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Distributed Resource Allocation for Wireless
Service Provision in a Competitive Scenario

José Mairton B. da S. Junior, F. Rafael M. Lima, Tarcisidiaciel and F. Rodrigo P. Cavalcanti

Resumo—Devido ao constante avanco das redes aweis are part of most of today’s market strategies. Some works hav
celulares, operadoras tornaram-se novas participantes no focused on the study of the impact of economical aspects
competitivo mercado de servicos de dados. Aspectos edomcos in wireless networksBadia et al. in [1]-[3] have shown

como o preco cobrado pelo servico fazem parte da maioria - .
das estratgias demarketing atualmente. O foco deste artigoé how concepts from microeconomics are employed to set the

estudar o problema da alocado de recursos e definir precos Pricing strategy of a provider selling wireless data accéssh
em um cerério onde operadoras competem por usarios. A strategy takes into account the utility or Quality of Seevic

solucdo centralizada para o problemaé revisada e uma solugo  (QoS) perceived by users and their willingness to pay for tha
distribuida utilizando informag des locais de qualidade do canal utility. In [4] we have studied how economical aspects can
€ proposta. Os resultados indicam que a sol@g proposta possui b k h in Radio R M t (RRM
uma pequena degradago em relago a solu@o centralizada. e t,a er_1 Into account in Radio Resource -anagemen ( )
design in order to control the churn rate in these networks,
networks, they have become a new player in the competitive i.e., the relative fraction of customer defection in a givieme

market of data service provision. Economical aspects suchsa basis. ) ) ) -
pricing strategy are part of most of today’s market strategies. Some works have studied the providers’ price competition
In this article, we focus on the problem of resource allocatn to attract users [5]-[8]. In [5]-[7], the authors considke t
and price definition in a competitive scenario with mobile wreless  problem of association among providers and users in which
providers. In_th_ls context we review the centrallged_ solutn of _the purchasing a unit of resource from different providers gsin
welfare maximization problem and propose a distributed salition . N
that uses only local channel information. The results showtat the Same amount of utility to the user. This is in general not
the proposed solution presents a small error when comparedot the case in the wireless setting since users experienezetitf
the centralized solution. channel quality conditions to different providers. Thipest
Keywords— Resource Allocation, economics, wireless and IS taken into account in [8] that models heterogeneous users
distributed algorithms. both utility function and perceived quality for each prosidin
that article, the authors consider a scenario in which tleesus
are not contractually tied by the providers. Specificalhg t
. INTRODUCTION users are free to switch in real time to the provider with best

With the Third Generation (3G) advent, mobile wireles§ost-rate trade-off. The main contribution of [8] is thedstiof
networks have become a new player in the competitif@e providers’ competition problem as a two-stage gameishat
market of data services provision. As an example of thiown to have a zero efficiency loss at the equilibrium point,
new reality we can mention the High Speed Packet Acce$t is, neither the providers nor the users have unildyeral
(HSPA) system that has been experiencing a widesprdgentive to deviate their strategy with the centralizekiitson
adoption in the world. The perspective is even better wif the welfare maximization problem.
the advent of Long Term Evolution (LTE) and Worldwide In this article, we review the problem studied in [8] and
Interoperability for Microwave Access (WIMAX) networkspropose a distributed solution to the providers’ compmiti
and the standardization of LTE-Advanced that will meet thHeroblem. Our proposed solution uses only local information
requirements of International Mobile Telecommunicatiens Of channel quality conditions. The remaining of this asicl
Advanced (IMT-A), i.e., the so called Fourth Generation Y4Gis organized as follows: in Section Il we present the main

With the popularity of mobile data services we have alsgssumptions about the system modelling used in this paper;
witnessed the increased competition among system pravidée centralized solution to the studied problem is reviewed
in order to expand their customer base. Technological &spegection I1l; the main contribution of this article, the dibtited
such as availability of terminals, amount of spectrum, spee  Solution to the studied problem, is presented in Section 1V;
efficiency, coverage and the por[fo"o of Supported ses/ae finally, we present the simulation results in Section V arel th
not able to make the difference in this competition since thé&nain conclusions and perspectives in Section VI.
are in general similar among the majority of the providens. O
the other hand, economical aspects such as the pricinggyrat Il. SYSTEM MODELLING

Abstract— With the continuous development of mobile wireless
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purchased by different users. These resources can be itansnirhe social welfare maximization problem aims at
power, or time slots in a Time Division Multiple Accessmaximizing the summation of the users’ payoffs and the
(TDMA) system, or subcarriers in a Orthogonal Frequengyoviders’ revenues. It can be easily observed that theaneelf
Division Multiple Access (OFDMA) system, for example maximization problem is equivalent to maximizing the sum of
Without loss of generality we consider that the availablesers’ utility, because the payments and revenue are system
resources are time slots. A ugecan purchase resources froninternal transfers and cancel out. It is useful to define a
one or more providers simultaneously. vector of weighted resources as= [z125...27]7, where

We assume that the time is split into frames that is composed = Z;-le gijcij. In this way, the welfare maximization
of several time slots and at the beginning of a frame eaphoblem is given by
provider j defines the price per unit of resourgse,. Once
the prices per unit of resource are defined, each user T
determines the demand or the amount of resoutgeshis maXZui(mi) (5a)
user will purchase from providej. Under this model, we * =
call an undecided user the one that purchases resources from.

. ' T subject to

two or more providers. We definp = [p1,...,ps]" as a
vector with the prices of all providers. Also, we consideatth J
a4 = ¢ -..qis]7 is a vector with the demand of useffor Zqijcij =x; Viel (5b)
each provider andy = [q; 7 ...q;7]7 is a vector with the =1
demand of all user for all providers. I

We model the perceived QoS of a uséry a utility function, Z 6; =Qj, VieJ (5¢)
u; (+) that depends on the transmit data rate and should be i=1
differentiable, strictly increasing and strictly concawdfe g; >0 Viel VieJ. (5d)

fi he utility f i f i . . . .
defined the utility function of user as The constraint (5b) specifies the relationship betwegn

J and g;;. The constraint (5c) indicates that a provider cannot
u; =a;log | 1 +Zqijcij , (1) sell more resources than the available one, and finally, the
j=1 constraint (5d) assures that the amount of resources dexdand
oo - by users are non-negative.
whereq;’s are the individual willingness to pay of each usery g
and
P;|hij|? I1l. CENTRALIZED SOLUTION
¢ij = Wlog <1 + : ) ’ @) In [8] the authors have considered the problem depicted in

ts th . data rate that y 0 i Section Il and modelled the interaction between the prosgide
represents the maximum data rate that provjdean transmi and the users as a two-stage multi-leader-follower game (se

:.O uselrzt as:lummwg .th?r: that Flhlts)l u?er gets alltg)ca(';eqd?rlll t:IS] and [10]). In this model the providers are the leaders and
Ime slots. Also, )V IS the avallable Trequency bandwidin Ol qe g are the followers. It is assumed that the channel gains

prowderj', Byis thelflxed ”a“S”.“F powes; is the noise power of all users are roughly constant for the duration of the game
for useri and h;; is the coefficient of the channel transfer(frame) and furthermore, that they are known to all game
function of the wireless link between userand provider; ’ !

. participants (e.g. each provider collects channel coonliti
given by information to each user, and then broadcasts this infoomat
hij =1/ (dij)~°, (3) to all users and providers).
) . ) The authors in [8] show that the solution of the social
where a is the path-loss exponent ant); is the distance \ygjtare optimization problem (5) has a unique maximizing
between the user and the base station of providgr We  gqytion x*, with a unique Lagrange multiplier vectox”.
assume that the frequency bandwidth of all providers ajge can see in the constraint (5b) thgtuniquely determines
orthogonal and, therefore, there is no interference betweﬁ_ and, consequently; uniquely determines. On the other
different providers. Furthermore, the channel coefficesmte hand, it is not guaranteed that a givencan be mapped to
assumed to be constant during a frame. _ _a uniqueq. However, in [8] the authors shows by using a

The objective of providerj is to set the price ;or unit pinartite graph representation that for this specific probl
of resourcep;, so as to maximize its revenyg > .;_, ¢i; simple algorithm can be derived that uniquely determiges
subject to the resource constralif_, q;; < Q;. Specifically, from x. In this way, the solution of (5) is unique .

a provider maximizes its revenue when all resources areaccording to the solution of problem (5) the users can be
purchased by users. On the other hand, a usshould gjyided into three categories: decided users, undecidetsus
define the demand for each providey;, with the objective gand non-connected users. The decided users purchase from
of maximizing his/her payoff that is defined as the differencon|y one provider, while the undecided users purchase from
between the utility and the payment shown as follows several providers. Other users may decide not to connect to

J J any provider having zero demand for all providers.

v; = a; log (1 + Zcijqij> — ij%‘j- (4) Other interesting result found in [8] is that the optimum
j=1

=1 solution of problem (5) is also the subgame perfect Nash
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equilibrium of the two-stage game where the prices are equaln Figure 3 we present a detailed fluxogram of the proposed
to the Lagrange multiplierp* = A*. In other words, the distributed solution. The first step is the initializatioh tbe
problem has zero efficiency loss at the equilibrium becatisepaices by the providers. Based on the knowledge of the
the maximizing solutiomg* andp* neither the providers nor announced prices at iteratieneach usei will independently
the users have unilaterally incentive to deviate theirtagy define their demand;;; for each provider; at iteration
despite the selfish nature of the providers and users. n. In order to perform this task, each userwill solve

In order to find the solution of problem (5) it is assumethe optimization problem of maximization of his/her payoff
that all the information about channel quality, users ardkfined by Equation (4) constrained lky, > 0 Vj. It is
providers should be concentrated in a central node. We dafiportant to highlight here that this optimization probléas
this solution as centralized solution. In Figure 1 we repnés not a global maximum as shown in Appendix |. Therefore,
the association between providers, users and the cepttalisuboptimal demands may be defined by the users.
node. The centralized solution is not practical since itinets

a central node and the complexity of solving the problem (5) Initialize the prices
may require a large computational effort. In the next sectio N v
we propose a distributed solution to this problem. ——<  Time elapsec< timeout
LY
P Qi n= f +1
- General General n o\
Providers _lnformation_> Central NOde<_|nf0rmation— Users Computeqij,\ﬁ ez
7
Y
Fig. 1. Information diagram in Centralized Algorithm Yiay — Qi >0V €T > pith =pl + KA —
IV. PROPOSEDDISTRIBUTED SOLUTIONS wLN

L . . g™ — Q. A7 ntl — pn g —
Distributed algorithms have the advantage of decentrajizi it @ <OVIET > 2y =5

the processing in the system. This results in the division pf

N

the main task in many low-complexity subtasks. Moreover, |n > P}t = p} —

distributed solutions pieces of information that previgusad

to be available at the central node are not necessary anympre \] N

due to the local processing. V2T — Q)2 < _
The objective of our proposed distributed solution is to find wLY

a good solution to the problem (5) that, as shown beforests a >( = )

the equilibrium solution. In this way, the user and provider
iteratively solve small problems based on the informationg. 3. Flowchart of the distributed algorithm
exchanged among them. Henceforth, we will add the index
in some of the previously defined variables in order to in@ica once the demands of all users are defined, the providers
the current iteration. More specifically, at a given itesati, | adjust their prices so as to increase their revenueshEa
based on the knowledge of the announced priges,each provider will verify if the total demand of the users is grerat
useri should determine his/her demangl;. Once all users or |ower than the total available resources. If greaters thi
defined their demand to each providgf, the providers are means that the prices should be increased in order to redece t
now able to adjust the previous prices in order to increasie thyemand of the users. If lower, the prices should be decreased
revenues. _ _ _ so as to become more attractive to users and then sell all
In Figure 2 we illustrate the information flow for theihe available resources. The prices are adjusted by adding o
proposed distributed algorithm. Firstly, comparing Figirl subtracting a term composed of two factaksand k7. The

and 2, we can see that in the distributed solution there is figmer is a positive constant and the latter is an adaptiviefa
central node. Consequently, the problem to be solved i$ SRl provider ; at iterationn defined as

in subtasks that should be processed by each node. In this
case, the provider and the users iteratively adjust thédepr " > — @ ,
. . ; O kK = VieJd (6)
and demands, respectively. The providers adjust theiegric J VO 4 — Q)T
based on the knowledge of the users’ demands in order to
maximize their revenues. On the other hand, the users definéds can be seen in Equation (6), for a given proviger

their demands to each provider so as to maximize theirytilithe numerator oft} represents the difference between the

based on the knowledge of the prices. total demand and the total available resources while in the
p" denominator we have an average distance of the total demand
_— of all providers and their total available resources. Tfore
Providers , Users when the demand for a providgrat iterationn is lower than
\q_:'L/ the available resources, the factby will be negative and

the prices will be decreased by a factor proportional to the
Fig. 2. Information diagram in Distributed Algorithm difference between the demand and available resources. On
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the other hand, when the demand is higher than the available 20

resources, the prices will be increased. Lol . . "
Finally, the iterative procedure described previously v . . "
repeated until the average difference between the totahddm il " '
and available resources is lower than a given threshold or Lar .
a maximum processing time was achieved. Note that this 12p ® ’ . .
maximum processing time can be mapped to a maximum > iof § ]
number of iterations if desired. osf, . 1
osf, ¢ R IS O Providerl
V. PERFORMANCE EVALUATION oal N " Usersi
* & Providers 2
In this section we show some results obtained by computer 02l ¢ . $ ¢ Users2 |
simulations based on the models described on Section II. We e L e
performed 100 independent snapshots where in each snapshc 0 02 04 06 08 10 12 14 16 18 20

a given number of users are randomly disposed in a rectangula

area of 2kmx2km. Due to the distance based path-loss modg}, 4. association of users and providers in a given snapsho

in (3) the users also have different channel quality statéle

providers in each snapshot. Furthermore, in each snapshot w

solve the social welfare maximization problem (5) by usingesources @®; = 20) along the iterations. We can see
the centralized and the proposed distributed algorithme Tkhat the price adjustments performed at each iteration are
main simulation parameters are described in Table 1. capable of decreasing the difference between the total deéma
and available resources. For the two-providers case tla¢ tot
demand of the providers converged at iteration 264 while
in the three-providers case the convergence was achieved at
iteration 275. In general, the convergence speed depends on

TABLE 1
SIMULATION PARAMETERS

Parameter Value . . . . ..
1 ” the number of providers, initial prices defined at the beigign
7 2 and 3 of the algorithm, number of users and adopted criterion for
a; exponential distribution with mean 1 convergence.
w 10 MHz
(0% 24 60
gi -120dBm = Provider 1
Pj 43dBm S Provider 2 | 7
Qj 20
¥ 0.3 501
A 10-3
Timeout 2 hours a5

40

Total Demand

In order to better understand the studied problem, we show
in Figure 4 the solution of problem (5) for a specific snapshot
In this two-providers case we can see three types of users: 30}
the decided users connected to provider 1, the decided user:
connected to provider 2, the undecided users that are ctathec
to both providers 1 and 2. By s 7 w0 s w0 1w w0 w20 2 aw

Firstly, we can see that users near to a provider and far away Number of terations
from the other provider tend to connect to the nearest one.

This comes from the fact that in general the channel qualifjg. 5. Convergence of the Distributed Algorithm for 2 pubeis

improves as the distance between the transmitter and sxceiv

decreases. In this case, the channel quality becomes aystronfhe figure of merit used to evaluate our proposed solution
factor in the utility expression in (1). Consequently, imgeal is the relative error between the prices found by the disteid
these users are not affected by price competition. On ther otAnd centralized solutions for each provider and snapshkiengi
hand, the users that have approximately the same distahye

to both providers are more sensible to price competition

becoming an undecided or eventually a non-connected user. Cis =

In Figures 5 and 6 we illustrate the convergence of the
distributed algorithm for two- and three-providers sc@sam where pd“’t and p5* are the final prices of providef in
a given snapshot. As explained in Figure 3, the convergermmpshots for the distributed and centralized algorithms. In
is achieved when the average difference between the tdtidure 7 we present the Cumulative Distribution Function
demand and available resources is lower than a giveDDF) of this relative error for the two- and three-provisler
threshold. In Figure 5 and 6 we show how the total demamdse in all the snapshots. We can see that the maximum error
of each provider dynamically converges to the total avéélabfound for the two- and three-providers cases were 1.30% and

35

25

dist cent

pjs pjs

cent

p]s

; ()
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a0 defined in Equation (4) has critical points. The first derixat

= Provider 1 of V; Vj € j is
300 Provider 2 | _|
Provider 3
250 8 (’)v- a;Ci1
Ly, ®
g 200 | i1 1+ Zj:l Cijqij
g
g 150 . :
81)1' a;C; g
100 | — = 7 —DPJ (9)
01 14375, cijdij
50 4
Critical points can be found at the points where the first

i i i i i i i i i
75 100 125 150 175 200 225 250 275

300 derivative is zero that give us
Number of Iterations
J
a;C;
> eijai; = == -1 (10)
Fig. 6. Convergence of the Distributed Algorithm for 3 peis = D1
8.3%. Looking at thé@7th percentile we can observe that 97%
. J
of the samples experienced an error lower than 1.25% and CC 11
2.25% for the two- and three- providers, respectively. Base Z;C” Gij = ps (11)
=

on these results, we highlight that the distributed sofui®

capable of providing suboptimal but good solutions with Bma In order to allow critical points we have to guarantee the

errors compared to the centralized solution without thedneequality of all right-hand terms of Equations (10)-(11g, i.

of a central node. .
11

Cig
by

(12)

P1

1

0.9

2 Providers

However, the condition in (12) is unlikely according to the
assumed model. The Fermat Theorem says that every local
maximum or minimum point has the first derivative equals to
zero in all coordinates, if it exists. Therefore, the fuantin

1 (4) has neither critical points nor local maximum points.

0.8 = 3 Providers ||

0.7

0.4H

0.3 .
0.2 : B 4

0.1 - . 4

(1]

0 i i i i i i i i
0 1 2 3 4 5 6 7 8 9

Relative Error (%)

(2]

Fig. 7. CDF of the relative error for the two- and three-pders case in all
snapshots.

[3]
VI. CONCLUSIONS ANDPERSPECTIVES

In this work we study the problem of competition [4]
between wireless data providers for users. We reviewed the
article [8] that provided a centralized solution to the sbci [5]
welfare maximization problem. Based on this we proposed a
distributed solution to this problem without the shortcogs
of centralized solutions. 6]

The performance evaluation presented in this article shows
that our proposed solution is capable of finding small errof’]
solutions compared to the centralized algorithm. Theegfor
the distributed algorithm achieves a good trade-off betweeis]
performance and complexity. As perspective, we intend to
study the impact of the parameters in the model.

APPENDIXI [9]
PROOF OF NO CRITICAL POINT OF PAYOFF FUNCTION [10]

Our objective is to show that the payoff function has not a
global maximum. First, we have to analyse where the function
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