Telecommun Syst
DOI 10.1007/s11235-010-9306-2

Pricing under information asymmetry for a large population

of users

Hongxia Shen - Tamer Basar

© Springer Science+Business Media, LLC 2010

Abstract In this paper, we study optimal nonlinear pricing
policy design for a monopolistic network service provider
in the face of a large population of users of different types
described by a given probability distribution. In an earlier
work (Shen and Bagar in IEEE J. Sel. Areas Commun.
25(6):1216-1223, 2007), we had considered games with
symmetric information, in the sense that either users’ true
types are public information available to all parties, or each
user’s true type is private information known only to that
user. In this paper, we study the intermediate case with in-
formation asymmetry; that is, users’ true types are shared in-
formation among the users themselves, but are not disclosed
to the service provider. The problem can be formulated as
an incentive-design problem, for which an e-team optimal
incentive (pricing) policy has been obtained, which almost
achieves Pareto optimality for the service provider. A com-
parative study between games with information symmetry
and asymmetry are conducted as well to evaluate the service
provider’s game preferences.
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1 Introduction

In recent years, pricing has been increasingly studied for
communication networks, with one reason being that pric-
ing can help alleviate congestion. In such a context, prices
are essentially used as control signals from network service
providers to users for them to adjust their usage of band-
width (that is, their flows) accordingly. This can be referred
to as passive pricing, and the work in [2] has stimulated
much research in this direction, such as in [3, 4], and [5].
On the other hand, one can have strategic or active pricing,
as considered in this paper, where prices are charged by net-
work service providers to users in order to generate the max-
imal profits (which are equivalent to revenues here, since we
assume that the costs are negligible or fixed). Examples of
studies in this direction include [6] and [7].

In the context of active pricing, a hierarchical Stack-
elberg (leader-follower) game framework was proposed in
[8] to study the interaction between profit-maximizing ser-
vice providers and utility-maximizing users. Like most other
works in the communication network pricing literature, [8]
dealt with linear pricing, where what service providers an-
nounce to users are prices per unit flow which are fixed (i.e.,
without quantity discounts). In [9] and [1], we extended the
framework, with a monopolistic network service provider,
from linear pricing to general nonlinear pricing, where there
may exist quantity discounts, such that the charge to a user
may be a nonlinear function of the user’s flow. In this con-
text, the underlying game becomes a reverse Stackelberg
game, where the service provider first needs to obtain the
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team solution (i.e., the action outcomes of users that jointly
maximize the profit, under some realistic constraints), and
then solve the incentive-design problem for the optimal in-
centive policy (i.e., nonlinear pricing policy) such that the
team solution is achieved. Precise definitions and details of
the general approach can be found in these two references.
Particularly, in [9], a single user case was studied to illus-
trate the concept of nonlinear pricing, and in [1] the other
extreme case of a large number of users was considered. We
were interested in this asymptotic case because first, it al-
lows derivation of analytical results, and second, practical
communication networks generally feature a large user pop-
ulation.

Also, in [9] and [1], we assumed that each user may be
stochastically of different true types, each different type cor-
responding to a different utility function, and considered the
complete information game, where each user’s true type is
public information available to all parties, as well as the in-
complete information game, where each user’s true type is
private information known to that user only. For the case
of multiple users, we can of course also have the inter-
mediate game where there is information asymmetry be-
tween the service provider and the users, so that a user’s
true type is shared information available to all users, but
not to the service provider. The above assumption be-
comes reasonable when it is the case that the service
provider needs to announce his pricing policy at the be-
ginning of the game only with the knowledge of users’
distribution, while users are allowed to play the nonco-
operative game repeatedly to figure out each other’s true
type. This game was called the partially incomplete in-
formation game in [10], which is different from the com-
plete information game and the incomplete information
game (called fotally incomplete information game, for dis-
tinction) studied in [1]. The work [10] considered lin-
ear pricing, and here we extend the study to nonlinear
pricing.

Specifically, we consider in this paper optimal nonlin-
ear pricing policy design for a monopolistic network ser-
vice provider in the face of a large number of users un-
der partially incomplete information, and compare the re-
sults with those obtained in [1] for the other two classes
of games with information symmetry. Comparison of non-
linear pricing with linear pricing for the three classes of
games is briefly discussed as well; full details can be found
in[11].

The rest of the paper is organized as follows. We first in-
troduce the problem and reproduce some results of [1] in
the next section. Then, in Sect. 3, which is the main part
of this work, we derive e-optimal nonlinear pricing policies
under information asymmetry (i.e., under partially incom-
plete information). Following that, results are compared for
the three classes of games in Sect. 4, and finally the paper
concludes in Sect. 5.
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2 Pricing under information symmetry

Denote the set of users by N := {1, ..., n}. Following the
model of [8], we formulate the net utility of User i as

Fu; (xi, X5 r) = w; log(1 + x;) —
n—Xx; —X_;

—ri, (D

for 0 <x; <n—x_;, i €N, where x; is User i’s flow,
X_j = {xj}jen,j=i 1s the set of all the other users’ flows,
X_j:i= ZjeN xj — x;, and r; is the total charge to User i by
the service provider, which is allowed to depend nonlinearly
on x;. Also, let x := Zjeij =x;+x_;andx:= {x;}en.
In (1), the first term captures the user’s utility for flow, which
is taken to be logarithmic, with w; a user-specific parame-
ter, called the type of the user. The second term is the con-
gestion cost, which captures the delay in the framework of
an M/M/1 queue modeling of a link of capacity n.! While
each user tries to maximize his net utility by choosing his
flow (taking the pricing policy and the other users’ flows as
given), the service provider needs to design optimal pricing
policies (whose structures are delineated below) such that
his profit, 7 := ZjeN r;, is maximized.

Let w:={w;}jen be the set of all the users’ true types,
and way = ) ey wj/n. For user i, w_j :={w;}jen,ji
is the set of all the other users’ true types. In the complete
information game, w is public information available to all
parties, including the users and the service provider. In the
partially incomplete information game, w is known to the
users, but not to the service provider. In the totally incom-
plete information game, each user’s true type is private in-
formation to himself; thus, User i does not know w_j, for
i € N, and the service provider does not know w. For all
cases, we assume that statistical information on w is avail-
able and is common information to all parties. Furthermore,
users are independently and identically distributed regarding
their types. Suppose that for any user, there are m possible
types, whose set is {wl}leM, where M :={1,...,m}. The
user’s type is w' with probability g; for [ € M, where ¢; > 0
and ) ;.5 q1 = 1. Without loss of generality, assume that
w>-o>w" > 0.

2.1 Complete information

In the complete information game, w is known to all the
players and hence no statistical information is necessary.
Since the service provider knows w, he can charge users
differentially according to their true types. In order to obtain

IWe can see that the service provider increases the link capacity in
proportion to the number of users. In [8], a more general link capac-
ity nc, where ¢ > 0 is the per user capacity, was considered. Here we
only study the special case with ¢ = 1, and leave the extension to more
general ¢ to future work.
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the optimal incentive policy, he needs to compute the team
solution first, which is the action outcome that maximizes
his profit:

(G (W), rf (W) lien = argmax Y rj,
{(xiri)lien jeN

subject to

le‘(-xivx—i;ri)ZFwi(OaX—i;O)9 ZEN» (2)

xi>0, r;>0, ieN; Exj<n.
JjeN

Note that ; should be 0 for x; = 0, and (2) is the individ-
ual rationality constraint, which guarantees that the users are
not worse off by participating. It was obtained in [1] that
for finite but large n, the asymptotic team-optimal flows and
charges are

KW ~ 221wy ) ~ wi log (i’””) ,

av av

fori € N, if and only if
w; > % VieN, 3)

and the resulting team-optimal total profit is

fCl(w)(n) ~ Z w;log <2wj) > wgy (log2)n, “4)

w
jeN

where the equality holds if and only if w; = wy, for all
ieN.

Having obtained the team solution, the next step would
be to design a pricing policy for each user, r; = y;(x;), that
solves the following incentive-design problem, under which
individual users’ utility maximizing responses lead to the
team solution computed above; that is, fori € N,

xCwy= argmax  Fy, (5, XSS W) yi(x)),  (5)
x;:0<x; <n7xff (W)

yi(xCtwy) =rf(w), (©6)

¥i(0) = 0. (7

If there exists a solution to (5)—(7), which is then denoted
by {yl.c’ (W)}ien, we say that the incentive-design problem
is incentive controllable. It was shown in [1] that the prob-
lem is actually not incentive controllable; rather, we can find
{int €(w)};eny which makes the service provider come arbi-
trarily close to (within ¢ of) the team-optimal profit, and so
the problem is e-incentive controllable.

2.2 Totally incomplete information

With totally incomplete information, the service provider
only has statistical information on w. Thus, his objective is
to maximize the expected total profit. Also, he cannot have
price discrimination for different users according to their
true types, which means that he should have the same pric-
ing policy for all users. As a result, the team solution is the
same for all the users, which consists of m optimal flow-
charge pairs, one pair for each possible user type, such that
the expected profit is maximized. Thus, we can formulate
the team problem as follows:

(T T Yem = argmax n ) qir',
{LrDYem  1em

subject to
F x x> Fw'!, 0,0 (x4, 1eM; (8)
F' ol (i = Fa' 5k b ),

lL,keM, | +#k; )

05x1<1, rle, leM,

where F(w, x, r; {y"}) is defined as

n—1
Z {(H‘]li>Fw(Xv{y1[}?_1l;r)]-

{1[}?;116Mn—1 i=1

Here, we require xl<lforlieM , because in any case the
total flow cannot exceed the total capacity n for the conges-
tion cost in (1) to be well defined. Constraint (8) is the in-
dividual rationality constraint, which again guarantees that
users are not worse off by participating. In addition, for in-
complete information, we need (9) to induce any user with
a certain type to choose the flow-charge pair desired for this
type, which is called “self selection” (see [12, p. 442], [13]).
Note that the individual rationality constraint is also a spe-
cial kind of self-selection constraint. Also, the constraints
(8) and (9) are based on the expected net utility for a user,
F, since he does not know the true types of the other n — 1
users. In [1], a near-optimal asymptotic team solution was
obtained as follows:

leMy: #T'=1-5, #T" =whlog2-9);

leMp: T'=0, #T"=o,
where
k
I, = min argmaqulwk , (10)
kkeM —4
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My ={1,.... I}, M ={l +1,...,m}, and § = an" for
some a > 0 and 0 < b < 1. For this near-optimal team so-
lution, the resulting expected profit for the service provider
approaches the team-optimal expected profit in the asymp-
totic case, which is?

i ny=n Y qu'log2. (11)
IEMH

Next, the incentive-design problem is to find a common
incentive function for all users, y, such that

KT =argmax F(w', x, y (x); {x"T'}), leM; (12)
x:x>0

v =T 1em; (13)

y(0)=0. (14)

If there exists a solution to (12)—(14), which we then denote
by y 7!, we say that the incentive-design problem is incen-
tive controllable. Again, we showed in [1] that the problem
is in fact e-incentive controllable by obtaining an e-team op-
timal incentive policy 77¢, which almost achieves the near-

optimal asymptotic team solution.

3 Pricing under partially incomplete information

Having reviewed the relevant solutions in the two extreme
cases with information symmetry, we now turn to the prob-
lem of optimal nonlinear pricing policy design for the par-
tially incomplete information game. We first formulate the
team problem and the incentive-design problem, and subse-
quently solve these two problems.

3.1 Incentive-design problem formulation

In the partially incomplete information game, the service
provider does not know w, which is however known to the
users. Thus, in order to find the team solution which maxi-
mizes the expected profit, the service provider needs to con-
sider all possible values of w. In other words, suppose that
User i’s type is w; = wli, where I; € M; then 1 := {lj}jen
can take any value from M". Therefore, the team solution
consists of n x m" flow-charge pairs, with one pair for each
user, and totally n pairs for each possible value of 1, such that
the expected profit is maximized. This team problem can be
formulated as follows:

HEP PO Y ien hemn

=  argmax Z (H qu> Zr;, (15)

{GrhYien hemn 1emr NjeN jeN

ZFor the asymptotic case where the number of users n gets large, the
expected number of users with the type w! is ng; for I € M.
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subject to

Fichx e > Fi0,x 5 0),

—i> '

ieN,leM"; (16)

l.k)’

1 1 .1 k
Fou (e, x2sr) > F (xj S St

i,jeN, LkeM";
)

'>0, rl=0, Y al<n ienN, lem"
JEN

Note that (16) is the individual rationality constraint, which
guarantees that the users are not worse off by participating,
and (17) is the self-selection constraint, which means that
given a certain value of 1, a user should choose the flow-
charge pair desired for him in this case.

Assume that a team-optimal solution exists. Then, the in-
centive-design problem is to find a common incentive func-
tion, y, for all users, since the service provider cannot dif-
ferentiate between users according to their types, such that
for any 1, any user’s net utility is maximized at the team so-
lution. This problem can be formulated as follows:

xl!Ptz argmax F;; (x,xlf;’;y(x)), ieN,leM";
x:0§x<n—xlj’
(18)
y(x}Pt):rl.lPt, ieN,le M (19)
y(0)=0. (20

If there exists a solution to (18)—(20), which is then denoted
by ¥, we say that the incentive-design problem is incen-
tive controllable.

We have thus completed the formulation of the team
problem, given by (15)—(17), and the incentive-design prob-
lem, given by (18)—(20), for the partially incomplete infor-
mation game. However, these two problems become intract-
able as n — o0, for the asymptotic case which is of particu-
lar interest to us, since the dimension of the set of possible
I’s, M", approaches infinity in this case. Therefore, in the
following, we provide a simplified problem formulation for
the asymptotic case. Note that as n — oo, since users are
independently and identically distributed in terms of their
types, by the Strong Law of Large Numbers [14, p. 48], with
probability 1, the fraction of those users whose types are w'
approaches g; for [ € M. In view of this, we make the fol-
lowing assumption:

Assumption 1 For the asymptotic case with partially in-
complete information, the service provider assumes that the
number of users whose types are w' is ng;, for [ € M, and
can maximize his profit based on this assumption.

Then, under Assumption 1, the problem formulation for
the team solution can be simplified such that the service
provider only needs to find m flow-charge pairs, one pair
for each type, which maximize the total profit. Again, we
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take n as a parameter for the asymptotic case, and the team

solution can be expressed as follows:>
(&P, P ) hiew = argmax n Y qir, @1)
(L rDYem  Jem
subject to
F, <xl, n Z qhxh— xl; rl>
heM
> F, <O,n thxh—xl;O), leM; (22)
heM
F, <xl, n Z qhxh — xl; rl>
heM

> Fy (xk,n Y anx"—x'; r"), LkeM, 1 #k (23)
heM

leO, rlZO, leM,; Zq1x1<1.
leM

Assume that a solution to (21)—(23) exists. Then, the incen-
tive-design problem is to find a common incentive function,
y, for all users, such that those users whose types are w'
get the maximal net utilities at (x'**(n), r'**(n)), forl € M,
which can be formulated as follows:

xP(n) = Fo (e, x7 P (m); y (x)),

argmax
x:0<x<n—x—1Pt(n)

leM: (24)

y &Py =r'P'(n), e M; (25)

y(0) =0, (26)

where x P (n) == n 3", 4y qux"F (n) — x'P1(n). If there
exists a solution to (24)—(26), which is then denoted by
y 1 (n), we say that the incentive-design problem is incen-
tive controllable.

Actually, we can further simplify the problem formula-
tion under the following assumption:

Assumption 2 As n — oo, for (22), (23) and (24), assume

that

li ! 0, LLkeM
im =0, I, .

n=o0on —ny oy qnx" + xt — xk

In other words, the congestion cost tends to zero, and thus
can be neglected, for the asymptotic case with partially in-
complete information.

3For the convenience of notation here, we have modified slightly the
form of F given in (1), such that F,, (x;, x_;; r;) := w; log(1 + x;) —
(n — x; —x,i)_l —ri,forO<x; <nmn—x_;.

Later, we will see in (74) that Assumption 2 is satisfied
by the solution obtained. Note that in our model, the ser-
vice provider increases the link capacity in proportion to the
number of users. Thus even though the population gets large
in the asymptotic case, a large network capacity would still
make the congestion cost tend to zero. Under Assumption 2,
the associated team problem, (21)—(23), can be further sim-
plified as

(EPL P e = argmax n ) qir, 27)
(Lrhem  em
subject to
Fa(x'rhy>Fu0;0), leM; (28)
Faahry=FaGk b, LkeM, 1#k; (29)
=0, =0 leM; ) qx' <1, (30)
leM

where I:"w(x; r) ;= wlog(l + x) — r. Then, the incentive-
design problem, (24)—(26), can be expressed as

P

P = argmax F i (x; y(x)), [e€M; (31)
x:x>0

7/()ElPt) :;:ZPI, leM:; (32)

y(0)=0. (33)

If the problem is incentive controllable, then the solution is
denoted by 7 7.

3.2 Team solution
3.2.1 Optimization problem decomposition

Next, we solve (27)—(30) for the asymptotic team solution.
As in the case of the single user with incomplete informa-
tion, we decompose the problem such that the optimal flows
can be obtained first, followed by the optimal charges. First
we have the following two lemmas, followed by two propo-
sitions, leading to the main result captured in Theorem 1.

Lemmal P >...> gmPt

Proof Fix any [,k € M such that [ < k. By assump-
tion, w! > wX. From (29), sz (! rly > Fw/(xk; r¥), and
I:"wk (x5 rky > ka (x'; r'). By summing the two inequali-
ties and rearranging the terms, we obtain (w! — w®)[log(1 +
x') —log(1 + x*)] > 0, which implies x’ > x*. O

Lemma 2 Suppose that (29) holds. If (28) holds for | =m,
then it automatically holds for 1 € M\{m}.
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Proof Fix any [,k € M and | < k. By assumption, w! >

wk. Thus, sz(xk; rk) > ka(xk; rk). Then, 1:"w1 (xl; rl) >
F i (x*; %) from (29). Note that F,; (0; 0) = F,« (0; 0) = 0.
Thus, if (28) holds for k, it also holds for /. Finally, we only
need (28) to hold for m. O

Proposition 1 The optimization problem for the asymptotic
team solution, (27)—(30), is equivalent to the following opti-
mization problem:

maxn Z qlrl

leM
subject to
x> = X" >0 (34)
quxl <1 35)
leM
rl>0, leM; (36)
r'"™ <w™log(l + x™); (37)
1+x! 14!

1+1 l 1+1 l
w 1 W <r —r <w log W,

l € M\{m}. (38)

Proof Expressions (34)—(36) come directly from (30) and
Lemma 1. By Lemma 2, (28) can be written as (37). Next,
we prove that (29) can be written as (38). Fix [, k and
h € M such that [ < k < h. By assumption, w' > w* >
wh, By (34), x! > xk > xh. Suppose that sz (xl;r’) >
I:"wz (x*; ¥k and ka (x*; rky > I:"wk(xh; ™). Summing the
second inequality with (wl — wk) log(1 + xk) > (wl —
wk) log(1 + xh), which comes from w' > w* and x* > x",
we get Fi (x%; rk) > F, i (x"; ). Therefore, F,i(x'; r') >
ﬁw’ (x"; "), which means that if (29) holds for the pairs
(I, k) and (k, h), then it is also satisfied for the pair (/, h).
One the other hand, suppose that ﬁwh (xh; rh) > th (xk; rk)
and ﬁwk (xk; rky > ﬁwk (s rh. Adding the second inequal-
ity with

—(wk - wh)log(l + x5y > —(wk - wh)log(l +x1),

k l

which comes from w¥ > w” and x* <x!, we get th (xk; rk)
> Fn(x'; rl). Therefore, F,u (x"; ") > F i (x'; '), which
means that if (29) holds for the pairs (k, k) and (k, 1), then
it must also hold for the pair (%, ). In conclusion, (29) can
be reduced to

I T N NS Gy NS )
FaGxhry=Fux™ ),

Fpn ™y > Foa sy, 1e M\{m),

which can equivalently be written as (38). O

@ Springer

Obviously, to maximize nY_;_,, ¢ir!, r™ should equal
the upper bound in (37), and ! — r/~! should equal the up-
per bound in (38), for [ € M\{m}, such that r’s take the
largest possible values. It can be easily seen that these val-
ues satisfy (36). Thus, we have the following proposition as
a direct result of Proposition 1, whose proof is omitted here:

Proposition 2 The optimization problem for the asymptotic
team solution, (27)—(30), is equivalent to

maxn Z qr!

leM
subject to
xl ==X >0 (39)
> aqx! < 1; (40)
leM
r'"™ =w"log(1 + x™); 41
m
rl=w! log(1 +xl) — Z (wk_l — wk)log(l —i—xk),
k=I+1
[ € M\{m}. (42)

Immediately from Proposition 2, the team solution can
be decomposed as follows:

Theorem 1 The optimization problem for the asymptotic t-
eam solution, (27)—(30), can be decomposed, such that the
optimal flows can be obtained from the following problem

first:

~P
arg max nrg,, (43)
W hiemx! = =xm =0

s.1. quxl <1,

leM

~IP
{x t}leM =

(44)

where q; := Zﬁc:l qi forl e M, Go:=0, w° :=0, and

R = (@G@w' = goiw' ™) log(l +x').
leM

Then, the optimal charges, {F“D "Vem, can be calculated
from the optimal flows, {)?“D’}leM, by (41) and (42).

3.2.2 Asymptotic optimal flows with relaxed constraint

We first solve (43) and (44) for the asymptotic optimal
flows. For the convenience of applying the Lagrange mul-
tiplier method [15][16], here we first relax the constraint
(44) to Zle M qlxl <1 and it can be seen later that the at-
tained near-optimal solution actually satisfies the strict in-
equality in (44). Also, let y” = x™, and y! = x! — x/*! for
[ € M\{m}, or equivalently, x' = Yo, yk for I € M. Then,
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the constraint x! > -+ > x™ > () becomes yl >0forleM,
and (43) and (44) can be rewritten as

max  nil
{y':y!>0)em
st. Y any' <1,
leM
where
m
f;;=z@wf—@_lwf—lnog(wzyk).
leM k=1

Now, for some A > 0, define the Lagrangian function

LG ..y a) =7k —k(ztﬁyl - 1)-

leM

Then, we find that the optimal solution must satisfy

0
— LY.y
o] (y YA

Lrz b = h—1
hW" — gp—1W
:Z[‘I 1+£m o _Aqh]go, leM; (45
h=1 k=h

l 0 1 m

y -a—y,L(y, LY =0, leM; (46)

(Zan' 1) =0 @

A>0. (48)

It can be easily seen that dL(y!, ..., y"; 1)/dy! > 0if A =
0, which contradicts (45). Thus, we must have A > 0, and
(47) and (48) can be revised to

dYoay'=1 y=0leM: r>o0. (49)
leM
Let {l1,...,lx} be a subset of M, suchthat 1 </} <--- <

Ik <m, ylk > 0 for k = 1,...,K,andylzoforanyother
I € M. Note that {/1, ..., g} is the set of indices for strictly
positive y'’s and its determination will be discussed in more
detail in 3.2.3. Define [y := 0. Then, for ylk, k=1,...,K,
(45), (46) and (49) can be reduced to

= ol =~ Li—
q[kwk —fIIk,lw" !

- Mgy —q,_)=0, k=1,....K;
L4 3 g i 0
K
Z%Ylk:l: yE>0,k=1,...,K; 1>0. (51)
k=1

By (50),

K - _

I _ 9k wh — gy wi!
Zy = )»(_ _ 5 ) -1
h—k qii qli_y

and thus

= 1) = I = / p I
ylk_ 1<qh<wk —qp_wt! _ Glyyy W _thw]‘>

A qlk - Cflk_l 671,(+1 - élk
k=1,...,K —1; (53)
1 qew's — g w'k=1
ylk = _. qix _ ‘11_1(71 -1 (54)
A qix —4qlx_,

Also, by substituting (52) into (51), we get

K K K
1= "gy=>" (Z y“f) G — i)
1 _
= Sdix w'® — g,
and thus
- IK
U (55)
1+ qll(

Obviously, A > 0. From (53) and (54), we need the following
to hold for y* > 0,k=1,...,K:

= ol = Ik P l =
QIkwk —Cllk,lwk ! - qlk+1wk+l —fIIkw"

)

ql, — élkfl q_lk+1 - élk
k=1,...,K —1; (56)
g 0 g 7
1+ QIK 1+ C?ZK,I

Now for I € M\{l1,...,Ig}, y' =0, and thus we only need
(45) to hold for these y!’s. Given the fact that the equal-
ity holds for (45) when [ =[;_; for k =1, ..., K, then for
lr—1 <1 <, (45) can be reduced to

1 _ - _
Qhwh - Clh—lwh !
> — A

K I:
Pl I D Dy

Sl — 4 li—1

qw qix_ W —_ _
=——x 7 M@ —q,._)=0.

T4+ iy

Combining this with (52), we get

q_l wl - élkfl wlk71 < élk wlk - élk,l wll‘;l
él - q1k71 - élk - élk,l
k1 <l<lg, k=1,...,K. (58)

)
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Also, since the equality holds for (45) when [ = Ig, for [x <
[ <m, (45) can be reduced to

[

> [Q_hwh —gnaw" ' = Mlh]
h=lg+1

= (G’ — Giew'®) — MG — Gig) < 0.

Combining this with (55), we obtain

= ol = ol
WY I g <i<m. (59)
L+q = 1+qi

Now, having obtained the optimal y'’s, we go back to
compute x’s. Recall that x' = >}, y* for I € M. There-
fore, from (52) and (55),

= P ) = Ij—
1 lk_1+qlK.qlkwk_qlk—lwk]

X =ah =y - — -1,
qigwk qic — 4y
Ly <l<L, k=1,...,K; (60)
=0, Ix<l<m. 61)

In conclusion, the asymptotic optimal flows with the relaxed
constraint ) ;,, qix! <1 are given in (60) and (61), with
(56)—(59) being the necessary and sufficient condition for
optimality.

3.2.3 An inductive method for {l1, ..., I}

Now, we discuss the determination of the set {/{,...,Ix}.
We first recap the necessary and sufficient conditions cap-
tured in (56)—(59) in the following proposition, and then
summarize the condition as (70) and (71) with clear mean-
ings that can be used to determine {/1, ..., I} inductively.

Proposition 3 The conditions for {1, .
are equivalent to

. Ik}, (56)—(59),

Qle - (M,l wlk71 < Cilk wlk - élk,l wlkil

s

q_l - élkfl QIk - q_lk—l
o1 <l<ly, k=1,...,K; (62)
‘ilwl - @kflwlk_l - qr, wh — ‘ilkflwlk_l
Lil - qlkq lek - qlk—l ’
h<l<m, k=1,...,K; (63)
Qe W Gew's (64)
1 +('ilk_| 1 +qll( ’
= ol = 15%
w w
aw_ _ AU i <m. (65)

I+q — 1+q
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Proof First, suppose that (56)—(59) hold. We want to prove
that (62)—(65) hold as well. Note that (62), (64) and (65) are
just (58), (57) and (59), respectively. Thus, we only need to
prove (63). For [y <l <m,k=1,..., K, we discuss this for
different cases of /. If I, <[ <[, forsome h, k <h <K,
then from (56), we can deduce

= o = I ~ L = '
quyw) =y wi Gyt = gy wh

= = - — , J>k.
qu _qu—l qi, — 9l

Also, by (58),

= anl P Iy— P ) p Ih—
qw _CIlh,lwh 1 - Cllhwh_QIh,lwh 1

‘il - 6711171 51;, - 51;,,1
= I} = li—
qlkwk _CIlk,lwk !
< — — .
ql, — 9l
Thus,

ql wl - Cflk,l wlk71
él - qlk_]
- _ h—1,- . _ .
grw' — g, wh-1 4 > ik (quwz, —qi;_, whi-1)

_ _ h—1, - _
qi — qi,_, + ijk(qu - qu—l)

7ok — g lj—1
qpw* —qn_w
< 2k k-1 _

élk - élk,l

The other possible case is [k <! <m. By (59),

qw' — g wlk <671leK
a—q  qig

On the other hand, by (57),

= 1 = 1 = 1 p ) P lg_
Gw —quwr _ qwr - qug W —qrg_wk-!

— <= - - . (66)
qi — C]lK CIIK C]IK - qlK,1
which implies *
Jwl —a k-1
w w
QI _ Cllf,l (67)
qi — q[k,1
_ G S @t g e
= —— T -
G — i + 25—y — i)
5wk — 5 lk—1
w w
< qi 9l - (69)

élk - Cflk,l
Finally, we conclude that (63) holds.
“4The only exception happens when Ix = 1. For this case, the last two

terms in (66) are actually equal. However, since w! is larger than all
the other w'’s by assumption, we can still verify (69).



Pricing under information asymmetry for a large population of users

For the reverse direction, suppose that (62)—(65) hold.
Then, we only need to prove (56). By (63),

qi, whk — Gl whk-1

élk - qlk,1

= I} = li—
- Gl W = gp_ w!

Q1 — iy

= I} = 1} = I} = li—
_ Qi W — grw* + grw* — qp_ wk!

a Gy — G+ n — Qi

fork=1,..., K — 1, which immediately implies (56). [

Based on Proposition 3, now we can determine /;’s in-
ductively. Recall that [y = 0, 7o = 0 and w® = 0. Then, given
lkg—1,k=1,..., K, by (62) and (63),

élwl - C?lk_l wlk71
argmax ———————
Llg_1<l<m qr — qi,_,

k=1,....K. (70)

[y = max

We have one remark here: It can be easily seen that /1 =1,
since w! > ... > w™ > 0 by assumption. Next, we check
whether [; satisfies (64) and (65) or not. If that is the case,
then k = K and we stop; otherwise, we proceed to determine
lx+1 by (70). Actually, we have the following expression
for lg:

Proposition 4 [x can be determined as follows:

S |
ki } 1)
14+ q

lx =min {argmax
l:leM

Proof Let [ := min{arg max,;,qw'/(1 + g;)}. Obviously,
we must have [g > 1, since otherwise (65) cannot be satis-
fied. Next, we show g = [. First, suppose that I =1. Given
lp = 0, we have verified that /; = 1 by (62) and (63), or
equivalently, by (70). Since [ = 1, according to the defini-
tion of I, (64) and (65) also hold for /; = 1. Therefore, K = 1
and g =1, =1 = 1. On the other hand, if / > 1, then given
1<l <, according to the definition of I

- L - 7
0< qlk_llf)k 1 q,-wi )
I+ gy, 1+gj
which implies
q_iwl - qlk—l w1 ‘b’wl
45 — qi L+q;

Then for [ > [, again by the definition of /,

qw' gjw'

and thus
grw' — g - gw' g’ =g, wh
a—q ~ 1+gq 47 — 91,
Therefore,
' =gy wht g’ — gt + g’ — g w'
q1 — qi._ q —qr+q;—qn_,

(jl-wl — g w1
q_l_ - élkfl

This means /;, < I, since otherwise (63) cannot be satisfied.
Furthermore, from the fact that /g > 1, we do not stop if
Iy < [. Finally, we can always proceed to some k, such that
I = [. Then, by the definition of /, (64) and (65) are satisfied
forly, andso k= K and lg =1. O

In conclusion, the set {/y, ..
and (71) inductively.

., Ik} can be determined by (70)

3.2.4 Near-optimal asymptotic team solution

We have shown that with the relaxed constraint 3, qix' <
1, the asymptotic optimal flows can be obtained by (60)
and (61). It can be seen from (49) that for these flows,
Dlem qix' = 1. Also, the resulting maximal profit attain-
able with the relaxed constraint, divided by n, is

Fay = Z(élwl —gr—1w'™Hlog(1 +xh)

leM

K Ik
=Y > (@ —g-w'Hlog(l +x™)
k=11=l_1+1

K

§ : = = —
= (QIkwk _qlk_1wk D

k=1

144 g, whk — g ) whk-1
X log< _+qu U = qlf—' )
qixwk qix — 9l
qlkwlk =i w't—!

('ilk - élk,l

K
=Y (@w' =gy, w'")log
k=1

i w'K

_ Ix
— g, W'k log —.
8 L+ qig

Now, based on (60) and (61), let

= p / = I —
ilPt :ilth — 1+q[K . qlkwk _QIk_lw" 1

— fi — — - 1 _37
ql[(wK qi, — qli_q
i<l <ly, k=1,...,K; (72)
PP =0, Ix <l<m, (73)
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where 8§ = an~" for some a > 0 and 0 < b < 1. Next,
we show that ¥/P"’s defined by (72) and (73) solve (43)
and (44) for the asymptotic case, and thus provide the
near-optimal flows for the asymptotic team solution. First,
Yjema® Pt =1 — g1, 8 < 1, which satisfies the origi-
nal constraint (44). Also, Assumption 2 holds, since for
lL,keM,

1
lim — p =
N0 —nY e qnihPt 4 FIPt _ kPt
1

= ,}L‘EO éz,(anl_b + xlPt _ zkPt =0. (74)

Furthermore,

Fad = Z(ézwl — gr—1w' ™M log(1 4 71
leM

K
=Y @G@w =g wh)
k=1

x [log(1 4+ &P 4 8) — (1 + %P 4 8)"lan™?]

qlk wlk - qlk71 wlk_]

K
~ ) @' =Gy wh) log F———
k=1 qlk - Cllk,l
— lK
= lK qle
—qewklog ——.
“ 1+ gy

Therefore, for the asymptotic case, #!Ps almost achieve
the maximal profit attainable with the relaxed constraint, de-

fined by

élk wlk - QIk_l wlkil

élk - élk_l

K
PPy =0 ) (@G’ — gy w') log
k=1

iy w'x

—, (75)
L+ qi

— ngix w'¥ log
and so (72) and (73) provide the near-optimal flows
for the asymptotic team solution. Then, the near-optimal
charges for the asymptotic team solution, {#¥*};cp, can
be obtained from {¥/¥*};cp by (41) and (42), and finally
we have

;:IPZ‘ — Flth

= wh log(1 —i—)?lkpt)

K
— ) @ —wh)log(1+ 517,
h=k+1
Ly <l<l, k=1,...,K; (76)
APt =0, Ix <l <m. (77)

@ Springer

3.3 Solution of the incentive-design problem

Having obtained the near-optimal asymptotic team solu-
tion {(X!P*, #P")};cp, we now address the incentive-design
problem (31)—(33) for 7. Note that {(F'F, #F")};ep sat-
isfies (41) and (42), or equivalently,

w” log(1 + 571 — 77! = 0;

wlog(1 4 %P1y — F1P = wllog(1 4 x¢+DPry _ pU+DPL
I € M\{m}.

In particular, this implies

lek ()*C'IKPI; ,‘:lKPt) — ﬁwll( (0: 0) = 0;

Fop GUPUFIPTy = F ) (glen P e Py

k=1,...,K -1,

which means that a user with the type w8 may choose the
flow-charge pair (0, 0) instead of (X8 P* 7k Pt) and a user
with the type wh, k=1,...,K — 1, may choose the flow-
charge pair (/+1 P! 71 Pty instead of (%P7, 7k P*). Thus,
strictly speaking, the incentive-design problem (31)—(33) is
not incentive controllable.

Next, we show that the problem is e-incentive control-
lable by obtaining an e-team optimal incentive policy, 7 ¢
First, let 7772 (0) = 0, and y P& (X! Pty = flk P* _ ¢ where
ek 1s an arbitrarily small positive amount. Then,

5 ol Pt. 5 Pte=lk P
F i XK @) =g > 0,

which guarantees that a user with the type w'c will not
choose (0, 0). On the other hand, for a user with the type
w!, lg <1 <m, to still stick to (0, 0), we need
le (';élKPl; ?Pte(ilKPl))

=¢ex — (W' —wh)log(1 + #% P <0. (78)

Next, for k =K — 1,...,1, let pPreEhPry = plePt

where &; > ;41 such that

— &k

- ~l Pt. ~Pte =l Pt
i (RUPE pPie (gl Pry)
= F (&P g Pie (gl Py g — ey

” ~lgy1Pt. 5 Pte =l Pt
> lek ()C kel Y é‘(x ket ))

On the other hand, for a user with the type w', Iy <1 <m,
to stick to their desired choices, similarly, we need

(wh — wh T [log(1 4 Z*P1y —log(1 4 Flk+1P1)]

>er— &+, k=1,...,K—1. (79)
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Finally, for (31) to be satisfied, that is, for ¥/** to be the
unique maximizing point of F, (x; 7P (x)) for x > 0, we

need
7P () > wlog(1 4+ x) — [w! log(1 4+ &'P1y — 7P — g,
leM, (80)

for x >0 and x gé {0, 0Pt . %!k P1y (for instance, we can
let 777¢(x) = w'log(l + x)). In conclusion, a user with
the type w', [ € M, chooses the pair (¥'F*, 7 P1¢(x!F1)), if
for the incentive policy 7, y P (0) = 0, ~P”’:( Pty —

Flk Pt —¢gfork=1,...,K, where ¢y, ..., eg can be arbi-
trarily small subject to &1 > --- > ¢x > 0 and (78) to (80).
Then, the resulting profit is

K
PP —n Y e =) —n Y @Gy — ek

leM k=1

which can come arbitrarily close to the team-optimal proﬁt
7P (n) by making g;’s arbitrarily small. Therefore, 7 ¢ i
an e-team optimal incentive policy.

4 Comparison of the three games

In the following, we compare results for the partially incom-
plete information game, given by (70), (71), and (75), with
those for the other two games, given by (3) and (4) for com-
plete information, and (10) and (11) for totally incomplete
information. Note that for the asymptotic case, it is stipu-
lated by Assumption 1 that with probability 1, the number
of users whose types are w' is ng;, for I € M. Then for the
complete information game, by (3) and (4), the asymptotic
optimal profit for this case is

Next, we compare 7 (n) with 7#7!(n), and discuss several
possible cases. First, if [x =1[j, = 1, then

1
7P (n) = ngw' log L ngiw'log2 =77 (n).

q1

If Ix =1, > 1, then we have the following proposition for
7P (n), the proof of which is provided in the Appendix:

Proposition 5 Ifix > 1, then

1+ g
qix

7Pl (n) > ngp w'k log —K (81)

Thus,

7P (n) > ngi w't log2 = ngy, w' log2 = 71 (n).

If Ik < I, then from the definitions of I and [, we must
have

gi w'x

_ Ix _ Iy _
qiew* <gpw” < +q) —,
K h h 1+6]1K

and so
~ Ix log?2 =Tt — g I log?2
ngi,wkXlog2 < r'*(n) =ng,w" log

K
log2,

K

_ ik
< n(l+gq, -
( ql/)l—i-C][

which, combined with (81), implies

Tt( )
i = (1+qzh>log2[<1+qz,(>log

+CIZK ]_1
QIK

We can easily verify that (1 4 g, ) log[(1 4 g1 )/qi] is
strictly convex and strictly decreasing for 0 < g;,, < 1 (since
Ix <1y), and so it is larger than the infimum, 21og 2. Thus,

1 (n)

lc e} les
w!
'(n)y=n E qlwllogwl—n(g qlwl>log 2oz 4 ,

2 ler
=1 =1

where [¢; for the smallest admissible type satisfies

Zz 1QIw

whr =
2qlCt

We first compare the partially incomplete information
game with the totally incomplete one. From the definition
of I, for [ > [, we must have cjlwl <qi, w'r, which implies

qrw' G, wh
— < —
I+q 1+4+q,

, 1>

Thus, [, > lg, which means that more users can be possi-
bly admitted for the totally incomplete information game.

— < 1+a, <1.
7Pt (n) 2

In conclusion, even though more users can possibly be ad-
mitted for the totally incomplete information game, we al-
ways have 77/ (n) > 77'(n), except that the equality may
hold when lx =1, = 1.

Next, for comparison with the complete information ga-
me, we first know that all being team-optimal with corre-
spondingly inferior information, we have 7’ (n) > 7 (n) >
7Tt (n). However, the relative differences are difficult to ex-
press in any useful analytic form, and hence we resort to
numerical analysis to evaluate the profit loss due to the two
different types of incomplete information. From Table 1,
we can see that for the scenarios picked (rather arbitrarily),
compared with the complete information game, the profit
loss due to partially incomplete information is always less
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Table 1 Numerical results for 1

. 5 fCr( ) ,p,( ) fTr( ) fPr( ) th( )
comparison of asymptotic a’s s lee S kK e R 1- ;Cr(;l) - T(Z)
optimal profits for the three
classes of games for nonlinear 1 1 1 log2 1 log2 1 log2 0 0
pricing
: 213 307142 2 06319 305199 11.52% 27.21%
! 2,3 2 0.7247 1 0.6866 2 05199 5.26% 28.26%
! 4.1, 2 307309 2 0.6486 2 04621 11.26% 36.78%
! 3,2 2 07498 1 07324 1 04621 2.32% 38.37%
! 3,05 3 107804 2 106981 2 04621 10.55% 40.79%
: 13,03 2 10.8240 1 10.8240 1 105199 0 36.91%

Table 2 Asymptotic profit 7

improvement by nonlinear ar’s oS Complete Partially incomplete Totally incomplete
pricing over linear pricing for
the three classes of games 1 1 38.63% 38.63% 38.63%

! 21,3 41.34% 26.38% 38.63%

3 3,3 42.69% 37.33% 38.63%

! 3L 2 43.43% 29.72% 38.63%

! :. 2 45.79% 46.48% 38.63%

! 31,1 % 149.36% 139.61% 1 38.63%

! +3,01 1 54.45% 1 64.79% 138.63%

(and rather substantially) than the profit loss due to totally
incomplete information, which confirms our previous con-
clusion. The table also shows the extent of the drop in profit
due to loss of information. The bottom line is that the ser-
vice provider makes the most profit with complete infor-
mation, while if he cannot obtain information on the users’
true types, he prefers partially incomplete information for a
higher profit, and it is beneficial for him to encourage users
to share this information among themselves when possible.
In other words, as leader in the game, the service provider is
better off with better informed users (followers).

Remark on linear pricing: Note that the above conclu-
sion is made for general nonlinear pricing policies. One re-
mark here is that if we restrict pricing policies to be lin-
ear, the same relationship holds; that is, the service provider
makes the highest profit under complete information, fol-
lowed by the profit under partially, and finally the profit
under totally incomplete information. However, by turning
from linear pricing policies to nonlinear ones, the service
provider achieves a higher profit for all three games, with
Table 2 showing the profit improvement by nonlinear pric-
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ing over linear pricing for the arbitrarily picked scenarios.
For details, readers are referred to [11].

5 Conclusion

In this paper, we have obtained an e-team optimal incentive
policy, which almost achieves Pareto optimality for a mo-
nopolistic network service provider facing a large popula-
tion of users, for the partially incomplete information game.
Comparison with results obtained in [1] for the complete and
totally incomplete information games indicates that if the
service provider is not able to obtain information on users’
true types, then it is beneficial for him to encourage infor-
mation sharing among users on each other’s true types when
possible. The same conclusion holds even if we restrict pric-
ing policies to be linear, though nonlinear pricing improves
the service provider’s profit over linear pricing. A thorough
study of linear and nonlinear pricing under the three infor-
mation scenarios can be found in [11].

This paper has looked at provisioning for a single link,
considered in isolation. Interesting extensions of the analy-



Pricing under information asymmetry for a large population of users

sis here would be to multiple links as part of a general topol-
ogy network (as in the model of [17] which deals with the
complete information case with linear pricing) as well as to
general networks such as oligopolistic networks with mul-
tiple service providers who can be viewed as multiple lead-
ers in a Stackelberg game within a non-cooperative mode of
play.

We have considered in this paper pure strategies for users
and the service provider. The model can be further extended
to include mixed strategies by allowing randomization in
users’ and the service provider’s choices. Dynamic games
framework would also be interesting avenue for extension,
to apply in the setting where user characteristics or the in-
formation set available to the service provider change over
time; then the optimal pricing policy would be time variant
and information dependent. Given that the service provider
would rather have complete information (as one of the con-
clusions we arrive at), how he can manage to know the users’
true types through a learning process remains a challenging
issue to investigate in the future.

Appendix

Given ¢g;,’s and gy w's as fixed, such that 0 < gy <<
g, <1 and w's > 0, we study how to choose w'*, k =

1,..., K — 1, such that 7¥(n) is minimized. Let
i w' — qiy 1wlk_l
Tk = —— . k=1,....K,
qlk - CIlk,l
and ay :=q;, —q,_,, k=1,..., K. Then by assumption,

ay’s are fixed, and S := gy, wik = Zle azk is specified as
well. Thus, the above problem is equivalent to minimizing

Z(z1,...,2K-1)

lk—1

- lk _ -
w w
— Gy w1) log L Bl
k=1 ql, — 9l

K
Z arzi log zx
k=1

Mw

K— K—1
= Z arzklogz + | S — Z axZk
k=1 k=1

K—1
S =D j—1 Ak
ag

x log

by choosing zx, k=1,..., K — 1, such that z; > 0 for k =

1,..., K. Now,

0 S — K__lahZh
—Z(21,...,2k-1) = arlog zx — ai log Zh—_l
0Zk ag

fork=1,..., K —1,and
32 Z( ) ak n ll]%
Y ly.++9yXK—-1) = — —7;
9z} & S=Y%"tanz,
2
araj
Z(z1, .05 2Kk-1) = ———, k#L
9z dz S — i anz

It can be easily verified that the Hessian matrix of Z is pos-
itive definite, and so Z is strictly convex. Thus, the unique
minimizing solution can be obtained by solving the first or-
der condition, which implies zx = (S — Y~ -,' apzn) /ax =
zg for k=1,..., K — 1. Therefore, to minimize FP’(n),
zi’s should all be the same. As a result, wh = w'k for
k=1,...,K — 1, and the infimum of FP’(n) is as given
on the right side of (81). However, by assumption, we must
have w!! > --- > w!& . That means we cannot obtain this in-
fimum, but can come arbitrarily close to it. Note that this
can be achieved without violating (70) and (71). Finally, we
conclude that (81) holds.

References

1. Shen, H.-X., & Basar, T. (2007). Optimal nonlinear pricing for a
monopolistic network service provider with complete and incom-
plete information. /EEE Journal on Selected Areas in Communi-
cations, 25(6), 1216-1223.

2. Kelly, F., Maulloo, A., & Tan, D. (1998). Rate control for commu-
nication networks: Shadow prices, proportional fairness and sta-
bility. Journal of the Operational Research Society, 49, 237-252.

3. Johari, R., & Tsitsiklis, J. (2004). Efficiency loss in a network
resource allocation game. Mathematics of Operations Research,
29(3), 407-435.

4. Maheswaran, R., & Basar, T. (2006). Efficient signal proportional
allocation (ESPA) mechanisms: Decentralized social welfare max-
imization for divisible resources. IEEE Journal on Selected Areas
in Communications, 24(5), 1000-1009.

5. Liu, S., Basar, T., & Srikant, R. (2003). Controlling the Internet:
A survey and some new results. In Proc. IEEE conference on deci-
sion and control, December 9-12, 2003, Maui, Hawaii (pp. 3048—
3057).

6. Honig, M., & Steiglitz, K. (1995). Usage-based pricing of packet
data generated by a heterogeneous user population. In Proceedings
IEEE INFOCOM 1995 (vol. 2, pp. 867-874).

7. He, L., & Walrand, J. (2006). Pricing and revenue sharing strate-
gies for Internet service providers. IEEE Journal on Selected Ar-
eas in Communications, 24(5), 942-951.

8. Bagar, T., & Srikant, R. (2002). Revenue-maximizing pricing and
capacity expansion in a many-users regime. In Proceedings IEEE
INFOCOM 2002 (pp. 1556-1563).

9. Shen, H.-X., & Bagar, T. (2007). Incentive-based pricing
for network games with complete and incomplete information.
In S. Jgrgensen, M. Quincampoix, & T. L. Vincent (Eds.), Ad-
vances in dynamic game theory: numerical methods, algorithms,
and applications to ecology and economics: Vol. 9. Annals of the
International Society of Dynamic Games (pp. 431-458). Boston:
Birkhéuser.

10. Shen, H.-X., & Basar, T. (2006). Hierarchical network games with
various types of public and private information. In Proceedings
of the 45th IEEE conference on decision and control (pp. 2825—
2830).

@ Springer



H. Shen, T. Bagar

11. Shen, H.-X. (2007). Linear and nonlinear pricing for network
games with complete and incomplete information. Ph.D. disser-
tation, University of Illinois at Urbana-Champaign, Urbana, IL,
2007.

12. Varian, H. R. (2003). Intermediate microeconomics: a modern ap-
proach (6th edn.). New York: Norton.

13. Maskin, E., & Riley, J. (1984). Monopoly with incomplete infor-
mation. The RAND Journal of Economics, 15(2), 171-196.

14. Varadhan, S. R. S. (2001). Probability theory. Providence: Amer-
ican Mathematical Society.

15. Luenberger, D. G. (1969). Optimization by vector space methods.
New York: Wiley.

16. Bertsekas, D. P. (1999). Nonlinear Programming (2nd edn.). Bel-
mont: Athena Scientific.

17. Basar, T., & Srikant, R. (2002). A Stackelberg network game with
a large number of followers. Journal of Optimization Theory and
Applications, 115(3), 479-490.

Hongxia Shen received B.E. degree
in Information Science and Tech-
nology and B.M. degree in Business
Administration from Xi’an Jiaotong
University, China, M.Phil. degree
in Electrical and Electronic Engi-
neering from the Hong Kong Uni-
versity of Science and Technol-
ogy, and Ph.D. degree in Electri-
cal and Computer Engineering from
the University of Illinois at Urbana-
Champaign. From 2007 to 2009,
she was a postdoctoral fellow in
the Communications and Network-
ing Lab at Northwestern University.
She is currently a postdoctoral fellow in the Environmental Energy
Technologies Division at the Lawrence Berkeley National Laboratory.
She has research interests and has published in control and optimiza-
tion of communication networks, economic-based approaches, game
theory applications and pricing, optimal spectrum allocation, market
mechanisms in wireless communications, and energy analysis.

@ Springer

Tamer Basar (S’71-M’73-SM’79-
F’83) received the B.S.E.E. degree
from Robert College, Istanbul, and
the M.S., M.Phil., and Ph.D. de-
grees in engineering and applied
science from Yale University. After
holding positions at Harvard Uni-
versity and Marmara Research In-
stitute (Gebze, Turkey), he joined
the University of Illinois at Urbana-
Champaign (UIUC) in 1981, where
he currently holds the positions of
Swanlund Endowed Chair, Center
for Advanced Study Professor of
Electrical and Computer Engineer-
ing, Research Professor at the Coordinated Science Laboratory, and
Research Professor at the Information Trust Institute. He is also the
Interim Director of the Beckman Institute for Advanced Science and
Technology. He has published extensively in systems, control, com-
munications, and dynamic games, and has current research interests in
modeling and control of communication networks; control over het-
erogeneous networks; resource allocation, management and pricing in
networks; game-theoretic tools for networks; mobile computing; secu-
rity issues in computer networks; and robust identification, estimation
and control.

Dr. Basar is the Editor-in-Chief of Automatica, Editor of the Birkhduser
Series on Systems & Control, Managing Editor of the Annals of the
International Society of Dynamic Games (ISDG), and member of edi-
torial and advisory boards of several international journals in control,
wireless networks, and applied mathematics. He has received several
awards and recognitions over the years, among which are the Medal of
Science of Turkey (1993); Distinguished Member Award (1993), Ax-
elby Outstanding Paper Award (1995), and Bode Lecture Prize (2004)
of the IEEE Control Systems Society (CSS); Millennium Medal of
IEEE (2000); Tau Beta Pi Drucker Eminent Faculty Award of UIUC
(2004); the Outstanding Service Award (2005) and the Giorgio Quazza
Medal (2005) of the International Federation of Automatic Control
(IFAC); and the Richard E. Bellman Control Heritage Award (2006)
of the American Automatic Control Council (AACC). He is a mem-
ber of the National Academy of Engineering (of USA), a member of
the European Academy of Sciences, a Fellow of IEEE, a Fellow of
IFAC, President of AACC, a past president of CSS, and the founding
president of ISDG.



	Pricing under information asymmetry for a large population of users
	Abstract
	Introduction
	Pricing under information symmetry
	Complete information
	Totally incomplete information

	Pricing under partially incomplete information
	Incentive-design problem formulation
	Team solution
	Optimization problem decomposition
	Asymptotic optimal flows with relaxed constraint
	An inductive method for {l1, …, lK}
	Near-optimal asymptotic team solution

	Solution of the incentive-design problem

	Comparison of the three games
	Conclusion
	Appendix
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


