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Cooperative Scheduling for Coexisting
Body Area Networks

Lusheng Wang, Claire Goursaud, Navid Nikaein, Laura Celttatci, and Jean-Marie Gorce

Abstract—Body area networks (BANSs), referring to embedded

The design of BAN MAC could refer to IEEE 802.15.3/15.4

wireless systems in, on, and around bodies, are expected tostandards [8], [9] and the progresses of IEEE 802.15.6 wgrki

take an important role for health, leisure, sports, and all the
facets of our daily life. In many cases, several BANs coexist
in a small area, resulting in very strong inter-BAN interference,
which seriously disturbs intra-BAN communications. The gal of
this paper is to decrease inter-BAN interference by coopeiive
scheduling, hence increasing packet reception rate (PRRY mtra-
BAN communications. Cooperative scheduling here is dividd
into two sub-problems: single-BAN scheduling as an assignemt
problem and multi-BAN concurrent scheduling as a game. For
the first sub-problem, a low complexity algorithm, horse radng
scheduling, is proposed, which achieves near-optimal PRRoff
the BAN performing scheduling. For the second sub-problem,
we prove the existence of a set of mixed strategy Nash equitia
(MSNE). Then, we propose a distributed cooperative schedinlg
scheme, which efficiently achieves higher PRR than the MSNE
without degrading fairness.

Index Terms—Body area network (BAN), cooperative schedul-
ing, combinatorial optimization, Tian Ji horse racing, game
theory

I. INTRODUCTION

group [10]. As shown in Fig. 1, a BAN superframe contains
four periods: control period, contention access period RCA
contention free period (CFP), and inactive period. The CFP
is composed of a number of time slots. In this period, trans-
mission is based on time division multiple access (TDMA).
Guaranteed time slot (GTS) requests in the control peried ar
used to demand time slots in the CFP of the next superframe
or a number of following superframes. Since TDMA-based
protocols outperform contention-based ones for non-dynam
types of networks (e.g., BANs) [4], [11], data frames are
mainly transmitted in the CFP. Therefore, it is of primary
importance to improve the utilization of the CFP. When there
is an isolated BAN, transmissions of sensors are schedyled b
the coordinator into different time slots without causiny a
interference. However, it is common to have multiple BANs
coexisting in a small environment, e.g., in a hospital room
or during a marathon. If each BAN only considers its own
sensors’ transmissions for scheduling, there could bewseri

For some time past, wireless communication technologitter-BAN interference [12], [13]. Therefore, an apprapei

have started filling the gap toward a pervasive world. Aftéicheduling approach to achieve harmonized coexistence of

the very fast growing era of cellular networks, the time fofultiple BANs is required. o _
Internet of Things is coming. Connecting things, machines,SChedU“ng has been extensively studied in various types of

and humans in a spontaneous fashion becomes the key is¥{(igless networks in the past decades, but the BAN context
Concerning the connections of humans, mobile phones wiffers new challenges for scheduling that have not been

share their place with several embedded systems, spread &v@perly addressed yet. Traditional schemes, such aecarri

the human body to monitor, control, and help humans
different situations, such as healthcare to the elderlylay
motion monitoring in sportive or leisure activities. To gapot

gense multiple access with collision avoidance (CSMA/CA)
and listen-before-transmit (LBT), have been studied fa th
scheduling of an isolated BAN [5], [14], but they do not

this development, the research community recently inecasPecifically work for an environment of multiple coexisting
its interest on body area network (BAN) technologies [1]-[3BANS. Former studies cor@denng multiple coexisting BANs
focusing on various aspects, including physical (PHY) taydnclude time resource sharing [15], duty cycle adjustm&B},[

medium access control (MAC) layer, network layer, chann@nd the scheduling of a patient monitoring system [4]. All

modeling, security, etc.
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Digital Object Identifier ...

these schemes completely separate transmissions ofeditfer
BANSs into different time resources, so that collision cobkl
avoided. They are calledon-concurrent transmission (NCCT)
in this paper. However, for BAN applications with relatiyel
large traffic [3], [16], [17], NCCT is not efficient because
its total time resource utilization can never exceedthe
utilization of an isolated BAN). Since the transmissiongan
of BAN signals is very small, it is highly possible that sersso
in different BANs with a certain inter-BAN distance can
successfully perforntoncurrent transmission (CC;Twhich
should enable great performance enhancement in the case of
multiple coexisting BANS.

The study of CCT scheduling schemes is limited in the
literature. Patro et al. in [15] suggested a BAN scheduling
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Fig. 1. Multi-BAN coexistence scenario.

approach based on multiple parameters, such as numbedisfributed cooperative scheduling scheme, which efftbien
sensors, traffic, signal strength and application priprity achieves higher PRR than the mixed strategy NE without
group BANs for CCT. This approach could be considered agdagrading fairness.

macro resource allocation scheme for multiple geometyical This article is organized as follows. The system model is
distributed BANs, but not a scheme for the scheduling afescribed in Section Il. In Section Ill and Section IV, we
sensors in each BAN. Moreover, Naor et al. in [18] studiggresent our studies on the two sub-problems, respectivély.

a random access scenario where multiple nodes transmit wétlaluate the performance of different schemes in Section V.
certain probability in the same time slot. They showed th&inally, the paper is concluded in Section VI.

CCT might increase throughput. Son et al. in [19] presented

an experimental study on CCT in wireless sensor networks. Il. SYSTEM MODEL

They offered a pettgr understan_dmg of CCT and shoyv%\q Scheduling model for BANs

the features of joint interference in the presence of mleltip
interferers. Liu et al. in [20] studied CCT scheduling forlthu ~ We consider a set of coexisting BAN®, |k = 1,..., M},
hop multicast in wireless mesh networks and showed that c@here M is the number of BANs and3;. stands for BAN
greaﬂy increases throughput in mesh networkS. k. Given Bk, we UseB_k to indicate the set Consisting Of
e%e remaining BANs. Each BAN is composed &f sensors,

Auly ;
how to schedule sensors in CCT to overcome inter-BARPnOt_ed by{ s} |7 N 1,..., N}, of equal |mp0rtance and_ one

interference, so as to achieve optimal transmissions $eifit coordinator, _forml_ng a star topology with th_e co_ordlnator,
and/or all the coexisting BANs. Since such a scheduli? the receiver, in the center. BANs use identical super-

Actually, none of the above-mentioned studies consid

procedure requires a certain level of information exchan gmeh_stru(;:tl;)ref andt mter—!BAlN supertfr:ame. synchromj‘?tpn
or privity, we call it cooperative schedulingn this paper, S achieved belore fransmission, So there 1S never callisio

we consider a principal application of BAN technology, bod ?tween_ on(|e_| BAN's d;\ta framg_ﬁand ag:plef dBAN;S c_ontrol
monitoring, where all the sensors periodically send thatad nformation. However, between different s’ data franmes

to the coordinator in real time [2]-[7]. Scheduling here ithe CFP ther_e could be interference disturbing transnn'ssiq
divided into two sub-problems: single-BAN scheduling as The coordinator of each BAN gathers channel state in-
assignment problem and multi-BAN concurrent scheduling gmation for scheduling, !ncludlng |r!tr.a-BAN r_ecelv_edg&

a game. For the first sub-problem, we assume that one Bml strength (RSS) and inter-BAN joint r?ce"’ed interfer-
actively designs its strategy to maximize its own benefitjavh enicg strength (JRIS). Intr?-BAN RSS 6, is denoted by
the other BANSs fix their strategies. We apply two welI—knowL{gkIz - 1_’ o N}’_ Wgeregk represents the RSS fros} to
combinatorial optimization algorithms, Hungarian algom its coordinator. Using” ,, to represent the _se_tdﬂ—l sensors,
[21] and greedy algorithm [22], for the sake of comparisor(f',r.1e friom ea_ch BAN excepB, transmitting concurrently
but none of them could perfectly solve this practical iss 't.h S the inter-BAN JRIS fromB_; can be denoted by
as explained in Section IIl.A. Therefore, we propose a ne Z—k|z,: L....N}, wherehz_k represents the vector ofJRIS
scheme called horse racing scheduling, which is originat gm sty t_o the coordma_tor 0. Th_us,r}g, the PRR ofs},
from an ancient Chinese horse racing story. This schemeCf! P€ written as a function of the s_|gnal-tol_-|nteirferephﬂ;-
simple, fast, and let the BAN performing it achieve neafliSe ratio (SINR) and itis given by, = f(g/(h”; +no)),
optimal packet reception rate (PRR). For the second Sl}%b,ere o denote; the variance of ?“?'d'“Ye white Gaussian
problem, we prove the existence of Nash equilibria (NE5‘.O'S‘e (AWGN). Finally, the utility ofs}; is given by

Then, based on the knowledge that horse racing scheduling P (ri)t-e

performs very well for single-BAN scheduling, we propose a uk(sy, sLy) = 1—o 1)
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TABLE |
MAIN NOTATIONS

To simplify our discussion, the assignment matrix is writte
asUy = {ur(s},S" )i, t =1,...,N}nxn), whereS' | =

By, BAN k s(f’,ﬁ)* denotes the sensors @_, transmitted in time slot
s}, sensori in By, t. In our study,s for i = 1,..., N, correspond to rows of
8t M — 1 sensors, one from each BAN & _, in slott the matrixU;, and are ranked from the strongest RSS to the
N number of sensors in a BAN weakest, whilgS* , for¢ =1,..., N} correspond to columns
no variance of AWGN and are ranked by their JRIgH: , = K7t = 1,..., N}
9k RSS froms; to its coordinator from the strongest to the weakest. Taking &RBAN case
M, JRIS fromS? , on the coordinator of3; with 3 sensors per BAN as an example,
r}, PRR ofs; under JRIS ofs*
ug (s ) utility of a sensor inBy, Uk(Sglg, Sik) Uk(Sglg, Szk) Uk(Sllw Sik)
a index of a-fairness
U, N x N assignment matrix composed of, (st , S* , ) U = uk(si,Sik) uk(si,Szk) uk(sz,Sik) > ()
P, set of pure strategies dBy, ur(sy, Sty)  u(sh,S%,)  wk(sy,S3,)
Py wth pure strategy 0By 1 9 3 1 9 5
()¢ index of sensor in time slat for certain pure strategy Wheregk > 9k > 9k andH—k > H—k > H—k'
79(py) 6 cyclic right shifts ofpj, In the second sub-problem, all the BANs decide their
2 permutation matrix mapping:’! into p’2 strategies, and originate a strategic game defined by a
M, set of mixed strategies dBy triple ¥ = {{Bk|k = 1,...,M},Mix,..., xMy,
my, mixed strategy ofBy, %k(mk, m—k)k:l,...,M}-
m§ probability thatB;, usesp}
U (- -) utility of a strategy ofBy, B. Terminology
Supp(my)  support ofmy

To help explain the following proposals and theorems, we
define several new terms:
e Shift for a given pure strategy, a cyclic right shift,

1 i -
For data transmission from sensors to the coordinator, \ﬁgnoted pyy (pr), represents an operatlon that moves sen
sors{s}|i = 1,...,N — 1} to the right by one place and

assume that the CFP is divided inf¢ time slots, and each N ,
e last sensowr;’ to the first place on the left. We use

sensor gets one time slot in each superframe for transmitﬂge o ;
packets with constant size from a backlogged buffer. Thu§ (pk),8 € {0,...,N — 1} to denoted cyclic right shifts

oT pk.

e Loop from an initial pure strategy,, N — 1 other pure
strategies could be obtained by’ (py),0 = 1,...,N — 1.
OTheseN pure strategies, including the initial one, form a
loop. The initial pure strategy is called theot of the loop.

If the sensors in the root of a given loop are ranked from the
strongest RSS to the weakest, this loop is callédse racing
loop.

e Transform an operation changing one pure strategy into
another by interchanging the places of its sensors is called
a transform. It can be represented by a permutation matrix
II;~** which performs a mapping from}"* to p}2. Hence,

a new pure strategy is obtained by multiplying pure strategy
py* with the permutation matrix, i.ep;*II;)**“*. Obviously,

we have the following three basic properties for transform:
Property T pi*II;"*? = pi2,

Property 2 py*II;"“?II;>“" = p}*, and

Throughout this work, scheduling is divided into two subProperty 3 VI, (st sty = 4,

problems:single-BAN schedulingnd multi-BAN concurrent S(_”:H:M)*), whereHj:l'“ (t,7) = 1.
scheduling For the first sub-problem, the BANs iB_j fix ~ For multi-BAN concurrent scheduling, we consider two
their strategies and®;, searches for the strategy maximizinqypes of NE [25]:

its own utility, which is a 2-dimensional assignment proide Definition 1: A set of pure strategiep; € Prlk =

1in combinatorics, a permutation of a set of distinct objéstslefined as 1., ]V[} is called a pure strategy NE (PSNE) Wk €

an ordered arrangement of these objects [23]. {1,..., M} andVpy € Py, U (p), 0 ) > %Pk, p™y.)-

2In combinatorial optimization, an assignment problem isuesy for an Definition 2: A set of mixed strategie$m; € Mylk =
assignment ofV persons toN jobs, each person on one and only one joby ]V[} is called a mixed strategy NE (MSNE) if
such that the sum of th& pair (<person, job>) utilities is maximized. The ’ N *
utilities of all the pairs<person, job- can be represented by ai x N VA € {1,....M} and Vm;, € My, %(mj,m*,) >
matrix, called assignment matrix [21]. %k(mk, mik).

whereq is the index fora-fairness [24].

a pure strategyof the scheduling ofB;, is a permutatioh
of {si|i = 1,...,N}, given bypy € Py, wherew is the
index in the set of pure strategi®%, and will be neglected
if unnecessary. Here,_ . is used to denote the opponents
pi. Thus, the utility of B, usingpy is given by

N
U (prp—r) = > un(si, 5T, @)
t=1
where (-); denotes the index of the sensor in time gidor
certain pure strategy. Mixed strategyf By is a probability
distribution onPy, given bym; = {m{|w = 1,...,N!} €
My, whereM, is the set of mixed strategies &%, m{ is the
probability of usingpy, and)" _my = 1. The utility of B,
using mixed strategyny, is given by

U (mp, m_y) =Y mi % (pf, m_y). €)

(peIIy1%2),
(sp

)
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[1l. SINGLE-BAN SCHEDULING {H" .|t = 1,...,N} map to the strength of horses of Tian

In this section, we study the first sub-problem, in whicHi @nd the king, respectively. Therefore, the strategy a&0
B_,, asslavesfix their strategies an#;,, as anaster actively racing scheduling fo3;, corresponds to the best number of

tries to maximize its own utility by scheduling. The issughifts from the root of the horse racing loop, given by
is equivalent to the 2-dimensional assignment problem for N

finding the optimal combination ofV entries in Uy, such 6t = argmax Zuk(52,8i2971 (mod N)“). (5)
that one and only one entry in each row and each column is {0, N=1}i—y
selected. Taking the M -BAN case with 3 sensors per BAN shown in

(4) as an example, horse racing scheduling calculatesithg ut

. . . . i i 1 1 2 2
A. Common algorithms for 2-dimensional assignment probleth B§ V;';[h 0,1 aqd§23h|ﬂs aSUkQ(Sgésfk) +uk§51§187k) 4;1
. . L - yOI L)y ,O 1) + ,O07 ) + ,O_) an
In combinatorial optimization theory, it is known that auk(sk o) k(8 S2) + unls, 8- ) + uplsg, S-y)

: X ) ' up(st, S2 ) + up(s?, SL,) + up(s3,S2,), respectively. The
2-dimensional assignment problem can be precisely solv, k(ftkwitﬁktale ml;iillfrm&kt)xtility]?é éele_c]tct)ed P y

by H;Jngarian algorithm [21], with .polynomial complexity Of, The computational cost of horse racing scheduling is quite
ON Z}I Els-loowevir% the cogirNenhce time of the BA::‘ C_Ifll_annel Bw. The most relevant costs rise from three tasks: sorting o
aroun ms [ .]’ soa as at most tens of milliSeConggs s 5ng JRIS based on certain sort algorithms with complex-
to do the calculation based on the detected intra-BAN RSS g usually betweerO(N log N) and O(N?), summation of
inter-BAN JRIS and make the final decision on the Strateq,}filities with complexity O(N?), and seIec'Eion of the max-
to-use. To the best of our knpvyledgg, Hunggnan aIgothm ifium with complexityO(N). Therefore, the computational
still too slow to be used for this issue in practice. Therefam complexity of horse racing scheduling (N2
th!ls_ .StUd¥’ we useb It Oﬂly tokflnd the maximum and minimum <6 vacing scheduling achieves near-optimal PRR for the
utiliies o Bk_ as benchmarks. i ) _ . _master, which can be intuitively explained as follows. The
) Ar_lother widely used _aIgonthm for comblnat_orla_l OPMIZAppR curve as a function of SINR is similar to a sigmoidal
tion is the greedy algorithm [22]. For this application, &g ¢ nction with very large slope at certain SINR [19]. Thus th
algonthm co_nS|sts ofvV — l‘stetps. In each step, it selects theolssignment matrifU;, with o — 0 is a very special matrix,
entry Sat'Sfy'ngié?%‘T“k(sk’S—k)' wherel andT' represent o0 15 an upper triangular matrix with very small entries
the sets of indexes of rows and columns that have been stlecfi@se to the main diagonal. Therefore, it becomes clearahat
in previous steps, respectively. The greedy algorithm hasnaar-optimal solution to this assignment problem is oltdin
time complexity ofO(N?1log V), but it does not guarantee toby taking the border of the upper triangle. This is exactly th
achieve the greatest utility. strategy proposed by horse racing scheduling.
Note that a difference between the horse racing story and

B. Proposal 1: horse racing scheduling single-BAN scheduling is the utility function of the two

players. The former can be modeled as a zero-sum game,

In this subsection, we propose a new strategy for singlghere the total utility of two competing horses is always

BAN scheduling. The idea is originated from an ancieRjiie the latter actually extends the game into a more génera
Chinese horse racing story between a general called Tiany Jie \yhere the total PRR dff concurrently transmitting
and his king, who both loved horse racing [26]. Once UpoN&sors can be any value withih, /). Hence, horse racing
time, they held a competition with the following rules. Eaclopeqyjing can bring us benefits. Another difference is in
of them picked three horses (superior, medium and inferiqRe \yay to sort sensors versus sorting horses by Tian Ji and

from their own. During the competitior), the superior horsetﬁe king, respectively. In the horse racing story, the king’
would race each other, then the medium horses and finglly,ses are sorted by their own strength; while in our case,

the inferior horses. As the king’s horses were better in)eveést_k“ — 1,...,N) are sorted by their total JRIS on the

category, Tian Ji had no chance to win. Then, Sun Bin, 088 qinator of B,. This is equivalent to the fact that Tian Ji
of the most famous military strategist and counsellor in thg,

ancient Chinese history, proposed him the following idea: t
use his ir_lferior horse to race t_he king’s _superior ho_rsem thg IV. MULTI-BAN CONCURRENT SCHEDULING
his superior horse to race the king’s medium horse, finally hi
medium horse to race the king’s inferior horse. In such a wa
Tian Ji had chance to win the last two matches. This story
quite well-known asTian Ji horse racingin China, and the
mathematical principle behind this game was studied in.[2
However, to the best of our knowledge, this paper is the fi
one that uses this principle for a specific application stena "N
in communications.

Single-BAN scheduling is quite similar to the horse racin@- Study on NE
story: the masteBB; maps to Tian Ji;B_; map to the king;  For the proof of the following theorems, we first present
{sili=1,...,N}and{S",|t =1,...,N} map to Tian Ji's two lemmas: Lemma 1 states that the utility;af, when the
and the king's horses, respectivelfyi|i = 1,...,N} and opponents apply strategy_x, does not change if the same

rts the king’s horses by his own observation.

In this section, we study the second sub-problem, in which
the BANs decide their strategies with the purpose of
maximizing their own utilities. We first study the NE in the
ame. Then, we propose an efficient scheme to achieve high
ﬁ{ilities for all the BANs in a distributed and autonomous
ner.
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transform is applied to both strategies. Lemma 2 states tlat,, which forms a PSNE withp?.

the utilities of different pure strategies @, are identical,

given a mixed strategy aB_; with equal probabilities on the 1, ...,

N strategies of a loop.

Lemma 1. For V& € {1,...,M} and Vp, € Py,
U (Pres P—k) = e (pRIIVS? p_ 1192,
Proof: Based on Property 3, we have
U (prIL 2 p_ i IL42)
(ppIIV92), (Pknwl “2).
= ZT Uk(S r ? )
k Sk (6)

_ Ztuk( (Pr)t S(_P;;)t)
= U(pr,p—i)M

Lemma 2.Let (m_g),, the wth component ofm_j, be
equal to & for p, € {#?()|¢ = 0,...,N — 1} and 0
elsewhere, thervwi,w, € {1,...,N!}, %.(p})', m_;) =
%k(pz&,m_k).

Proof: Forvw € {1,..., N},

(i mok) = 35- —01 NS (0-1) @)
_ Z un(s Pi)e gt )
- N 9 0 t=1 Sk »C—k/)
whereS* | = {sl(‘ye e = N, 1 # K}

The above expression represents the sum of utilities Q§/ (S (p

every sensor inB; under the JRIS fromS, in every

time slot, which is independent af. Therefore, we have

U (py' s m_y) = %.(p*, m_5). B

The mathematical principle behind Tian Ji horse racingystor
was studied in [27] which derived, with the help of LINDO

(a linear programming solver), the optimal mixed strategit

Moreover, according
to (8), these PSNE have the same util{t (p;., p* )|k =
M}.

Theorem 2.The game has infinite MSNE, denoted{by; =
SNV m* [k = 1,...,M}, where m{* represents
a mixed strategy with equal probabrlrty (i. ew) on sup-
port Supp(m ) = {S(py*)|0 = 0,...,N — 1}, where
{pkk|ak =1,...,(N-1)'} represent theéN 1)! pure strate-
gies with the same fixed sensor at the first plaice. \}* <1,
and Zak 1 /\a’“ =1.
Proof: With {m; = Z
Vke{1,...,M},

Ui (mj, m* )
= Yoo A (mit m )
D HELE PUD D U PYSD D L
SO G 2 (i m) ]
D WELE PUED DU PYSD A LS
SO i ) mim}l-l)

/\""“ mp*|k =1,...,M}, for

Otkl

N U (S (P

both the king and Tian Ji in the case where each of them hagror Vm,;, € M, based on (13),
3 horses. Referring to their work, we prove two theorems (for

PSNE and MSNE, respectively) for the multi-BAN concurrent

scheduling game where each BAN h&ssensors.
Theorem 1.If one PSNE{pk|k 1,..., M} with utility
{%:(p,p2 )|k =1,
N! PSNE with the same utility.
Proof: Given a PSNE{pk|k =1,.
and for a givenw € {1,.
Property 1,

Uy 0% ) = Ue(pRIly”, pr  I1°)
= %(p‘;ﬁ,p’ikHZ’“)'

MY, Ve {1,..., M}

(8)

Meanwhile, Vo' € {1,...,
Property 2, and Lemma 1,

%k(pzvptk) > U (p;/l—[w,*’p* k)

_ %k (pk w *’p kH* wHw *) (9)
= %k(pk ap_ka )
Combining (8) and (9), we get
Ui v ) 2 % p7 ). (10)

Therefore, if{pjlk =1,...,
be at leastV! PSNE{pk|k =1,.
w = 1,..

., M} exists, there should be at least Therefore, based on Definition Zmj|k = 1,.

Nr} based on Lemma 1 andple, By, has totally3! pure strategie®;, = {p{|jw =1,.

N'}, based on Definition 1,

M} is a PSNE, there should ample,v,% = @/k(pllc,pQ_k) =

., M} corresponding to %k(pk,p B) =
LN p* I represents the pure strategies ofix(s?,S*

Forvw € {1,..., N!}, based on Lemma 2,
),mfg’“) = &Z/k(p%,mfg’“)ﬁ =0,...,N—-1.
(12)
Taking (12) into (11), we get
U, (mj, m” ) = Zak 1 [)‘ak U (py, m* )] (13)
= U(py,mZy).
U (my, m* ) = Zi\“ VMg U (py, m” ) (14)
= %k(mkvm—k)'

M} is

MSNE. m

Taking the 2-BAN case with 3 sensors per BAN as an exam-

,6},
given by (si. si. 5¢), (s, sk 57), (k5% 53), (st.s. 59,
(s2,s1,53) and(s3, s3, s1). Here,pt i = 1,2,3 form a horse
racing loop, obtained from the roef,; while p},i = 4,5,6
also form a loop, obtained from the rogf. The utility matrix
of By can be represented by

1 2 30,4 5 6

Vp Vg Vg Uy Vp Ug

3 .1 ,21.6 ,4 .5

Ve U Uk Uk Up Y

2 ,3 ,141,5 .6 4
Vo= |k P Uk Uk Uk Yk 15
AT AR S EA: - 2 I (15)

kY% Vg U Up Ui

5 ,4 ,61,2 .1 .3

Vg Vg Vg Vg Up Uy

6 5 40,3 .2 o1

Vg Vg Y Vp Vi g

where the rows correspond 8y, while columns correspond
to P_; with the same order for it§ pure strategies. For ex-
(v 2y) = (D} pLy) =
%k(pkap k) = U (0,0 ),) = uk(sy, 82 p) +
) + uk(si,82,). Note that, forB_j, the matrix
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Scheduling as an isolated >, MSNE with supports equal taV indicated by theorem 2
BAN always exist, but they lead to low utilities for all the BANSs.

v To sum up, the above studies on PSNE and MSNE provide
Transmission of L the following important insights. First, once one PSNE &xis

one superframe

there are at leastv! PSNE with the same utility, and our
later proposed scheme approaches it. Second, since MSNE
with small supports usually does not exist, the MSNE in
theorem 2 should be used for comparison with our schemes
and to compare with the optimal strategy to assess the Price

of Anarchy.
RSS/RIS measurement B. Proposal 2: distributed cooperative scheduling (DCS)
il For this task, theV! x N! utility matrix and theN'! strategy
Achieve independent sets of BANS using set are too large to b_e processed by_ even a very power_ful
certain alternation algorithm computer, not to mention by the coordinator of a BAN, so it

is impossible to use certain algorithms to search for a good
NE in practice. Instead, we design an efficient scheme,ctalle
DCS, which achieves high utilities for all the BANs. Note tha
when one BAN uses horse racing scheduling to maximize its
own utility, the other BANSs’ utilities may be not as much

BAN ID = lowest
ID in its ID table ?

Y

Horse racing scheduling degraded due to the fact that different BANs’ utilities dege
Rank its own sensors by RSS and the other on RSS and JRIS to their own coordinators. Therefore, a
BANSs’ sensors by total RIS simple idea is to let thel/ BANs alternatively be a master
v (using horse racing scheduling to achieve near-optimal PRR
Calculate the optimum number of shifts for itself) superframe by superframe. Hence, each BAN has
based on Eq. (1) 1/M opportunity to be a master. However, let us consider a

4-BAN square system where each BAN is only interfered by
the 2 neighbouring BANs, such as the 4 BANs indexedby
3, 4 and6 in Fig. 1. In this case, it is possible to 1&;, and
B3 be masters at the same time andi#gtand Bg be masters
at the same time due to the fact that they do not interfere each
o o other. Therefore, it is possible to find a way to arrange the
V7T, is in a similar form, wherd" denotes the transpose. BygaNs into groups of masters depending on the topology of
looking atVy, and VZ,, Theorem 1 is apparent. We find thene graph, so that each BAN has more thdi/ opportunity to
maximum entry in rowl of V, and the maximum entry in row he 3 master. By abstracting each BAN as a node, this issue can
1 of VI, if the two entries appear in the same column, €.gye treated as an extended clustering issue in wireless rsenso
v andv? . both in columrg, one PSNE is found. Meanwhile, networks. Therefore, classical clustering algorithmsifading
we can see thab other such entry pairs correspondinglyn independent set of clusterheads might be quickly extende
appear in other rows, so we totally hatePSNE. Theorem for ysage. We emphasize that finding the optimum way to
2 tells us that, two mixed strategies with equal probabditi group nodes in a graph is out of the scope of this paper,
on the 3 pure strategies in any of thé sub-matrices in g5 we use one of the simplest clustering algorithm, i.e., the
(15) form a MSNE, e.g.mi = {15, 75, 10+ 50+ 30- 30 @1d  lowest-ID algorithm [30], to explain the extension of clershg
m-p = {i, iv iv %, 1—12, % ' algorithms to this problem. Note that we choose this alpaorit
According to our simulations with Lemke-Howson algoas an example due to its simplicity. If some other clustering
rithm [28] and Dickhaut-Kaplan [29] algorithm for variousalgorithm, e.g., the modified lowest-ID algorithm in [31% i
scenarios, the existence of NE is highly related to the jposit used, it is still possible to further improve the performanc
of sensors in the BANs. PSNE usually achieves high utilities The lowest-ID algorithm in [30] requires each BAN to
for all the BANSs, but it usually does not exist, except fobroadcast an update message (e.g., in topology management
some very special scenarios. For example, PSNE sometimésa control period) indicating its BAN ID to its neighbours i
exists on the diagonals of some sub-matrices in the utiligach superframe. Each BAN should keep an ID table including
matrix of the game, such as (15). For MSNE, we care abdillts of all the neighbours and itself, as indicated by the first
those with small supports, i.e., those having small numiper step in Fig. 3. The BAN whose ID equals the lowest ID in
pure strategies with non-zero probabilities. That is beeati the table becomes the master for the next superframe, such
usually takes much more time to find an MSNE with largas {B;, B2, Bs} in the first step 1 in Fig. 3. If the ID table
supports than with small ones, which is especially impdrtadoes not change, the masters in a static graph never changes.
for this game due to the size of the utility matrix (i.8.!x N!). Our extension to this algorithm is to insert an indictor in
MSNE with small supports usually does not exist. Infinitthe update message indicating whether the BAN is a master

Fig. 2. DCS algorithm performed autonomously and distebiyt by each
BAN.
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36 34678 3478

- ' ——— . __ ____ __ __ __ Oncalternationperiod _

Fig. 3. Using lowest-ID algorithm as an example of altewratin DCS.

. . L TABLE I

in the current superframe. Upon receiving this indicatdlr, a MAIN PARAMETERS IN THE SIMULATIONS
its neighbours remove the master’s ID from their own ID

tables. Meanwhile, the master also removes itself fromvits o Number of BANs 2/8

ID table. For example{B;, B,, Bs} are all removed from Number of sensors per BAN 12

the lists in the second step in Fig. 3. Thus, when a BAN Number of coordinators per BAN 1
compares its own ID with its new ID table, a new group of Number of frequency channels 1
masters come out. In the end, once a BAN's ID table becomes Simulation time 100 s
empty, it refills its ID table and starts from the beginning. MAC protocol  IEEE 802.15.3
Note that when a BAN receives an update message from a Superframe length 30 ms
neighbour which is not in its ID table (e.gB; receives the Control period length 4 ms
update message from; before the one fronBy), it puts a CAP length 1 ms
negative entry in its ID table for this neighbour so that this CFP length 24 ms
negative entry can delete the corresponding entry whemits | Packet size 60 Bytes
table is refilled. After an initialization procedure duriagew Transmission power —25 dBm
superframes, several groups of masters are graduallyiztabi Sensitivity of receiver —92 dBm
and appear alternatively. Taking the 8-BAN system in Fig. 3 Transmission frequency 2450 MHz
as an example, the groups of masters{deg, B., Bs}, {Bs}, Pathloss 2.0

{34, BG} and {Bs, 37}_ AWGN variance —92.2 dBm

The relationship between the alternation algorithm and
horse racing scheduling is shown in Fig. 2. When the alterna-
tion algorithm decides that the BAN is a master, it uses horpeopagation, modulation, channel coding, etc. We should em
racing scheduling, otherwise it schedules as an isolateld.BAphasize that the study on propagation is not within the sobpe
Similar to the reason explained in Section Ill for horse mgci this paper. Therefore, instead of using a sophisticatedratia
scheduling achieving near-optimal PRR for the master, DGfodel, we use free-space propagation in our simulation due
achieves PSNE when PSNE appears on a set of strategietithe fact that its trend of increment of pathloss with relgar
horse racing loop, such as the main diagonalUgf to distance is the same as channel model for BAN [33]. The

received power is given by
V. PERFORMANCE EVALUATION P — Pt)\z/(47rd)2 (16)
A. Simulation configuration ) o ) )
) _where P, is the transmission powed, is the distance between
We use two methods for performance evaluation: numeriGalnsmitter and receiver, andis the wave-length [34]. Then,
analysis using Matlab and system simulation using WgNeEve use OQPSK modulation [34], so the bit error rate (BER)
PRR is related to not only scheduling but also body areg st interfered bys’ , is given by

SWSNet is a simulation platform developed by INRIA and INSAr fo i P 5 2
simulations of wireless sensor networks [32]. w=1- [1 - 0-5€7°fc( 291@/(]171@ + no))] . (17)
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e The upperbound is much higher thars (corresponding to

the maximum transmission rate of NCCT in a 2-BAN case),
indicating that CCT can provide significant improvements.

e The upperbound is much higher than the PRR corresponding
to the MSNE indicated by Theorem 2, so it is quite necessary
to find an efficient scheme approaching the upperbound.

e Horse racing scheduling always achieves a PRR for the
master as high as the upperbound.

PRR
o

o
I'J,'O
[ ]

o

o o

osg .8 ng vvvv S - " e Greedy algorithm usually does not lead to high PRR, except

O:I \\\\\ \ o I for an inter-BAN distance arountd) cm, where this algorithm
a —— 150 cm o is occasionally as good as horse racing scheduling.

03r 7| == =100cm| o 1 e MSNE indicated by Theorem 2 lead to low PRR in most
02 N D ig EE : ° 1 cases, hence the Price of Anarchy is large.
o1 ‘ ‘ ‘ ‘ o e DCS achieves higher PRR than the MSNE in most cases.

' 2 4 6 8 10 12 The only exception happens when the inter-BAN distance is

between20 and 40 cm. Typically, horse racing scheduling

is very beneficial for a small inter-BAN distance3; is

affected by very strong interference due to the positiontof i

coordinator, and this leads to serious PRR degradation when

B; uses horse racing scheduling.

Since we do not consider any channel coding, the PRR isNote that the jumps of curves of DCS correspond to the

obtained as changes of the best number of shifts or the changes of the
ri=(1—~)N, (18) order of JRIS of interfering sensors. While the jumps of esrv

where N, is the number of bits in a packet. The paramete(z)r]c greedy algorithm correspond to the changes of the best

A . Strategy.
setting is listed in Table II. 9y

Fig. 4. The effect of shifts with horse racing scheduling &+BAN scenario
(circles: master, squares: slave, curves: average).

B. Simulation results of a 2-BAN scenario C. Simulation results of a 8-BAN scenario

In this simulation, we consider a 2-BAN case where the two In this simulation, we consider a 8-BAN case as shown
BANSs are standing side-by-side and motionless with a aertdh Fig. 1, where each BAN is represented by a node in the
distance in between, i.eB; and B; in Fig. 1. Each BAN graph. The topology is carefully designed so that it inckide
containsl coordinator on the left waist ant2 sensors placed nodes with different degrees, suchlas,), 2 (Bs and Bs), 3
on the head, chest, waist, arms and le§s.is considered as (B2 and Bg), 4 (B3 and B7) and5 (B,), and various shapes,
the master for single-BAN scheduling. Note that the indexésich as line 8, and By), triangle (B2, B, and Bs), complete
of sensors inB; are sorted by JRIS for an inter-BAN distanceéectangle B3, B4, By and Bg) and incomplete rectanglédsg,
of 10 cm, and the sensors may be sorted in a different wds, B4 and Bg). For single-BAN schedulingi3; is considered
for other inter-BAN distances. as the master as step 5 in Fig. 3. For multi-BAN scheduling,

1) Shift in horse racing scheduling:In order to help we consider the 4 groups of masters, shown in Fig. 3.
understanding horse racing scheduling and the effect &ishi The combination of the scheduling strategies of the slave
we first show in Fig. 4 the PRR of each BAN and the averad@ANs has impact on the results because the global optimiza-
PRR of the two BANs with different inter-BAN distances andion of an M-BAN system is an)M -dimensional assignment
different number of shifts. We can see that, for a given inteproblem. However, according to our experience, the impact
BAN distance, the PRR of each BAN could be totally differemf changing the slave BANs’ strategies is small because the
for different number of shifts. For example, the best nurebemain interference is usually from the nearest slave BAN due
of shifts6* are4, 0 and0 for inter-BAN distanced0, 50 and to the small transmission range of BAN technology. Since the
100 cm, respectively. scheduling based on intra-BAN information is out of the scop

2) PRR vs. inter-BAN distance: of this paper, we use the order 8% in Fig. 1 as the default

The PRRs of different scheduling schemes with regastheduling of each slave BAN in the following simulations.
to inter-BAN distance are shown in Fig. 5(a) and 5(b). In 1) PRR vsa: The indexa indicates the tradeoff between
these figures, curves represent numerical results, white syfairness and PRR for the design of a cooperative scheduling
bols represent the results of system simulation using WSNsetheme. Sincev is used to obtain the assignment matrix of
The upperbound and lowerbound are obtained by HungariBg for selecting its strategy, this tradeoff is decided By.
algorithm. From these figures, we can observe the following = 0 indicates the maximization of the total PRR 8%,
key features: «a = 1 indicates the proportional fair strategy for the sensors
e When the two BANs are close, PRR of any CCT strategyg Bs, while « = co indicates the max-min fair strategy for
is far from 1 (corresponding to the total transmission ratthe sensors im33. Note that Hungarian Max and Hungarian
of two isolated BANS), which indicates serious inter-BANMin in Fig. 6 indicate the results of Hungarian algorithmtwit
interference. givena, which do not provide upperbound or lowerbound. The
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Fig. 5. PRR of different schemes in a 2-BAN scenario.
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Fig. 6. PRR of different schemes in a 8-BAN scenario.

upperbound and lowerbound of the total PRRRfin the 8- in this study, PRRs of sensors can be used to calculate the
BAN case are indicated by the points with= 0 on these Jain’s fairness index [35] to represent how they are trehyed
two curves. Seen from these figures, horse racing schedulthg scheduling strategy, i.e., the fairness of sensorsetar,
and DCS performs well not only for maximizing the PRRve also evaluate the fairness of BANs to make sure the BANs
(i.e., « = 0) but also with a certain level of fairness (i.e.in the central part of the graph (e.d3,) is not sacrificed by
0 < a < 0.9). For the masteB;, as shown in Fig. 6(a), it is our schemes due to its poor position.
clear that horse racing scheduling and DCS generally aehiev As shown in Fig. 7, the fairness of BANs is always high, no
higher PRR than other schemes. For the 8 BANs, horse racigtter which scheme is used. Schemes may change the PRR of
scheduling and DCS could both guarantee the average PB&th BAN, but they do not sacrifice any BAN’s transmission to
higher than using other schemes, as shown in Fig. 6(b). improve the others. For example, wh&j uses horse racing

2) Fairness: The fairness of sensors is highly related t6cheduling as shown in Fig. 6, most BANs achieve a PRR
the scheduling strategy. For example, a sensor relatialy f£lose to the average PRR of the 8 BANSs, includiig The
from its coordinator may have more difficulty to transmifnly exception isB, due to its poor position, but its total PRR
successfully, but a fair scheme should still try to guarantéaround0.44) is not much worse than the others.
its transmission. A sensor is considered to be unfairlytéseba The fairness of sensors is not largely affected by the
if it is always scheduled with strong interfering sensors afthemes, either. Schemes mainly change the fairness of sen-
other BANSs to increase global PRR by sacrificing it. Since thsors inside the master BAN as shown in Fig. 8, but the fairness
transmission rates of different sensors are assumed édéntof all the sensors does not change much. Meanwhile, fairness
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Fig. 7. Fairness of BANs and fairness of sensors in a 8-BANate.

[ Theorem2 J
I Greedy

I Horse racing
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Sensor index

Fig. 8. Average per-sensor PRR of the masters in a 8-BAN sicena

as a game. For single-BAN scheduling, we studied Hungarian
algorithm and greedy algorithm. Then, we proposed a new
algorithm, horse racing scheduling, which achieved near-
optimal PRR for the BAN performing it. Based on horse rac-

ing scheduling, we proposed DCS for multi-BAN concurrent

scheduling, which was quite efficient to achieve high PRR for
the whole multi-BAN system. Meanwhile, our studies showed

that DCS did not degrade the fairness of sensors or the &srne

of BANs compared with other schemes.

REFERENCES

[1] B.Latre, B. Braem, I. Moerman, C. Blondia and P. Demaeéfesurvey
on wireless body area network&fireless Networksvol. 17, no. 1, pp.
1-18, Jan. 2011.

[2] M. Chen, S. Gonzalez, A. Vasilakos, H. Cao and V. C. M. LguiBody
area networks: a surveyi¥obile Netw. Appl.vol. 16, no. 2, pp. 171-
193, 2010.

[3] M. Patel and J. Wang, “Applications, challenges, andspeztive in
emerging body area networking technologied|SEE Wirel. Commun.
vol. 17, no. 1, pp. 80-88, Feh. 2010.

[4] S.J. Marinkovic, E. M. Popovici, C. Spagnol, S. Faul andRAMarnane,
“Energy-efficient low duty cycle MAC protocol for wirelesdy area
networks,” I[EEE Trans. Inf. Technol. Biomedvol. 13, no. 6, pp. 915—
935, Nov. 2009.

[5] O. Omeni, A. C. W. Wong, A. J. Burdett and C. Toumazou, “Eyye
efficient medium access protocol for wireless medical badya aensor
networks,” IEEE Trans. Biomed. Circuits Systol. 2, no. 4, pp. 251—
259, Dec. 2008.

[6] B. Otal, L. Alonso and C. Verikoukis, “Highly reliable ergy-saving
MAC for wireless body sensor networks in healthcare sysfetBEE
J. Sel. Areas Commuyrvol. 27, no. 4, pp. 553-565, May 2009.

[7] H. Su and X. Zhang, “Battery-dynamics driven TDMA MAC pocols
for wireless body-area monitoring networks in healthcgpliaations,”
IEEE J. Sel. Areas Communvol. 27, no. 4, pp. 424-434, May 2009.

of sensors is always low because sensors on the head dﬁ]dStandard for Part 15.3: Wireless Medium Access ContkdRC) and

Physical Layer (PHY) Specifications for High Rate Wirelesss@nal

the feet always have difficulty to transmit due to the large area Networks (WPANS)IEEE 802.15.3, IEEE Working Groy003.
distance to their coordinator and the large JRIS from othdg] Standard for Part 15.4: Wireless Medium Access ConthdAC) and

BANs. To improve their transmission, we might consider a Physical Layer (PHY) Specifications for Low Rate WirelesgsBral

Area Networks (WPANS)IEEE 802.15.4, IEEE Working Groy2006.

threshold between CCT and NCCT or a threshold for_us"ﬂﬁ)] H. B. Li and R. Kohno, “Body area network and its standzation at
relay technology, but those studies are out of the scopei®f th  IEEE 802.15.BAN,"Advances in Mobile and Wireless Communications,

paper.

Lecture Notes in Electrical Engineeringol. 16, no. 4, pp. 223-238,
2008.

_AS shown in Fig. 7, hor;e racing S_Chedu“ng has bettﬁ'i] V. Cionca, T. Newe and V. Dadarlat, “TDMA protocol regeminents for
fairness than greedy algorithm. That is because the latter wireless sensor networks,” iRroc. 2nd Int. Conf., Sensorcomm. 2008

sacrifices half of the sensors but the former only sacrific
a few sensors, which is further demonstrated by Fig. 8. D

i pp. 30-35.
gjé] L. Hanlen et al, “Network-to-network interference measurements,”

IEEE P802.15-09-0520-01-0006July 2009, https://mentor.ieee.org/

let each BAN be the master once during an alternation period 802.15/dcn/09/15-09-0565-01-0006-network-to-netwiotkrference-

with the lowest-ID algorithm in Fig. 3, so it achieves bette

fairness than other schemes.

VI. CONCLUSIONS

measurements.pdf.

{13] D. Domenicali, L. De Nardis and M.-G. Di Benedetto, “UWdy
area network coexistence by interference mitigationPioc. IEEE Int.
Conf. Ultra-Widebandpp. 713-717, Sept. 2009.

[14] H. W. Tsen, S. T. Sheu and Y. Y. Shih, “Rotational listepistrategy
for IEEE 802.15.4 wireless body network$EEE Sensors Journai/ol.

This paper studied cooperative scheduling of multiple eoex 11, no. 9, pp. 1841-1855, Sep. 2011.
isting BANs. Our first conclusion is that CCT schemes could®! R. K. Patroet al, “Samsung MAC proposal for IEEE 802.15 TG6

body area networks," IEEE P802.15-09-0344-01-0006May 2009,

aChieve_ m.UCh_highe.r PRR tha_n NCCT schemes, so ?Onf:urrent https://mentor.ieee.org/802.15/dcn/09/15-09-03440006-samsung-
transmission is quite promising for BAN communications. mac-proposal-documentation. pdf. o
Second, our results showed that inter-BAN interference [6] B. K.Yi, “On u-healthcare through 4G cellular networieliability and

security,” Keynote presentatiorBodynets 2010.

critical, so scheduling for coexisting BANs is a k_ey ISSUR7] p. Ferrand, M. Maman, C. Goursaud, J.-M. Gorce and L. r@uv
for the current development of BAN technology. Third, when  “Performance evaluation of direct and cooperative trasions in body
BANs are close, the difference between the upperbound and area networks,Annals of Telecommunicationgl. 66, no. 3-4, pp. 213—

the MSNE indicated by Theorem 2 is large, so it is importar[wfg]

228, Jan. 2011.
J. Naor, D. Raz and G. Scalosub, “Toward optimal utilaa of shared

to compare different CCT schemes to find an efficient one random access channels,” Rroc. IEEE INFOCOM 2009pp. 2061

approaching the upperbound for practical usage.

We studied two sub-problems: single-BAN scheduling as élr?]

2069.
D. Son, B. Krishnamachari and J. Heidemann, “Experitalestudy of
concurrent transmission in wireless sensor networks,Piac. ACM

assignement problem and multi-BAN concurrent scheduling SenSyspp. 237-250, 2006.



WANG ET AL: COOPERATIVE SCHEDULING FOR COEXISTING BODY AREA NETWORKS

[20]

[21]

[22]
(23]
[24]
[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]
(33]
[34]

[35]

Sophia Antipolis, France. Currently, he is a professor undaangshan
Youth Scholar program in the School of Computer and Inforomaait Hefei
University of Technology (HFUT), Anhui, China. His resdares mainly
focusing on cooperative resource management and optiomnizat MAC and
network layers in various wireless networks, including y@dea networks,
LTE/LTE-Advanced networks and heterogeneous wirelesaor&s.

Z. Liu, M. Yang, H. Dai and J. Dai, “Concurrent transnmissscheduling
for multi-hop multicase in wireless mesh networks,”Rmoc. WiCOM
pp. 1-4, 2008.

H. Kuhn, “The Hungarian method for the assignment peobf Naval

Research Logistics Quarterly/olume 2, Issue 1-2, pages 83-97, March

1955.

T. H. Cormen, C. E. Leiserson, R. L. Rivest and C. Stei@yeedy
algorithms,” Chapter 16, Introduction to Algorithms, MIT presk990.
K. Rosen, Discrete Mathematics and Its ApplicationsthiACombina-
torics and Graph TheorylcGraw-Hill, 6th edition, 2007.

J. Mo and J. Walrand, “Fair end-to-end window-based gestion

11

Navid Nikaein received his M.Sc. degree from
University of Nice Sophia-Antipolis, France in 1999,
and his Ph.D. degree (docteur es sciences) from the
Swiss Federal Institute of Technology (EPFL), in
2003. He worked for the mobile communication de-
partment of Eurecom from 2003-2005, and a startup
company 3Roam from 2005-2008. Since 2009, he is
an assistant professor in the Mobile Communications
Department at Eurecom, France. His research and
teaching interests are in the area of wireless systems,
access layer technigues, and networking protocols,

control,” IEEE Trans. Networkingvol. 8, no. 5, pp. 556-567, Oct. 2000. as well as bringing ideas to existence through experimentatith scalable

J. Nash, “Non-cooperative game3he Annals of Mathematicsol. 54,
no. 2, pp. 286-295, Sept. 1951.

B. Sun, “The art of warfare: a translation of the clasSisinese work
of philosophy and strategyState University of New York Presz003.
Translation of Sun Bin’s 4th century B.C. book by D. C. Lau &dr.
Ames

M. Leng and M. Parlar, “Game-theoretic analysis of aniamt Chinese
horse race problemComputers & Operations Researolol. 33, no. 7,
pp. 2033-2055, July 2006.

B. V. Stengel, “Computing equilibria for two-personrges,” Chapter
45, Handbook of Game Theory with Economic Applicationsl. 3, pp.
1723-1759, 2002.

J. Dickhaut and T. Kaplan, “A program for finding Nash #igua,” The
Mathematica Journalol. 1, no. 4, pp. 87-93, 1992.

A. Ephremides, J. E. Wieselthier and D. J. Baker, “A dastoncept
for reliable mobile radio networks with frequency hoppirignsling,”
Proceedings of the IEEEvol. 75, no. 1, pp. 56—73, Jan. 1987.

C. R. Lin and M. Gerla, “Adaptive clustering for mobileinraless
networks,”|EEE J. Sel. Areas Commurvol. 15, no. 7, pp. 1265-1275,
Sept. 1997.

WSNet, http://wsnet.gforge.inria.fr/

K. Takizawaet al, “Channel model for wireless body area networks,’
in Proc. IEEE Int. Conf. EMBSpp. 1549-1552, Aug. 2008.

A. Goldsmith, “Wireless communicationsgCambridge University Press
2005.

R. Jain, D. Chiu, and W. Hawe, “A quantitative measurefaifness
and discrimination for resource allocation in shared compsystems,”
DEC Research Report TR-30%ep. 1984.

Lusheng Wang received his B.Sc. in Communica-
tions Engineering in 2004 from Beijing University

in the Centre of Innovation in Telecommunications
and Integration of services (CITI) at INSA-Lyon,
France. Then, he worked as a Post-doctoral fello
during 2011-2012 in the Department of Mobile
Communications System at Institute EURECOM,|

PLACE
PHOTO
HERE

of Posts and Telecommunications (BUPT), China
and his Ph.D. in 2010 in Computer Science and
Networks from Telecom ParisTech (ENST), France.
He worked as a Post-doctoral member during 2010

TRERAARS Y

emulation and simulation platforms.

Laura Cottatellucci

Jean-Marie Gorce received his Dipl. Ing. M.Sc.
degree in electrical engineering and his Ph.D. degree
in 1993 and 1998, respectively. He is a professor
of wireless communications at INSA, Lyon, France,
and he is the director of CITI department. He joined
INSA as an associate professor in 1999, becom-
ing full professor in 2008. He is also a member
of the joint laboratory between Institut National
de Recherche en Informatique et en Automatique
(INRIA) and Alcatel Lucent. He is Technical Pro-
gramme Committee (TPC) member in various con-

ferences (PIMRC 2008, VTC 2008, 2009, etc.), and since 20@ljs a

leading scientist in several French and European projéfgsis an associate

editor of Telecommunication Systems (Springer) and JduohaWireless

in 1980. She received the Diplome d’Ingenieur

d’'Ingenieurs de Limoges (ENSIL), University of

(CITI) at INSA-Lyon, France. Her research work

applied to optical code-division multiple access.

degree in 2003 from Ecole Nationale Superieure

Limoges, France, and her Ph.D. degree in telecom-
munications in research group ESTE. Currently, she
is an assistant professor in the Centre of Innovation
in Telecommunications and Integration of services

deals with the digital signal processing techniques

Claire Goursaud was born in Limoges, France, Communications and Networking (Hindawi).



