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Abstract—We present a game theoretic framework for the
dynamical behaviors of a duopoly game in telecommunications
service providers’ context. Competition between two Service
Providers (SPs) is assumed to take place in terms of their pricing
decisions and the Quality of Service (QoS) they offer. According
to the SPs’ rationality level, we consider two schemes: 1) Both
SPs are rational, and 2) One SP is rational and the second SP
is boundedly rational. We describe the competitive interaction
and analyze the resulting equilibria. Later, we compute explicitly
the steady states of the dynamical system induced by bounded
rationality, and establish a necessary and sufficient condition for
stability of its Nash equilibria (NEs). We prove that there exists
exactly one NE which is fair whereas remaining equilibria are
unfair. A special feature is that the stability condition of the
Nash equilibrium coincides with the instability condition of the
boundary equilibria. Thus the system would never be absorbed
by any of the unfair equilibria which solves the equilibrium
selection issue ! Moreover, we show that considering the delay
case (i.e., assuming a market with memory) increases the stability
of the system. Here, the size of the memory could be considered
for multi-level rationality, which means that bounded rationality
tends to rationality as the memory size increases. We finally show
that boundedly rational SPs with delay have a higher chance of
reaching the fair Nash equilibrium.

Index Terms—Pricing, QoS, Nash equilibrium, bounded ratio-
nality, delay, Stability.

I. INTRODUCTION

One of the most fundamental concepts and/or assumptions
in game theoretic models is rationality. Rationality implies
that every player is reasoned by increasing his own payoff,
in other word, all information concerning the game is known
to all players, therefore, everyone is acting rationally, and
so, they are capable to maximize their own payoff. John V.
Neumann and Morgenstern justified the idea of maximizing
the expected payoff in their work [3]. In the real world, the
assumption of “full rationality” almost never holds. This real-
world “bounded rationality” is one of the major impediments
to applying conventional game theory in the real world. To
make those predictions, it is necessary to first have some
information/data concerning the system, to serve as the basis of
one’s prediction. Without such an information, science could

say nothing, and to pretend otherwise is erroneous. In the
real-world, bounded rationality strategy means that the player
makes its output decision from some partial information. In
the economic literature, and as pointed out by several authors,
[51-[71, [9], partial information could efficiently be modeled
as a marginal profiles. Namely, players decide their strategy
according to their respective marginal profit.

The competitive model in economics or/and telecommu-
nications related issues assume generally a single parameter
game, [1], [5]-[7]. Yet, it is important and more realistic to
incorporate into the model more than one strategic parameter.
In this paper, we consider a telecommunication market shared
by two SPs. On one hand, each SP charges a tariff (price) for
the services it offer. On the other hand, each SP guarantees
some given QoS. The QoS metric could be delay, through-
put, loss probability, etc.. Later, we build a mathematical
framework where we include both price and some measure
of the perceived QoS. Although the problem becomes more
complicated, it provides many insightful results for the market
share game in telecommunication context. Next,we study the
general problem of joint price and QoS game with bounded
rationality. Each SP (player) acts under bounded rationality
and adjusts his price and QoS strategic parameters according to
its expected marginal profit. The study of this problem enables
us to realize that there exists more than one fixed point of the
nonlinear system. In some of them, one SP gets zero payoff,
we refer to those equilibria as boundary points. Boundary
points are definitely unfair, then the market owner would act
so as to eliminate them by fulfilling their instability conditions.
We proved that at most one fair fixed point exists, we will refer
to this point as the Nash equilibrium of the duopoly game. This
latter is characterized by a non-zero output of both SPs. The
stability of Nash equilibrium is also studied. A special feature
is that the stability condition of the Nash equilibrium coincides
with the instability condition of the boundary equilibria. Thus
the system would never be absorbed by any of the unfair
equilibria which solves the equilibrium selection problem ! In
other words, the boundary equilibria are unstable. Moreover,
we introduce the delayed bounded rationality to enable us to
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show that the memory size of the market share game increases
the stability of Nash equilibrium.

This paper is organized as follows: In Section II, we
provide a detailed description of duopoly game with bounded
rationality model. In Section III, we have presented a dynamic
model with bounded rationality using one parameter price
game, existence and stability of Nash equilibrium and the
boundary equilibria are studied. In Section IV, we have studied
the duopoly game with bounded rationality in presence of price
and QoS parameters. Finally, conclusions and future guidelines
are drawn in Section V.

II. PROBLEM FORMULATION

We formulate the interaction between two SPs as a non-
cooperative game. Each SP chooses the QoS to guarantee
(depends on the amount of requested bandwidth) and the
corresponding price.

In this paper we consider a duopoly game which describes
a market with two SPs, who decide their price and QoS
strategies in order to maximize their incomes. Let p; and g; be,
respectively, the tariff/pricing policy and the QoS guaranteed
by SPi. Now, each customer seeks to subscribe to the operator
which allows him to meet a QoS sufficient to satisfy his needs,
at adequate price. We consider that customers’ behaviors has
been handled by a simple function so called demand functions,
see equation (1). This later depends on the price and QoS
strategies of all SPs. From a tagged SP’s point of view, the
question is to set the best pricing strategy and the best QoS
(amount of bandwidth to request from the network owner).
SPs are supposed to know the effect of their policy on the
customers subscription policy. Whereas from customers point
of view, the question is to find the SP that has the best price-
QoS tradeoff conditions.

A. Demand model

We consider that the demand function D; for services of
SPs is linear with respect to the set price p; and the promised
QoS g;, see [2]. This demand function depends also on prices
p_; and QoS q_; set by the competitors. Namely, the demand
function of SPi depends on p = [p1,p2] and q = [q1, o).
Eventually, D; is decreasing w.r.t. p; and increasing w.r.t.
pj, J # t. Whereas it is increasing w.r.t ¢; and decreasing
wrt. gj, j # i. Then, the demand functions w.r.t services
of SPi can be written as follows:

Di(p,q) = D — aipi + Bigi + alp; — Bla;, j#i. (1

where DY is a positive constant used to insure non-negative
demands over the feasible region. While o] and 3/ are positive
constants representing respectively the sensitivity of SPi to
price and QoS of service provider j.

We consider the following assumptions, which will be
useful throughout this work :

Assumption 1: For any pricing profile, the price mutual
sensitivities satisfy:

al>al,  Vi#je{l,2} 2)

Assumption 1 is a reasonable condition, because it implies
that the influence of an SP’s price is significantly greater on
its observed demand than the prices of its competitor.

Assumption 2: We assume that the demand function of each
SP-i satisfies, for all ¢ € {1, 2},

Di(p™™ — p™,0_;,q) <0, Vq, 3)
where p;

"M represents the minimum price in the strategy space
of SP-i and p™?#* is the maximum price in the strategy space
of both SPs.

In view of demand function in equation (1), and according
to Assumption 1, if we choose p™®* large enough then
Assumption 2 will hold.

min

B. Utility model

The net revenue of SP-7 is the difference between its total
income, p;D;(p,q), minus its total outcome. We assume that
we have a single network owner, this latter charges each SP-:
a cost ¥; per unit of requested bandwidth. In order to insure
the customers loyalty, the amount of bandwidth p; purchased
by SP-i should depend on D;(.) and on the QoS ¢; it wishes
to guarantee to its customers, so

IL;(p,q) = Di(p,q)p; — Fi(g;, D;), Vie {1,2}.

where F;(q;, D;) is a total fee paid by SP to get bandwidth
pit Fy = Vi (qi, D).

As already assumed in [2], we consider that the amount of
bandwidth required by user SP-¢ has the following form:

wi(qi, Di) = D;gi(q;) + hi(q;)- 4

where g¢;(.) and h;(.) are positive functions.
So, the utility function of SP-¢ has the following form:

IL(p.q) = Di(p,q)(pi — Vigi(q:)) — Vihilqs), Vi€ {1,2}.

&)
Later, and in order to have a closed formula of the utility
function, we will restrict to some special cases where QoS is
simple enough (e.g. QoS as expected delay or QoS as Loss or
rejection probability).

C. Rationality and bounded rationality

In game theory, players are rational if each one knows all
information and rules which allow to maximize his incomes
and minimize his costs, or certainly choose their best response,
and so, he is able to deduce all the consequences of his
decision. Most of the game theorists assume that players are
rational. A common example is the pricing issue in economics
field. In the general equilibrium model of price theory, [1], [2],
it is assumed that every player is rational, but it is not assumed
that players understand the whole structure of the economic
model that the price theorist is studying.

It is clear that the mechanism of rationality does not
represent perfectly the interactions (actions and reactions)
of players in the market. A more realistic approach is to
assume a bounded rationality mechanism, the latter assumes
that players do not have sufficient capacities and information



to choose rational strategies in the sense of maximizing their
utilities. Instead, the players choose an action by means of
some heuristic rules. This sort of choosing is called “bounded
rationality”.

In this paper, we assume that players are boundedly rational,
and their rationality is limited by the information that they
have. We focus on a player’s ability to anticipate the reaction
of its opponent, so, the bounded rationality is defined as
follow: when a player at given time, ¢, decide his price/QoS
strategies, he does not know how the competitor reacts at
time ¢ + 1, and so, he does not know the benefit that it
may have, because this latter depends on the reaction of the
other player. However, as pointed out by Bischi and Naimzada
[9], the bounded rationality strategy means that the player
makes its output decision in terms of the local estimate of
the marginal profit. Namely, one player decides to increase its
strategy (Price or QoS) if it has a positive marginal profit, or
decreases its strategy if its marginal profit is negative. Hence,
if we consider single parameter price game, the dynamics of
the duopoly price game has the following forme:

{m+1) = p)+ om0 %52, ie{1,2)

where 6;, ¢ = 1,2 is a positive parameter which represents
the speed of adjustment.
To find out the impact of rationality of players on the
competition of market, we will study two different scenarios:
1) Asymmetric Scenario: That arise when an SP is rational
(he knows all the market information), while the other
is boundedly rational.
2) Symmetric Scenario: When both SPs are Boundedly
rational.
The third possible scenario is the case when both SPs are
rational, this case is already studied in [1] and [2].

III. PRICE-BASED GAME

In this section, we assume that the vector of QoS parame-
ters, q, of all SPs is fixed at some predetermined point, q, and
we consider only the price game. At the discrete time, ¢, the
profit of SP-¢ is given by:

IL;(t) = Di(t)(pi(t) — V:igs) vie{l,2}, (6

where g; = g;(¢;) and h; = h;(g;) are positive real constants.
In the following, we would like to analyze the impact of
rationality on the competition in the market, so we shall
proceed as follows: First, we examine the asymmetric scenario,
in this latter, we consider that SP-1 is rational, whereas SP-2
is boundedly rational. After that, we will study the symmetric
scenario, when both SPs are boundedly rational.

- 192}_7/13

A. Asymmetric Scenario

In this scenario, we distinguish between two types of
players. On the one hand, we assume that SP-1 is rational, it
means that he has knowledge of how his competitor will react
to his decision, the second derivative of the utility function of
SP-1 is given by

9*111 (p, q)

= —20& < 0,
op?

this mean that the utility function of SP-1 is concave.
Thereafter, we shall show that at strategy price that maximizes
profit of SP-1 (p7]), the optimality condition : aHlTqu) =0,
is checked. To do, it suffices to prove that the point py is
an internal point of the interval ] min ymax [, where p™&*
is the maximum price, and p™ is minimum price of SP-
1. We note that, pff‘i“, is a function of the QoS fixed by
SP-1, ¢, this condition will allow us to eliminate explicitly
strategies that will result in negative profits for SP-1, so
in view of profits formula in equation (5) we deduce that :

Pt = 91 g1(q;) = 91g1. Besides, we have
lim M D1 (%1G1,p2,9) >0 @)
p1—9191 8]71
i Mi(pp2,@) Calp™ 4 aldigs + Di (0™, pa. )
p1—pTaT op1
= D! —201p™ + Biq1 + oip2 — BiG
+Ot119191
< DY = 201p™™ + aip™ + By — Bide
+Ot119191
= D} —aip™™ 4 (—a1 + a)p™ 4+ B
—Bi@ + a1t 1 (®)
< DY —aip™™ + B — g
+a191g1 )
= Di(p™™ —9141,0,9)
< 0 (10)

the transition from (8) to (9) is based on the Assumption 1
whereas the last transition is due to Assumption 2. From (7)
and (10) we have that: p] € ]pmm prax [, thus, p] is a unique
solution of the optimality condition:

81_-[1 (p, (_1) _ O
op

s0, to maximize its profit, SP-1, will choose his best response
strategy price according to the first order conditions:

_ Ci + aips
2ad

) an

where Ci = D + aithgi + Biq1 — fige.

On the other hand we consider that SP-2 is boundedly ratio-
nal, and as mentioned by Bischi and Naimzada [9], a bounded
rational player modifies its output decisions according to its
marginal profit: d%i"). The dynamical equation for decisions
of SP-2 has the form:

I (pi(t +1),p2
Opa

(®))

p2(t+1) = pa(t) + Oapa(t) (12)
such that p§(¢ + 1) is expected price of SP-1 in the next time
step (t+ 1). Because of the dynamic, the price decided by the
SP-2 in equation (12) may exceed the maximum price p™2*,
or it may be below the minimum price p§'", to prevent this
excess, we project equation (12) on the interval [pg®, p™ax],

so, equation (12) becomes:

max

O (pi(t + 1), p2(0))] 3,
Ip2

min

)

pe(t+1) =

p2(t) + Oapa(t)



From (11) and (13), the dynamical system of a duopoly game
with asymmetric scenario is:

pt+1) = S,
pa(t+1) = pa(t) +bopa(t) [-ad(pa(t) — Vago) (1Y

+D2(pi(t +1),p2(t))] -

As it was considered by Gibbons in [10], it makes sense
to assume that in the bounded rationality term, the expected
price p(t + 1) decided by SP-i is equal to its previous value
pi(t). However to anticipate p§(¢+1), it may make more sense
to assume that SPs each one has a memory for storing prices
decided in previous slot time before time, ¢. So to anticipate the
expected price of his competitor at (t+1), SP-2 use previous
prices ie. p1(t — 1),p1(t — 2),...,p1(t — T) with different
weights, this point of view has been studied [6] [11] in dif-
ferent contexts. Generally, the expected price of SP-i become:

T T
pit+1)=> wpit—1), w >0 and > w =1, the
1=0
constants w;, [ =0,1,

1=0
.., I'" are the weights given to previous
prices and 7" represents the size of memory, so (14) become:

2
plt+1) = S,
p2(t+1) = pa(t) + O2pa(t) [—205p2(t) + Co
T

+ad (3w - m] .

Where 02 = Dg + Oé%l?ggg —+ ﬂ%(jg — le(jl
For simplicity we set (I' = 1), in this case the previous
dynamical model, with one step (1" = 1) is given by:

2
pi(t+1) = 701”;5?(”1)7
pa(t+1) = pa(t) + Oopa(t) [~2a3p2(t) + Co (15)

Fas(wipi(t) + (1 —wi)p1(t — 1))] .

To study the stability of (15), we rewrite it as a third
dimensional system in the form

nt+1) = p),
pt+1) = 701”21;’%2(”1) 6)
p2(t+1) = pa(t) + O2pa(t) [—205p2(t) + Co

tad(wipr () + (1 - w)r(1)]

The dynamic system (16) has two fixed points in the following
form:

_ C C
E, = 2al s 2711 ;0
at’ 2af (17)
E 2(1301 +a?CQ 2(1%01 +a?CQ 2()&02—04%6‘1
* T 4a%a}+a%a% ’ 4a%a}+a%a% ’ 4a§a%+a%a%

Noticeably, F; is boundary equilibrium point. The fixed point
E, is a Nash equilibrium point. The fixed point solutions have
economic meaning when the following conditions are satisfied:

C1
QOZ%CQ

In order to study the stability of the fixed points of the
three-dimensional system (16), we compute eigenvalues of the
Jacobian matrix of this system.
Lemma 1: The boundary equilibrium E; is an unstable
solution.
Proof: A detailed proof is available in our technical report
in [13]. ]

> 0

> alon. (18)

1) The stability of Nash equilibrium: In order to study
the stability of Nash equilibrium E, of the system (15), We
estimate the Jacobian matrix J at E, which is:

0 1 0
2 1 —w a2alw 052
J(E.)=| “afolp Gmeap (14 203B)
ad(1—w))B  adw B 1+2a2B

where B = 492((;(3;3&:;%1) ’

We consider that Ps(\) is the characteristic polynomial of
J(E.), so, eigenvalues of Nash equilibrium correspond to
the roots of P3(A\) = 0. The Nash equilibrium is stable if
the necessary and sufficient condition for the roots of the
polynomial Ps(X) to satisfy |A\| < 1 can be obtained by
applying Jury’s test [12]. The characteristic polynomial has

the form:

Ps(\):= XA+ a2 + b\ +¢=0,

where: a = —tr(J(E,)), b = tr(com(J(E,))) and ¢ =
—det(J(E. )2) in other word:

1
a=-1-"2B—203B

1

p_ _adedlw) g

2al
¢ = —det(J(E.)) = 0
where com(-) denotes the comatrice operator. Recalling
Jury’s test [12] for stability of Nash equilibrium, we get the

necessary and sufficient conditions for |\;| <1, ¢=1,23:
)
1 1
) 1+a+bte= 20220, 5
1
2) 1—a+b—c=2+B (20§ + 20zl 5,
1

3) 1—c®>|b—ac|,ie 1> ‘—%TM)B ,
4) e < 1.

The Nash equilibrium point is locally asymptotically stable
if the condition equations (i) to (iv) are satisfied. Moreover,
when w is sufficiently small the Nash equilibrium point F, is
stable. The stability region with respect to delay w; is defined
by both conditions (ii) and (iii). Hence, we deduced from
above analysis that delay has a stabilization effect for the Nash
equilibrium point.

2) Numerical Simulations: The objective of these Numer-
ical experiments is to show that the delay has the effect of
increasing the stability domain for system (16). In order to
study the local stability properties of the equilibrium points it
is convenient to take the parameters’ values in Table 1:

=t [al=al [ =P [Fl=F | DL=I}
0.7 0.3 0.7 0.3 20
Q=2 g1L=g2 | V1 =172 w1 02
5 10 1 0.5 0<62<0.1
TABLE 1

PARAMETERS’ VALUES USED FOR NUMERICAL SIMULATIONS.

Figure 1 plots the bifurcation diagrams of p; with respect to
0, it shows that the trajectories converge to the equilibrium



(28.78, 18.62) for 6, < 0.073. By cons, when 6, > 0.073
the Nash equilibrium becomes unstable, period doubling bi-
furcation appears at #; = 0.073 and finally chaotic behavior
occurs.
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Py ~

N
o
T
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SP-i, price p.
5 &

4]

0.04 0.06
SP-2, speed of adjustment 5,

Fig. 1. Bifurcation diagrams of p; (blue) and p2 (red) with respect to 2 in
delay case (w1 = 0.5).

Figure 2 and 3 show respectively the bifurcation diagrams of
p1 and py with respect to 05 in two cases: non-delay (w; = 1,
blue graph) and delay (w; = 0.5, red graph). Comparing the
bifurcation diagrams (blue and red) in each Figure (2 and
3), it is observed that period doubling bifurcations in delay
case is delayed w.r.t 0o, this result is what we expected.
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increases with respect to size of memory, this result shows
that the size of memory (delay) has the effect of increasing
the stability domain for system (16).

0.11

e *

0.1r q

max
92

0.091 q

0.08 q

0.07 q

Convergence speed

0.061 4

0.08 40 60 80
T : Memory size

20 100

Fig. 4. Convergence speed 65*?*, of price game with respect to memory
size of rational SP.

B. Symmetric Scenario

As explained above, in symmetric scenario, we consider
that both SPs are boundedly rational, and as pointed out by
Bischi and Naimzada [9], a bounded rational players modify
their output decisions dynamically according to their marginal
profit: 81;7;"), i € {1,2}. So, the dynamical system for
decisions of SPs has the form:

pi(t+1) pa(t) + Oupy (1) ZLELEED PR (D). o
pa(t+1) = pg(t)+GgpQ(t)8“2<P1<tg;;»pz<t+1>>_

Where p$(t + 1) is the expected price of SP-i in the next
time step (¢ + 1), as explained above, and if we consider that
T = 1, the expected price p¢(t + 1) is given by:

pi(t+1) = wipi(t) + (1 — wi)pi(t — 1),

so0, the dynamical model (19) becomes:

SP-2, speed of adjustment 6,

Fig. 2. Bifurcation diagrams of p; with respect to 62 in two cases: non-delay
(blue) and delay (red).

25

20+

o

SP-2, price Py

=]

0.04 0.06
SP-2, speed of adjustment 6,

Fig. 3. Bifurcation diagrams of p2 with respect to 62 in two cases: non-delay
(blue) and delay (red).

Depending on the size of memory, 7', Figure 4 plots the
maximum value of 65*** which guarantees the stability of the
equilibrium (point doubling bifurcation). We note that 5"

pit+1) = pi(t)+6pi(t) [2aipi(t) + C1
+Oé%(w2p2 () + (1 — wa)pa(t — 1))] ) (20)
pa(t+1) = pa(t) + Oapa(t) [—2a3pa(t) + Co

+as(wipi (t) + (1 —wi)pi(t = 1))] .

In order to study the dynamical system (20), we rewrite it as
a fourth dimensional system in the form:

ri(t+1) = pi(¥)
r2(t+1) = p2(t)
pit+1) = pi(t) +0pi(t) [~ 201101( )+ Ch @1
+ai(wap2(t) + (1 —w2)ra(t))]
pa(t+1) = pa(t) + Oapa(t) [— 202102( )+ Co
taz(wipr(t) + (1 —wi)ri(t))] .
The steady states of system (21) are:
E, (0,0,0,0)
E2 = 07 26(; 707 572%
_ c c
ES - ﬁa ) ﬁ? 0
E _ 202C1—aiCy 2aiCo—a3Cy 2a3C1—aiCs 2a3Ce—abCh
* — 1

404%04%7a%a§ ’ 4(1%0(}704%(11 ’ 40420417&%0(2 Yo" aifozz
where E1, E5 and E5 are the boundary equilibria. The equi-

librium FE, is called Nash equilibrium From Assumption (1)
we deduce directly that 4ada} — ala? > 0, so, fixed points

oF

)



of the dynamical system (21) have economic meaning when
the following conditions are satisfied:

Cy>0 and Cy >0
2&%02 > Q%O1
20&%01 > 04%02.
Lemma 2: The boundary equilibria Fq, Fs and FEs are
unstable solutions.
Proof: A detailed proof is available in our technical report
in [13]. ]
1) The stability of Nash equilibrium: At Nash equilibrium
FE.,, the Jacobian matrix is:

(22)

0 0 1 0
S 0 0 0 1
o 0 O[%Gl(]. - OJQ) 1+ 20[%G1 a%leg ®‘=w2=1\\\ -
a%Gg(l — wl) 0 Q%Ggwl 1+ 2(1%G2 20 \Y‘/

2 2 1 1
Y iy < 9154_5 ot and Ga = 924(4;5;&5—2:;?51)

Stability conditions of Nash equilibrium F, are that all root
of the equation P,(\) = 0 satisfy |A\| > 1, where Py()\)
is the characteristic polynomial of Jacobian matrix in Nash
equilibrium point :

Py(A) = M +aX® 002 + e +d,

such that:

a=-2(1+1G1 + a3Gy)

b=1+ 201Gy + 203G + G1G2 (4alad — afajwiws)
c=—ataiG1Gy (w1 — 2wiws + wo)

d=—a?2aiG1Gs (1 — wy — wa + wiws).

According the Jury criteria, [12], the Nash equilibrium
point is locally asymptotically stable if the following condition
equations are satisfied : (i)

) 1+a+b+c+d>0,

2) 1—a+b—c+d>0,

3) (1—d)(1—d*)—b(1—-d)?+ (a—c)(c—ad) >0

4) 3+3d>0b

5) |d] < 1.

2) Numerical Simulations: In this numerical experiments,
we used the same parameters’ values considered in Table
1. Bifurcation diagrams are drawn in Figure 5, we see that
duopoly model with bounded rationality (w1 = we = 0.5)
is stable for 65 < 0.068 and 6; = 0.05, period doubling
bifurcation appears at 62 = 0.068 and finally chaotic behavior
occurs.

Figure 6 shows the bifurcation diagrams of p; with re-
spect to #1 when 65 = 0.05 in two cases : non-delay case
(w1 = wg = 1, blue graph) and delay case (w; = ws = 0.5,
red graph). Comparing the bifurcation diagrams (blue and
red), it is clear that period doubling bifurcations in delay
case is delayed w.rt 01, so, we deduced that delay has a
stabilization effect for the Nash equilibrium point. Figure 7
plots the bifurcation diagrams of p; w.r.t w; = wy. From this
Figure we deduce that the delay increases the stability domain,
i.e when w; and wy are sufficiently small (less than 0.33 in
this parameters’ values example), the Nash equilibrium point
is stable.
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0.04 0.06
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Fig. 5. Bifurcation diagrams of p; and p2 with respect to 62 in delay case
(UJ1 = w2 = 0.5), when 91 = 0.05.
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IV. JOINT PRICE AND QOS GAME

We consider simultaneous setting of both parameters by all
SPs, the joint price/QoS game arises when the SP-i decides
on his both price and QoS in order to maximize his profit.
Considering the bounded rationality duopoly game, the profit
resulting at the discrete time, ¢, for SP-i, ¢ € {1,2} , is
given by :

11 (t) = Di(t) (pi(t) =igi(a:(1))) —Vihi(a: (1)),

where D;(t) = D;(p(t),q(t))-

We suppose that the measure defining the QoS, ¢; cor-
responds to some function of the expected delay. We shall
use the Kleinrock delay function! which is a common delay

function used in networking games [4]. So : ¢; = ﬁ =

Vi — Dy, that mean : 1;(q;, D;) = ¢? + D;, from this latter
and according to equation (4), we have that g;(¢;) = 1 and
hi(q;) = g2, so, equation (23) become:

IL;(t) = Dy(t)(pi(t) — i) — Vi(qi(t))?,

As pointed out above (Section III), a bounded rational player
SPi modifies its output decisions (price, p;, and QoS, g¢;)
according respectively to its marginal profits : %p‘:’q) and
6Hé(p,q)
qi

Vi € {1,2},
(23)

Vi e {1,2}, (24)

. Therefore, the dynamical equation for decisions of

IThis function corresponds to the queuing delay in an M /M /1 queue
with first-in-first-out discipline or to the more general M/G/1 queue under
processor sharing delay.
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Fig. 7. Bifurcation diagrams of p; with respect to wi = wa.

SP-i has the form:

system in the form:

r(t+1) = po)
r2(t+1) = pa(t)
sit+1) = aqf)
s2(t+1) = qa(t)
pi(t+1) = pi(t) +6pi(t) [DY + V10l — 2alpi(t) + Blai(t)
+Oé% (wap2(t) + (1 —w2)7’2( )) — Bt (12q2(t) 7
+ (1 - 12)sa(t))] @7
pa(t+1) = pa(t) + O2pa(t) [D3 + d203 — 2a2p2( )+ B3ga(t)
+0€5 (wip1(t) + (1 —wi)ri(t) — Bz (nqu(t)
+ (1 —w1)s1(t))]
at+1) = qt)+pqt) [-201q:(t) + Bipi(t) — Bith
@t+1) = q(t) + paqa(t) [—202q2(t) + B3p2(t) — B302

There exists sixteen fixed points of (27):

(nD D
{ pilt 1) = i) +0ipi(t)‘am(gpi7q % (25)
, . ) OTL (" 6")
G(t+1) = qi(t)+pigi(t) =5 E, (0,0,0,0,0, 0.0, 0)
Es 000,219 ,000,2192
where, 6; and p; represent respectively the speed of adjustment Es = (0,0 10,0,0 =<ty
of price and QoS of i"* SP, and p” = (pi(t),pS(t + 1)), 8 ’fg 20 _’Cq e
qP = (qi(t), ¢5(t + 1)), such that p$(t+ 1) and p(t + 1) are Ey = (0,0, 55 7Wf 0 0, 55 ,Wj)
respective}y the expected price and QoS of the opponent in B = (0,4 2,0 0, 0’ 20, 0)
the next time step, (¢ + 1). &2 2
As explained above, and if we consider that 7' = 1, the by = (O T22C’919 32230 pQ’O q2) 2CPY—piC
expected price p$(t + 1) and the expected QoS ¢§(t + 1) are E; = (07 W? 2191 0,0, W’ 20, 70)
given by: Ey = (O 7’%751; 5270 anQIaQQ)
Eo 1,000,2a1,000)
ct+1) = w;p;(t 1—w 1 _ 2C«9 2079, —
{Hery 2 i) B = (PAeL 0.0, 561 20 oo, 561)
I I I By = (7,.1 0, Sl 78%171)1 ,0, Q1 7QQ )
E12 = (T%an 51 O pl aO q12a0)
where the positive constants w; and v; represent respectively ~— Ei3 = r13,75%,0,0 p1 7172 aO O)
the weights given to previous prices and QoSs of SP;. Ey = (r{* T2470 82 7]91 ,Pz 4,0, q )
The marginal profits of the izh SP respectively at the point ~ E15 = (r1°,73%,51%,0,p1%, p3°, ¢1°,0)
(plap2) and (q17QQ) of the Strategy Space are : E* = (Tik,T2781,82,p1,p2,q1,q2)
AL = —ai(p;—9)+D; i=1,2
aﬁi - Qi (pz z) + 7 =1, 2. Sl.lCh that:
B = Bi(pi—10:) — 20, i=1,2.
CP = DY + ¥, = B,
So, the dynamical model (25) becomes:
201719 _520!] BZCP_QC(I 2
=P Tmadrint 8= €T Dnegn)
pi(t+1) = pl(tQ) + 61p1(t) [D? + 9108 — 2aip; (t)2—|— Biai(t) , )
+ai (wapa(t) + (1 —w2)p2(t — 1)) = Bi (v2¢2(t) 8 _ 8 — 2000025 C0u 5 C0s - 8 8 O
+ (- m)as(t - 1)] 1 R e e e B A (e
p2(t+1) = pa(t) + O2p2(t) [D3 + P203 — 2a3p2(t) + B3q2(t)
6 2 2451 ~q_ a2
o (ip(t) + (L= w)pr(t = 1) = B (mar(t)  C8 = gf = LI AN iCiadin
+ (I —v)q(t=1))] PR
a(t+1) = q(t)+p1qu(t) [-201q1(t) + Bipi(t) — Bivh - 452 g g1 g
+9,C482-C9 —C
G(t+1) = q2(t) + p2az(t) [~20202(t) + Bapa(t) — B30 ril = pt = ZhBP A el = gt = 552,
20281 CY —492C a1 +CE B BT
To study stability of (26) we rewrite it as a eight-dimensional =q' = 2/3127912 (41911%1(}352)2 B



12 _ 12
" ! 1 1 1
_ 207016 a2 g2 = B1CT—2C oy
49109+(67)2 1 1 49101 +(B1)%
13 13
" ! 2, 2 1, 1
_ 2CYa3+aiCh T13 _ 13 _ 2CY aj+ayCY
4(1%(1}—04%04% ’ 2 D2 4(1%0&—04%01% ’
rnt o= p
_ a?(20P9,—B2CT)—B2(B2CP+CPB2) 4202 (CLB2+29,CP)
- B2(—2B2ai+alpB?)+292(4aZal—ala?)
14 14
T3 = D2
_ 200(2CH02—B3C) +ad (20792 +53CF)
T B3(—2B3ai+alp?)+292(40Zat—ala?)’
14 14
S0 = 4
_ B3(2CF0a1+03CY)+C3(~dada; +azad)
B2(—2B3ai+aiB?)+29:2(4a3at—ala?)?
15 15
T = P
_ 201(afCE+207ad)+CY(aF B3 —261a3)
- Bi (@3B —2BLaZ)+201(4ajaZ—ala?) ?
15 15
T = D2
_ 205(2C591+B;C)+CT (2010503 61) —B1 (C5 BT +CTay
- Bi(a?Bi—2Bta2)+291(4alaZ—ala?) ’
15 15
51 4

B1(afCP+2CTa3)+C (—4orab+asad)
Bi(a2pBi—28a2)+201(4alaZ—ala?) 7’

Since Cf’ is a positive constant, then fixed points: Fa, Es, Fy,
E;, Eg, E1g and E7; have at least one negative component.
Thus they don’t have an economic meaning, this is why we
will only consider the following fixed points : Fq, E5, Eg,
Ey, Eno, E13, E14, 15 and E,. These latter fixed points have
economic meaning when all their components are positive.
Assumption 3: We consider that the necessary conditions to
ensure that fixed points E1, Fs5, Eg, Ey, E12, E13, F14, E15

and E, have an economic significance are satisfied.

The equilibria E1, ..., 15 are called boundary equilibria [9],
and the equilibrium F, is a unique Nash equilibrium with
components:

*

1

P

{403 (91C4B3 + 2010207 — C19251)
B3(—201B5CY — 20, CEB7 + C7B3 81 — 201Cad
CIBLAY) + 20302 (201C% + OB } + A,

L+l

D2

{40& (205191’!92 - ﬁ%Cg’l% + ﬁ%Cfﬂg)
Bi(—2B592CF — 2a5CT92 — 2CE9281 + B C 35
B3CEBT) + 20391 (20702 + CIAT) } + A,

I+

q1

{CT (2020507 — 8ata3Vs + 201 (B3)° — B3a37)
i (20201CF + 205C5 87 — (83)CF + 40302C7
BICYAT — Ciaipi)} + A

o+

4

1G5 (2070103 — aiBi B3 — 801103 + 2(B1)*a3)
B3 (40101 C3 4 201 C1 B3 — (B1)*CE — BiCT B2
BiCTas +2CT¥103) } + A,

o+

b

such that:
A 201 (8ata3ds — 2a1(83)° + B3abBt) + B3 61 (8361 — BaBr)
+ 202 (—2a5(B1)° + BlaiBs — 201asa])

A. Stability of equilibria

1) Stability of boundary equilibria: To study the stability
of equilibria of the dynamical system (27), we calculate
the Jacobian matrix of system (27) at the state variables
(71,72, 51, 52,01, P2, 41, G2)-

Lemma 3: The boundary equilibria E, Fs5, Fg, Fg, F1s,
F.3, F4, and E15 are unstable solutions.

Proof: A detailed proof is available in our technical report

in [13]. [ ]
2) Stability of Nash equilibrium: The Jacobian at Nash
equilibrium F, is could be written as

o0 0 0 0 1 0 0 0 7
o 0 0 0 0 1 0 0
o 0 0 0 0 0 1 0
o o o0 0 O0 o0 0 1
JE)=| 0o F o0 G BY Hf L} My
F; 0 Gs 0 H; BY M; L3
o 0 0 0 Nf 0 BT 0
Lo o 0o 0o o0 N; o0 B ]
(28)
where:

Ff =0ipiad (1 —wj), Gif=—0:p;pl(1—vy),
BY" =1+ 0,(C? — 4aip} + Big; + o] (w;p} + (1 —wy)r;)
—Blviq; + (1 —13)s})), BE =1+ pi(—40iq; + Bipi — CY),
Ly =0:ip; i, M; =—0:p;Blv,
and Ni = piq; B;.
such that 7,5 € {1,2} and i # j.
The characteristic polynomial Pg(\) of Jacobian matrix (28)
has the form:
Pg()\) = )\8+a7/\7—|—a6)\6+a5)\5+a4)\4+a3)\3+a2)\2+a1)\—i—ao,

where:

[l JONC R B
H; = 0:p; ajwy,

a = a1 =0
as = Ni(=NiGiGj+ F;GiBY )+ Fy(—F;BY BY + N;BY G3)
as = N3Gi(BY Hj — F5)— N{N3(GiM; + M;G3)
+ B H{(N{G3 — FsBY") + F{ N{ (B Ms; — Gj3)
+ F{BY (~BY Hj + F3) + F; BY (N5 My + FY)
as = BY BY(BY BY — H{Hj)+ N3BY (—~L5B? + M; H3)
+ NiN3(L3LY — M{M;3) + N{BS (-BY L} + Hi M3) — F{ F;
— N3 (GiHj + F;M7) — Nj (H; G3 + Fy M3)
+ (F{H; +FH)(Bf +BY)
as = —Hi(F5 + NiM3)— Hs(Ff + NsM;)— B§ BY (Bf +BY)
BY BY (B§ + BY)+ HiH3(Bf +BS)
+ N;L3(BY +B{)+N/Li(B§ +BY)
as = B§ (B +B{)+BY (Bl +Bf)+Bl (Bl +B})
— H{Hj — LiN{ — L5N;
ar = —(BY +BY +BY +BP)



The stability analysis can be reduced to that of determining
conditions to ensure that all the roots of Ps(\) lie in the
open unit disk |A\| < 1. The stability conditions of Nash
equilibrium are given by recalling Jury’s conditions [12] which
are the necessary and sufficient conditions for |Ax| < 1, k€
{1,2,..,8}. Consider the characteristic polynomial Ps(\) and
let:

bj =a; — ag,jao,j = 1,.8;()0 =0

b1 .
Cj = bj _687j+1i7j = 2..8;61 = Co = O

dj =Cj — 08,j+22—27j = 3..8;d2 = dl = do =0
8

ds
fi=dy—ds gy’ j =48 fs=fo=fr=fo=0
8

g; =fi— fsfj+4%7j =5.8g1=g3=..=go=0

h]' = gj 7g8_j+5zfz,j = 6..8;h5 = h4 = ... = ho =0

ks = hs —he@,k7 :h7—h7@,k6 =ks=..=ko=0
hg hS
k

ls=ks —kr—lr=lg=1s=..=1lp=0
hs

a necessary and sufficient conditions for stability of Nash
equilibrium FE, are: bg > 0, cg > 0, dg > 0, fs > 0, gs > 0,
hg >0, kg > 0 and Ig > 0.

B. Numerical investigations

Numerical experiments are simulated to show the stability
and period doubling bifurcation route to chaos for system (27),
in addition, we will show that the delay has the effect of
increasing the stability domain. To do, it is suitable to take
the parameters’ values in Table 2:

=t [al=al [A=F | F=F | Di=D}
0.7 0.3 0.7 0.3 20
v =vy | wi=wz | Y1 =92 0; Pi
0.5 0.5 1 0<6; <0.1 0<p; <0.1
TABLE II

PARAMETERS’ VALUES USED FOR NUMERICAL SIMULATIONS.

In order to study the influence of delay w; on the stability
of both price and QoS equilibrium, we plot respectively in
Figures 8 and 9 the bifurcation of price and QoS decided by
SP-1 w.rt 6; in two cases: no-delay case (w3 = we = 1)
and delay case (w; = wy = 0.5). On the one hand we note
that the bifurcation diagram of p; and ¢; in the non-delay case
w1 = wg = 1 converges to Nash equilibrium as 6; < 0.032, by
cons, when 67 > 0.032 the Nash equilibrium of price and QoS
becomes unstable, period doubling bifurcation appear and after
chaotic behaviors occur for both price and QoS diagrams. Also
the bifurcation diagrams of p; and ¢; w.r.t 6 in delay case are
plotted, in this case, the Nash equilibrium is converges as 67 <
0.038, when 67 > 0.038 the Nash equilibrium point becomes
unstable. On the other hand, it is observed that that period
doubling bifurcation are delayed in delay case, so, we deduce
that delay w; increases the stability of the Nash equilibrium.
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Fig. 8. Bifurcation diagrams of p; with respect to 81 with (red) and without
(blue) delay, where 62 = 0.03, p; = 0.05 and v; = 0.5.
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Fig. 9. Bifurcation diagrams of g1 with respect to 6; with (red) and without
(blue) delay, where 62 = 0.03, p; = 0.05 and v; = 0.5.

Now we study the influence of delay v; on the stability
of both price and QoS equilibrium, we plot respectively in
Figures 10 and 11 the bifurcation of price and QoS decided
by SP-1 w.r.t p; in two cases: no-delay case (11 = vy = 1)
and delay case (1 = v = 0.5). Bifurcation diagram of p;
and ¢; in the non-delay case v; = 1o = 1 converges to Nash
equilibrium as p; < 0.030, contrariwise, when 6; > 0.030 the
Nash equilibrium of price and QoS becomes unstable, period
doubling bifurcation appear and after chaotic behaviors occur
for both price and QoS diagrams. Comparing the bifurcation
diagrams of each Figure (Figures 10 and 11) we find that delay
v; affects the stability of Nash equilibrium point, and that SPs
using delayed bounded rationality have a higher chance of
reaching a Nash equilibrium point.
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Fig. 10. Bifurcation diagrams of p; with respect to p1 with (red) and without
(blue) delay, where p2 = 0.04, 6; = 0.04 and v; = 0.5.
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In Figures 12 and 13, we present simultaneously the price
and QoS of SP-1 at equilibrium w.r.t #; and p;.
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Fig. 12. Bifurcation diagrams of p; (blue) and g; (red) with respect to 61,
where 02 = 0.03, p; = 0.05 and w; = v; = 0.5.
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Fig. 13. Bifurcation diagrams of p; (blue) and g1 (red) with respect to p1,
where p2 = 0.03, ; = 0.04 and w; = v; = 0.5.

V. CONCLUSION

We studied the problem of price and QoS game for two SPs
assuming multi-level rationality under two schemes : Sym-
metric scenario where both SPs are rational, and asymmetric
scenario where one of them is rational and the second SP
has limited knowledge. We first provided many conditions for
stability of Nash equilibria. Second, we showed that the delay
enhances the stability of the equilibrium for both schemes. Fur-
thermore, we studied a duopoly game with bounded rationality
while considering both price and QoS as strategic parameters.

Stability conditions of Nash equilibria and the impact of the
memory size are also discussed. Results found in this work
can be further extended to general network considerations,
in particular under non-neutrality perspective or non-linear
demand.
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