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Abstract—Fair sharing of bandwidth remains an unresohed issue bor distribuled systems. In this paper, the users ol a distribuled LAN
are modeled as sellish users wilh independence o choose their individual siralegies Wilh these sellish wsers, (he conention-based
distribuled medium access scenanio is modeled as a complele-informalion, noncooperalive game, designaled the “Access Game™ A
noved MAC stralegy based on p-persistent CSMA is presented to achieve [imess in the “Access Game.” [ is proven hal there are an
inlinile number ol Nash Equilibia Tor the "Access Game.” bul they do nol resull in Baimess. Therelore, il may be benelicial for the
selfish users 1o adhere 1o & sel of conslraints that resull in fEmess in  oncooperalive Eashion. This leads 1o he lormulation of a
eonstrained “Access Game” wilh faimess represented as a el of algebraic constrainls. 11 is proven Mal the solulion of he constrained
game, the Conslrained Mash Equillbrium, is wnique. Further, il is shown thal, in addilion bo achieving laimess, his solulion also
oplimizes the thioughpul. Finally, these resulls ane extended 1o a more realistic incomplele-infonmaion scenario by approximaling the
incomplebe-inlommalion Scenaro as a complele-inlormalion scenanio throwgh informalion galhvering and disseminalion.

1 INTRODUCTION

ANDWILITH is one of the primary resources in compuler

communication networks and Quality of Service ((oS)
i5 nfluenced by how bandwidth is allocated (in centralized
syslems) or shared (in distributed systems). As access o
bandwidth is dependent on the Medium Access Control
(MAC) protocol being used, the research on bandwidth
faimess has locused on devising efficient MAC prolocols Lo
achieve fairness. A considerable amount of work has been
done in this regard. Here, we briefly summarize ik

1.1 Prawvious Work

There are two ypes of MAC protocols: centralized and
distributed. In centralized networks, fairmess is based on the
concepl of Generalized Processor Sharing (GPS). Informally,
(PS5 guarantess a user resource allocation proportional o
thal user's relalive weightage |38]. We will follow this
simple, yet powerful definition of fairness for the present
work also. (PS5 cannol be implemented in practice because
it relies on bit-by-bil swilching, whereas the communication
enlity of inlerest is a packel. In [29], a practical packet-based
implementation of GPS s presented. This algorithm is
usually known as the Weighled Fair Queuing (WFQ)
algorithm. In WH)), each arriving packet i5 given wvirtual
“start” and “finish™ times based on the actual arrival time of
the packel and the length of the packet. The packet with the
smallest “hnish”™ ime 5 selected for transmission. A similar
lechnique is presented in [39]. There, the W) algorithm
designated Packet GGPS (PGPS) is combined with a Leaky
Bucket Admission Controd algorithm for a single server (GFS
and it is shown that it is possible for the network to fulfill a

» The authors are with the School of Compuader Science, Uinioersity of Cermdral
Florida, Orlardn, FL 32816, C-masil: {sraks, g o uchadu.
received 11 fume 200Md; rewised 10 Feb. 3WM05; accepted 3T May
2105; publiched omlime 16 Sept. 2005
For information on obtziring reprirts of this antide. plmse send emel fo:
toibrompuder ory, and reference ICENCS Loy Number TC-OT 9700604,

O S-S S 1 7 210 IEEE

wide range of performance guarantees using these algo-
rithms. In [40], an improved GPS approximation algorithm,
called Worsl-case Fair Weighted Fair Queuing (WF20)), is
proposed. Using WF2(), only packets with a virtual “start”
time that has been passed are considered for transmission.
This is a more accurale approximaltion of GFPS, bul increases
implementation complexity. In distributed systems, there
are two main problems in achieving fairness: lack of
information, e, wsers usually do not know about the
number of other users, and lack of coprdination, e, one
user canredl determine il any other is also ransmilling
simultaneously. OF these two problems, lack of coordination
i= more fundamental in nature because, even if the wsers
know aboul the number of other users present in the
system, medium access and packet transmission cannol be
coordinaled. Thercfore, the objective of bandwidth fair
sharing in a distributed system is o resolve this contention

in such a way thal users get bandwidth proportional to their
weighlages. For distributed systems, most of the work

concentrates on Carrier Sense Multiple Access (CSMA)
MAC protocols. In [35], a Distributed Fair Scheduling, (IFS)
schemwe based om a wvirtual clock mechanism has been
proposed for a Wireless Local Area Network (WLAN). As
in WE(), the “start” and "linish”™ imes of an arriving packet
are computed and the packet with the smallest "finish™ Lag
is transmilted. A distributed algorithm wsing the back-off
imterval mechanism of IEEESIZ. 11 MAC [11], [12] is used to
determine the packet with the smallest "finish™ Lag.
However, in general, it is difficult o implement a “virtual
clock™ mechanism in distributed systems. Another ap-
proach in differentiated bandwidth sharing in distribuled
systems is the “priority-based” access schemes. One of the
earliest works incorporating priority in CS5MA can be found
in [41]. Th-nru, Tobagi presented a priorilized CSMA or
P-LSMA.! The idea behind this scheme is as follows: grant

access right exclusively o the messages of the current
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highest priority class. In [33], priority-based access schemes
using the Carrier Sense Multiple Access ((CSMA) protocol
are analyzed for l-persistent and nonpersistent modes.
p-persistence CSMA is not considered doe o the difficulty
in analysis. Specifically, three schemes are considered: 1) all
packets transmitted in 1-persistent mode, 2) higher priority
packets transmitted in 1-persistent mode and lower priority
packels transmitled in nonpersistent mode, and 3) all
packets transmilted in nonpersistent mode. Assuming
Poisson packet arrival and general packet length distribu-
lions mean packel delays are compuled using approximale
techniques. Another priority-based scheme for C5SMA s
presented in |34)]. Some other related work for distributed
syslems can be found in [31] and [32]. The problem with the
“priority-based” access schemes is the lack of an explicit
relation between and priority and [airness. The mediom
access stralegy we proposed is philosophically similar o
the priority-based approach, bul completely different in
modeling and analysis.

1.2 Motivation and Contribution

The drawbacks of both the “virtual cock™ and " priority-
based”™ schemes have been indicated. Here, we present a
novel approach for contention resolution by modeling the
contention for medium access as a Non-Cooperalive Game,
the "Access Game.” The "Access Game” model is pre-
dicated on an explicilt relation between priorily and [airness.
Therefore, the solution of the “Accoess Game” satishies the
faimess definilion as enunciated by GPS. Game Theory has
been extensively wsed in other areas of computer commu-
nication [15], [16], [17], [18], [19], [20], [2]1]. However, there
has been only limited application of Game Theory for
designing distributed MAC prolocols. It was recently
introduced in [13]. To the best of the authors” knowledge,
the present work is the frst altempl o formulate the
faimess problem in a Game-Theoretic framework. There are
wo reasons why Game Theory is a suilable ool for
analyzing distributed medium access. First, the conlen-
ion-based nature of medium access presents a natural
application domain for Non-Cooperative Game Theory.
Second, it is possible o conceive of “selfish™ users in the
future choosing their individual access stralegies o
optimize their own selfish interests [13], [37], [30]. The
"wirtlual ime™-based or “slalic priorly™-based approaches
described abowe are not suiled for such siteations. The
"Access Game” model provides a theoretical formulation
for achieving fair bandwidth sharing in the presence of
“selfish” wsers. In addiion to resolving the fairness
problem, we also investigate in detail the interaction
between the optimal “selfish™ user strategies and the
overall system performance.

1.3 Organizalion

The rest of the paper is organized as follows: Section 2
briefly describes some Game-Theorelic concepds and pro-
vides the "Access Game™ model for the contention-based
medium access, Section 3 analyzes a hypothetical complete-
information scenario and proves the uniqueness of trans-
mission stralegies achieving fairmess, Section 4 provides
techniques Lo approximale an incomplete information
secenario o a complele information scenario and shows that

fair bandwidth share is achieved in this approximate case
also, and Section 5 concludes this paper.

2 MODELING THE ACCESS GAME

Formally, a finite game {7 consists of a nonemply finile set [
of players. A player, say 1, has a sel of possible stralegies /
actions A;. In order to play the game, all the players choose
an action from the respective stralegy sels simultaneously.
Al the end of the game, there is an outcome. Clearly, the
oulcome space is given by 5 = x;A:. Let s € 5 be a generic
outcome of the game (7. Associated with the oulcome, =, is a
payoli o each of the players. Lel us designale by w = wis)
the payoll function for the ith user. The payofl function of
the game is an ordered tuple of payolis o individual wsers
and is given by w(s) = (u(=)...w, (=)). Initially, Game Theory
concentrated on games of pure strategy, ie., user @ taking
only one action with probability "1 to play the game. Nash
introduced the concept of mixed strategy. The concepl of
"mixed stralegy” is thal, instead of deciding for a particular
action with certainty, a user @ randomizes ils decision and
chooses a particular action from A; with a probability (may
be zero). Consequently, the elements of the oulcome sel S
also become probabilistic in nature. As the payoflis are
associaled with the oulcome of the game, it follows thal, in a
mixed strategy game, there is a nonnegative probability
attached Lo the value of the payolfl a user receives by
playing the game. This enlails the formulation of wtility
function #: for each player ¢ In a mixed stralegy game (7,
utility function &; is the expected payoll for player :. We
consider two solution concepts of a Non-Cooperalive Game:
Mash Equilibrium [26] and Constrained Mash Equilibrium
|28]. Por detailed discussion on these topics, see [14]

2.1 Access Game

Examples of distributed MAC protocols are ALOHA [3],
Carrier Sense Multiple Access/Collision Detection (CSMA /S
CD) [5) [6]. [71 [8]. [9], and Carrier Sense Multiple Access/f
Collision Avoidance (CSMASCA) [10], [11], [12], whereas an
example of centralized MAC protocol is HIPERLAN [1], [2].
For the present work, a p~{5MA type access strategy for
medium access is considered. Before proceeding further, a
brief description on the p-CSMA protocol is in order.
Consider a MAC protocol using CSMA. When a user has a
packetl ko send, it senses the medium and, if the medium is
sensed busy, il can lake several actions and, depending on
these actions, CSMA protocols can be classified as follows [4:

1. l-persistent: Keep on sensing the medium and
transmil the packel when the channel becomes idle.

2.  Non-persistent: Do nol sense the medium for some
time (e, back-off).

3. ppersistent: Keep on sensing the medium as long as
the medium is busy and when the medium becomes
idle, transmil with probability p and wail with
probability (1-p).

We provide the following diagram (Fig. 1) for a schemalic
representation of p-CSMA.

It can be observed from Fig. 1 that, at the end of a

transmission period, there is a brief idle period. The idle
period essenlially signals the end of the previous
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Fig. 1. Successive stales of the system in p-CSAMA

transmission period. Afler this briel idle perind, users
contend with each other o access the mediam. Contention
is eventually resolved in one user's favor and the
successiul user transmils nexL

The MAC strategy presented for the " Access Game” is
similar o the p-UCSMA. The significanl difference is that the
value of “p” is not constant in the proposed protocol. Users
compule appropriate valoes of p, based on the slate of the
system. More specifically, users transmil with different
probabilities depending on the number of users Lin
the system. These are the players of the "Access Game.” Al
the beginning of each conlention period, each player has
bwo actions o choose frome “transmit™ and “"wail.™ User 3
transmils with probability p. The game has three ouloomes:
"success,” “lailure,” and “waste.” The oulcomes and pay-
offs of the game are as lollows:

. I no user transmits, the game’s oulcome is "waste”
and all the users receive a payolf of "0."

2. If exactly one user transmils (say user i), then the
oulcome of the game is "success.” User @ receives a
payolf of “1" and all the other users receive a payoll
of 0.7

1. I more than one user transmils, collision occurs and
the outcome of the game is "failure.” Every user
receives a payoll of 0.7

Mote that if a user decides o “wail,” irrespective of the

game’s oulcome, il receives a payoll of "0." This choice of
payolf is justified by the selfish nature of the wsers. Let us
give a simple example regarding the payoll: Consider two
users A and B contending for transmission. If both of them
transmil, there is a collision and nobody benefils; hence, a
payolf of “07 is assigned o both the wsers. If A (or B)
decides o wail, it may so happen that B (or A) transmils
and benefits. However, no benefit is accrued o A (or B)
Therefore, A (or B) receives a payoll of “0." The payoll of
“17 for success i85 sellexplanatory.

Following the above discussion, the ulility funclion or

the expected payoll function can be expressed as:

fl; = Pr{sucoess) = 1. (1)

From here on, we drop the "bar” in &; and denote the payolf
function of user : as simply w. The main resulls are now
presented in the following section.

22 Social Welfare

We have modeled the medium access as a Non-Cooperative
Came. In the next section, solutions o the “Access Game™
are provided. Before presenting these solutions, we briefly
discuss some desirable qualities of these solutions in terms
of Social Welfare and Pareto Optimality. Social Wellare
(5W) is a concepl from economics dealing with the
distribulion of resources in the society. Interestingly, this
concepl can be applied in the present context of mediom
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access also, with the respurce in question being the
bandwidth. We have previously argued thal each user
should receive their fair share of bandwidth. Therefore, SW
for the " Access Game”™ is achieved if these fairmess criteria
are satisfied. Associated with the concept of social welfare is
the concept of Parelo-Optimality (FO) of a resource
allocation. Informally, P is achieved if nobody can be
made better off without making somebody else worse off.
All PCY solutions do not result in 5W, but all the allocations
resulling in 5W are PO Whether the PO solutions salishy
the condition of 5W depends on how 5W is defined in a
particular context. As the solutions in the next section
satisfy 5W within the present context, the solutions are PC)
in nature as well_

3 AMNALYSIS OF THE ACCEsSs GAME

From the discussion in the previous section, il is clear thal
each user has only one decision variable: the probability Lo
transmil In this section, we present the main resulls
regarding these decision vanables. First, the assumplions
for the analysis conducted in this section are specified.

3.1 Assumplions

Al. Each user has complele information aboul all the other
users. Although this assumplion 5 quite restrictive for a
distributed system, il is made o provide a sharp analysis.
This assumiption i5 later relaxed.

A2 All the users have packels o transmil. This
assumption is made for the sake of simplicity. We also
relax this assumption in the next section.

A3, Packels are of equal length. This assumplion is again
made for simplicity.

A4 The number of users playing the game is n and this
number does nol change. As n = | presents a trivial case,
n o 1 is assurmed.

AL, The system is stable.

Assumplions4and 5are relabed. In this section, we present

the results for a ixed number of wers. In the next section, we
relax this assumplion and allow for varying numbers of users.

Forour analysis to hold for the general case in the next section,
the system needs o be stable. The stability assumption has
been maintained throughout this paper.

3.2 HNash Equilibrium

We first prove that the Mash Equilibria for the "Access

LGzame”™ is inefhicient.

Theorem 1. In the Nesh Equilibriwem for the Access Game, there
is af least ome user t such that pN® = L.

Prool. Reproducing the ulility function of user @ from (1),
we have

we=pi [ (1 - ps). (2)
i
Of interest is the expression | [‘;ﬁ (1 — p;). Let us call it &;:

s=[l0-2 .
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