the functions(s) ands(s) for a fixed pair ofa ands that yield
o the best utility (24) for the user. It is obvious that with fixad
The ISPs’ utilities are andg, we only need to maximize the sum of the two integrals in

(20). Next, we observe that because the expected gain is always
Viler, e2,a,3) = ader, Va(er,e2,0,8) = BAca - (21) positive, the equality in constraints (18) can be changed to “less
than or equal to.” The problem becomes to optimize

hi(s) = g(s) [1 — 6_(“1—‘”‘)5} /0 h a(s)g(s)f(s) [1 - :(m—a»s} ds
ha(s) = g(s) [1 - e‘(ﬂz—,@)\)s} : + /0 B(s)g(s)f(s) [1 _ 6—<H2—m>s} ds

Let

For the sake of discussion, we assume that oA > o — A, subject to
Thus,h1(s) > ho(s) forall s > 0. Let - -
) ds < «, 3 ds < 3.
I(s) = hu(s) — ha(s) = g(s)[c~ = —FN5 _ ~m—aNs] /0 ) f{s)ds < /0 Blo)fls)ds <
To analyze numerically, we dividé, o) into small intervals
and approximate the integrals by summations.Adte a small
positive number andV be a large integer such that the expected

gains fors > NA are negligible. Foi = 1,2, ..., N, define
LNl =0; /1 f(s)ds =« ’ f(s)ds = ; si = iA, z; = als;), yi = B(s;), and
o pl

h(s) > h(s"), if s € I, ands’ € I

For any fixedo and 3, we definel,, andi; as the two subsets
of [0, o0) satisfying

ai = g(si) f(s1) [1 — e~ o]

hi(s) > hi(s'),  ifselzands ¢ 1,U I, bi = g(si)f(si) [1 - 6_(”2_“)5{} 6= f(si)

and
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TABLE V TABLE VII
ISP1'S UTILITIES IN EXAMPLE 4 USER S UTILITIES IN EXAMPLE 4
cz ¢ | 4.00 | 5.00 | 6.00 | 7.00 | 8.00 cz ¢ | 4.00 | 5.00 [ 6.00 | 7.00 [8.00
4.00 | 3600 | 4600 | 3600 | 2100 | 800 4.00 | 6601 | 5782 | 5084 | 4622 | 4454
5.00 | 3600 | 4250 | 3600 | 2100 | 800 5.00 | 5782 | 4882 | 4184 | 3722 | 3554
6.00 | 3600 | 4500 | 4500 | 2100 [ 800 6.00 | 5084 | 4184 | 3284 | 2822 | 2654
7.00 | 3600 | 4500 | 5400 | 4200 | 800 7.00 | 4622 | 3722 | 2822 | 1922 | 1754
8.00 | 3600 | 4500 | 5400 | 6300 | 3600 8.00 | 4454 | 3554 | 2654 | 1754 | 881
TABLE VI andc; = 6.00 and that for ISP2 witle; = 6.00 andc, = 5.00
ISP2's UTILITIES IN EXAMPLE 4 have the same value of 4500. Therefore, if ISP1 cuts its price
to ¢ = 5.00 because it thinks that it can still maintain the
cg e | 400 15.00 | 6.00 | 7.00 | 8.00 same utility 4500, then the point will move tg = 5.00 and
4.00 | 3600 | 3600 | 3600 | 3600 | 3600 ce = 6.00, at_whlc_h ISP2 only get_s 3600. This will fo_r_ce_ISPZ
also reduce its price te, = 5.00, i.e., the Nash equilibrium.
5.00 | 4000 | 4250 | 4500 | 4500 | 4500 We can see that; = ¢, = 6.00 is not a stable point. However,
6.00 | 3600 | 3600 | 4500 | 5400 | 5400 if the two ISPs. wo.rl.< .in cooperation., Fhey may try tq .maximize
the sum of their utilities and then divide the total utility among
7.00 | 2100 | 2100 | 2100 | 4200 | 6300 themselves. Then the maximum is obtained,at ¢; = 6.00.
This shows that in this two-person game case, cooperation is
800 | 800 | 800 | 800 ]800 | 3600 also better for both ISPs. Of course, the utility of the user de-
creases.
] o The numerical results show that the probabilitiesand y;
Then for any fixedv andg3, the optimization problem becomes, .« indeed either 0 or 1. 0
a standard linear programming (LP) problem: To maximize Finally, there are2V' variables in the LP problem. IV is
N large, the problem may be computationally complicated. For-
Z(“ixi + i) (25) Funately, the functiong(s) and g(s) are usually smooth,_ and
P in many cases even may take only a few values. The siZe of
_ thus depends largely dn- e~ (#1=2Ns gandl — ¢~ (#2075 Ag
subject to shown in the exampley = 1000 already leads to a good solu-

tion. Therefore, the LP approach is computationally feasible for

20, %20, zi+y <1 (26)  practical implementation.

al @ al 3
2@“ SN 2% = /Z 27) VI. DISCUSSION ANDCONCLUSION
o ] In this paper, we proposed a cooperative game approach to
a; andy; are the probabilities that the user submits the requggfernet pricing. With a simple QoS model, we demonstrated
with maximum acceptable response timelo ISP1 and ISP2, that the leader—follower game may lead to a solution that is not
respectively. We illustrate the idea with an example. _ Pareto optimal and in some sense may be unfair, and the coop-
Example 4: We study the two-ISP case. Both ISPs providgrative approach can provide a better solution. The cooperative
Internet services with the same bandwidth of 1000_packet/s; %Ejme approach between the ISP and the user is usually difficult
g(s) = 107> and f(s) = ¢~*. We apply the linear pro- {4 maintain. The practical implication is that some regulations
gramming (26)—(27) and chooge = 0.0046 and ' = 1000. oy arpitration will be helpful for reaching a fairer and more effi-
With these values, the gains fer> NA are less than 0.1% of ¢jent solution. We also applied the QoS model to study the com-
the maximum gain. Tables V and V! list the two ISPs’ utilitieg,etition between two ISPs in a numerical example and found
under different prices, and Table VIl lists the user’s utilities. the Nash equilibrium point from which the two 1SPs would not
From Tables V and VI, withe; = 5.00 andcz = 5.00,  move without cooperation (a rigorous study is needed). The pro-
the utilities for both ISPs are 4250. Furthermore, if each 'S&)sed approaches can be applied to other Internet pricing prob-

changes its price individually, its utility will be reduced. That isbems, such as the PMP scheme; see [13] for problem description
no ISP has any incentive to move away from this price withoyt,q [3] for a game-theory-based study.

the cooperation of the other. Therefotg, = ¢ = 5.00 is a
Nash equilibrium.

It is interesting to note that the point = ¢ = 6.00, with ) L o

ilities for both bei h imil [1] N. Anerousis and A. Lazar, “A framework for pricing virtual circuit and
utilities for _Ot ISP_S eing 4500, _a_-S a similar pr_operty. How- virtual path services in ATM networks,” iRroc. ITC 15 V. Ramaswami
ever, there is one difference: the utility for ISP1 with= 5.00 and P. E. Wirth, Eds., 1997, pp. 791-802.
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