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Abstract—This paper addresses the coexistence problem amongmultiple wireless body area networks (WBANs), where co-channel

interferencemay occur among differentWBANs if the channels are not allocated properly, leading to performance degradation in both

energy efficiency and packet transmission reliability. We formulate the channel allocation problem as a graph coloring problem, and

develop a solution to increase the co-channel reuse and the number ofWBANswith assigned channels.We propose a distributed

two-hop incomplete coloring (DTIC) algorithm that adopts a game-theoretic approach to solve the graph coloring problem. TheDTIC

algorithm exploits two-hop information to enable high channel reuse among two-hop neighbors and allows for incomplete coloring when

the number of colors (or channels) is insufficient to color all verticeswithout conflict. A distributedmessage-passing protocol is also

proposed to achieve collision-freemessage exchange, and to ensure that consistent coloring information is shared amongWBANs.

Simulation results show that our proposed algorithm achieves better co-channel reuse and higher throughput than existing methods.

Index Terms—Wireless body area networks, channel allocation, game theory, potential game, graph coloring

Ç

1 INTRODUCTION

WIRELESS body area networks (WBANs) [1], [2] typically
consist of multiple on-body or implanted sensors

along with a coordinator responsible for collecting real-time
signals from the sensor devices using short-distance com-
munication interfaces such as Wi-Fi, ZigBee, or Bluetooth.
They have been used to monitor vital signals or fitness
information associated with the human body and have seen
wide applications in various areas, including sports and
healthcare [3]. Different from conventional wireless sensor
networks, where sensors are often deployed in large-scale
over a wide static environment, each WBAN usually con-
sists of only a small number of sensors distributed over a
small volume in space, but many WBANs may coexist in a
single area causing strong interference to each other. The
resulting packet collision, redundant retransmission, and
energy consumption may have a significant impact on the
reliability and longevity of these healthcare or on-body
human monitoring systems and, thus, should be properly
managed through effective channel allocation policies.

Specifically, channel allocation policies help avoid inter-
ference in wireless networks by assigning different time or
frequency channels to users within the interference range of

each other. These polices were adopted in many cellular or
wireless local area network applications, e.g., in [4], [5], [6],
and [7], where the solutions are often centralized and static
among base-stations or access points and, thus, may not be
directly suitable for WBAN applications. Many works, e.g.,
[8], [9], [10], and [11], modelled the channel allocation prob-
lem as a graph coloring problem, where users within the
interference range of each other are treated as neighboring
nodes within a graph, and colors (i.e., channels) are assigned
to the nodes so that no conflict occurs between neighbors
(i.e., no two neighbors are assigned the same color). In partic-
ular, [8] was one of the earliest works to study the channel
allocation problem from a graph coloring perspective, but
proposed only a centralized solution. The works in [9], [10],
and [11] proposed solutions for the distributed setting, but
do not explicitly address the need for efficient data exchange
in these cases. In fact, these schemes often resort to simple
broadcasting which may be inefficient, especially in dense
networks.

To avoid interference amongWBANs in a distributed and
highly dynamic environment, this paper proposes the Dis-
tributed Two-hop Incomplete Coloring (DTIC) algorithm
using a game-theoretic approach. The DTIC algorithm is a
distributed channel allocation algorithm that allows each
WBAN to determine its own color (i.e., channel) based on the
coloring decisions made by its two-hop neighbors and
allows a WBAN to remain uncolored (i.e., remain silent) in a
certain time slot if no color can be chosen without conflict at
that time. This results in the so-called incomplete coloring of
the graph, which was first investigated in [11]. Here, we
model this problem as a best-response potential game [12],
whose convergence to the Nash equilibrium can be achieved
by a sequence of best response actions by different WBANs
in an orderly fashion. A distributed message-passing
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protocol is adopted to provide eachWBANwith its two-hop
neighbors’ coloring information, and the Best-Response
Resolution (BRR) algorithm is proposed to ensure that the
sequence of best-response updates performed by the
WBANs are done in a consistentmanner. Ourmain contribu-
tions can be summarized as follows:

� the proposition of a distributed channel allocation
algorithm for interference avoidance among multiple
WBANs using a game-theoretic incomplete graph
coloring solution;

� the use of two-hop coloring information to enhance
the local channel reuse among WBANs so that more
channels are made available for use in other areas of
the network;

� the design of a distributed message-passing protocol
and the corresponding BRR algorithm that can be
used to achieve collision-free message exchanges
among WBANs, and to ensure the construction of a
sequential best-response improvement path;

� the proof of existence of a Nash equilibrium (NE) in
the proposed graph coloring game and its conver-
gence under the proposed distributed message-
passing protocol.

It is worthwhile to note that, even though graph coloring
problems have been studied extensively in the past, most
variations of the problem require all nodes to be colored,
albeit under different coloring constraints. For example,
defective coloring examines the coloring of vertices subject
to a constraint on the number of neighbors with the same
color for each vertex; weak coloring examines the coloring
of vertices such that each non-isolated vertex is adjacent to
at least one vertex with a different color. To the best of our
knowledge, [11] is the only work that addresses the incom-
plete graph coloring problem (i.e., the problem that allows
for uncolored nodes) and, thus, is most relevant to our
work. Our proposed DTIC algorithm improves upon the
RIC algorithm proposed in [11] by utilizing two-hop infor-
mation to enhance local channel reuse and, thus, release
more channels for use in other areas of the network.

The rest of the paper is organized as follows. Section 2
reviews related work on channel allocation and graph color-
ing. Section 3 describes the system model, and Section 4
describes the graph coloring formulation and the proposed
DTIC algorithm. Section 5 provides methods for efficient
data-exchange. Finally, the performance is evaluated in
Section 6 and a conclusion is drawn in Section 7.

2 RELATED WORK

The coexistence of multiple WBANs leads to interference
problems that must be addressed to ensure reliable commu-
nication between the wearable sensors and their coordinator
within each WBAN. These issues are often resolved through
channel allocation policies that assign different channels to
neighboring WBANs, similar to that of graph coloring [8],
[9], [10]. Specifically, in [8], a unified framework was pro-
posed based on the graph coloring model for the study of
channel allocation problems in time, frequency, and code
domains. The performance of three different greedy heuris-
tics were studied under this framework. In [9], the graph
coloring problem was studied for secondary users in open

spectrum access systems where the availability of colors
(i.e., channels) at the users are constrained by the primary
users in their vicinity. Three distributed coloring algorithms
were proposed with the objective of maximizing the total
spectrum utilization. Moreover, [10] examined the utility
and fairness of channel allocation schemes in open access
systems, and showed that the global optimization problem
is NP-hard. An approximation algorithm was provided
through vertex labeling, and collaborative coloring methods
were proposed to address different notions of fairness.

Traditional graph coloring algorithms assign colors to all
vertices in a graph without conflict among adjacent vertices.
The minimum number of colors required to achieve this task
is referred to as the chromatic number. Finding the optimal
solution to this problem (i.e., the chromatic number) is in
general NP-hard. However, the time-complexity can be sig-
nificantly reduced by increasing the number of colors to
Dþ 1, where D is the maximum degree of the graph. In the
context of distributed graph coloring, [13] proposed a simple
algorithm similar to Luby’s MIS algorithm to obtain a
ðDþ 1Þ-coloring in OðlognÞ rounds. The results were
improved to Oð ffiffiffiffiffiffiffiffiffiffi

logn
p Þ rounds in [14] and more recently to

Oðpoly log lognÞ rounds in [15]. Moreover, [16] examined the
more restrictive case where a vertex is only assumed to
know its own color and whether or not a conflict occurs with
its neighbors at any given time. Their proposed algorithm
was shown to converge towards a proper ðDþ 1Þ-coloring in
OðnDÞ expected recolorings. [17] achieved convergence in
Oðn lognÞ rounds by allowing simultaneous recoloring by
all vertices with an appropriately chosen distribution that
evolves over time. However, these works did not investigate
the message exchange overhead required to establish the
communication between local nodes. In [18], a distributed
graph coloring algorithm that aims to minimize the number
of used colors was proposed by emulating the calling behav-
ior of Japanese tree frogs. Contrary to the study on incom-
plete graph coloring, the above works on traditional graph
coloring assume that no vertex can be left uncolored.

In the context of WBANs, a random incomplete coloring
(RIC) algorithm was proposed to mitigate the interference
among WBANs in [11]. In the case of incomplete coloring, a
vertex may be temporarily left uncolored if all colors have
been occupied by its immediate neighbors. The flexibility of
this approach allows the coloring to be done more efficiently
(i.e., with lower time-complexity), and results in higher chan-
nel reuse than the case of complete coloring. In particular,
[11] proposed a distributed algorithm that utilizes only one-
hop information from its neighbors, and thus is limited in its
coloring efficiency (i.e., the number of vertices that can be col-
ored without conflict given the number of available colors).
Different from [11], our proposed scheme utilizes informa-
tion from two-hop neighbors and adopts a game-theoretic
approach with provable convergence to achieve the distrib-
uted coloring task. In addition, we also specify the message-
passing scheme necessary to ensure consistency among the
coloring updates throughout the process.

Game theory [19] is a field of mathematics that studies the
distributed decision-making of rational players in a game. It
has applications in many different research areas such as
economics, political science, psychology, and computer sci-
ence. In fact, several works, e.g., [20], [21], and [22], also
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adopted these techniques to solve the aforementioned chan-
nel allocation problem. Specifically, in [20], the channel allo-
cation problem in cognitive radio networks was modelled as
a potential game using two different objective functions to
capture the utility of selfish and cooperative users. Determin-
istic Nash equilibria were shown to exist, but require sub-
stantial coordination to achieve. The utility depends on the
interference between neighboring nodes, but does not pre-
clude users from choosing the same channel. Alternative no-
regret learning approaches were proposed to obtain more
efficient solutions for this problem. In [21], an interference-
aware channel allocation algorithmwas also proposed using
a game-theoretic approach. In this case, the utility is also
dependent on the co-channel interference, which may be
asymmetric due to the nodes’ different transmit powers. In
[22], a priority-based allocation of time slots was considered
for WBANs, and a time allocation algorithm was proposed
based on the hawk-dove game model. The coordinators of
WBANs transmit their data in assigned time slots to a com-
mon anchor node, who then forwards the data to the data
center. Themain concern in [22]was to avoid the interference
among coordinators when transmitting to a common anchor
node. This is different from our distributed channel alloca-
tion problemwhere the concern is towards avoiding interfer-
ence among neighboring WBANs. Furthermore, game-
theoretic approaches were also adopted to solve graph color-
ing problems in [23], [24], [25], and [26]. Specifically, in [23],
an efficient graph coloring algorithm was proposed using a
game-theoretic local search algorithm. In this work, the util-
ity function of each player was defined as the total number of
players in the graph that have chosen the same color as its
own. This requires global information of the cardinalities of
all colors to be available to each player at any time. In [24], a
distributed implementation of the algorithm in [23] was pro-
posed by allowing multiple non-neighboring nodes to
update their colors simultaneously. A message-passing pro-
tocol was proposed to propagate the required network infor-
mation to necessary nodes in the network. In [25] and [26],
game-theoretic interference avoidance channel selection
algorithms were proposed using the negative weighted
aggregate interference as the utility function for each node.
In these cases, the coloring (or channel selection)was not lim-
ited to proper coloring solutions. Similar to traditional graph
coloring, the above works assumed that all vertices must be
colored and, thus, are different from the incomplete graph
coloring solution proposed in our work.

3 SYSTEM MODEL

Let us consider a network with multiple WBANs, each con-
sisting of a coordinator and several on-body or implanted
sensors, as illustrated in Fig. 1. The sensors are responsible
for sensing important body signals and communicate
directly to the coordinator following a predefined intra-
WBAN MAC protocol. If two WBANs are within the trans-
mission range of each other and are transmitting over the
same channel, their transmissions will interfere with each
other, causing packet collision and data loss. The transmis-
sion range of a WBAN coordinator is typically 3 meters, as
indicated in [27], which is sufficient to cover a human body.
Here, we assume that a coordinator not only collects data

from its sensors but also communicates with other coordina-
tors to determine the channel to use in each time slot. In par-
ticular, we consider a time-slotted system with slot-level
synchronization among coordinators, and focus on resolving
inter-WBAN interference through proper channel allocation
among multiple WBANs (but do not address the intra-
WBANMAC protocol design). The problem can be modeled
as a graph coloring problem as described below.

Specifically, let us consider a graphG ¼ ðV;EÞ, where V is
the set of vertices and E is the set of edges. Each WBAN is
represented by a vertex in V , and two neighboring WBANs,
say i and j, are connected by an edge ði; jÞ 2 E if they are
within the interference range of each other. We assume that
the transmission range is the same as the interference range
in this work. The set of channels (or colors) that can be
assigned to the vertices is denoted byC. In this work,we con-
sider a graph coloring problem, where each vertex is
assigned at most one color and no two adjacent vertices (i.e.,
vertices connected by an edge) share the same color. In terms
of the channel allocation problem, this is equivalent to saying
that eachWBAN is allocated atmost one channel, and no two
WBANswithin the interference range of each other share the
same channel. Conflict is avoided between two adjacent ver-
tices if they are assigned different colors or if at least one of
them is left uncolored. Given the graphG and the number of
colors jCj ¼ k, our goal is to devise an incomplete coloring
solution that yields the maximum number of colored verti-
ces. This is referred to as the incomplete k-coloring problem.
The coloring is incomplete in the sense that some nodes may
be left uncolored [11].

It is worthwhile to remark that, in the traditional graph
coloring problem, all vertices should be colored (i.e., no ver-
tex can be left uncolored). The minimum number of colors
needed to achieve this task without conflict is referred to as
the chromatic number, and is denoted by xðGÞ for graph G.
Finding the chromatic number xðGÞ is an NP-hard problem
[28]. Different from the traditional graph coloring problem,
the incomplete coloring problem considered in this work
allows a vertex to be left uncolored (especiallywhen all avail-
able colors have been occupied by its neighbors). This corre-
sponds to the practical case where the number of channels is
less than the number of mutually interferingWBANs. Exam-
ples of traditional graph coloring with k ¼ 3, incomplete
k-coloring with k ¼ 2, and improper coloring with k ¼ 2 are
given in Fig. 2. The graphs in Fig. 2 correspond to the sample
network given in Fig. 1. In the traditional graph coloring

Fig. 1. Illustration of interference among coexisting WBANs.
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example shown in Fig. 2a, we can see that at least 3 colors are
needed to color all vertices in the graph and, thus, the chro-
matic number of the graph is xðGÞ ¼ 3. On the other hand,
incomplete graph coloring allows nodes to be left uncolored,
resulting in more flexibility in the color assignment and the
use of less colors (i.e., less channels). In fact, as shown in
Fig. 2b, one of the vertices in the subset f1; 2; 3g must be left
uncolored if only 2 colors are available. Each of these vertices
can be assigned a channel only 2=3 of the time on the average.
The overall throughput of the system is thus reduced due to
the number of uncolored vertices. An attempt to color all ver-
tices with only 2 colors can only result in an improper color-
ing as shown in Fig. 2c, which leads to conflict among
neighboringWBANs.

Remark 1. When a WBAN is not colored, it implies that the
WBAN is not able to transmit without interfering with
other WBANs. In this case, the WBAN is prevented from
transmitting and, thus, must wait until a channel is freed
up to perform the communication. We would like to note
that, due to mobility, the coloring procedure will be
repeated every number of time slots, e.g., every 104 ms (c.
f., Section 6). Hence, the WBANs that were previously
uncolored may have the opportunity to be colored later
on. In addition, an uncolored WBANmay also be allowed
to monitor the usage of channels in its vicinity and assume
a certain channel once it becomes idle after a certain
amount of time. However, the fairness of the rescheduling
over time deserves a more thorough study that is beyond
the scope of this work.

4 THE DISTRIBUTED TWO-HOP INCOMPLETE

COLORING (DTIC) ALGORITHM

In this section, we propose a distributed incomplete coloring
algorithmwhere two-hop coloring information is utilized by

eachWBAN to determine its local coloring. The key idea is to
have vertices select colors to maximize the channel reuse
among its two-hop neighbors, leaving more colors available
for other vertices outside of its two-hop radius. In the case of
mobility, higher channel reuse among local nodes implies
that more colors can be made available locally, allowing
nodes to more easily discover available channels once a con-
flict occurs due to changes in the graph topology. To obtain a
distributed solution, we adopt a game-theoretic approach
where the WBANs (i.e., vertices) are the players and the col-
ors (or channels) are the actions that can be taken by each
player. Instead of looking for the optimal coloring of a graph,
which generally requires full knowledge of the graph G and
the colors chosen by all other vertices in the graph, we pro-
pose a distributed strategy, in which, each vertex utilizes
only information from its two-hop neighbors to determine
its local action (i.e., color selection). The message-passing
required for each player to obtain information from its two-
hop neighbors is described in the Section 5.

Specifically, let us consider a multiplayer game G ¼ ðV;
fAigi2V ; fuigi2V Þ played on the graph G ¼ ðV;EÞ, where V
is the set of players, Ai is the set of actions for player i, and
ui :

Q
i2V Ai ! R is player i’s utility function. The action set

Ai , C [ funcoloredg is common for all players. Let a ¼
ða1; . . . ; anÞ be the action profile, where ai 2 Ai is the action
chosen by player i and n ¼ jV j is the number of players. We
say that player i prefers action profile a over another action
profile a0 if uiðaÞ > uiða0Þ. Since a player can only control
its own action, no further change in actions will occur if no
player can unilaterally improve its local utility by altering
its own action. This results in the so-called Nash equilib-
rium (NE), which is defined as follows.

Definition 1. Action profile a is a Nash equilibrium (NE) if

uiðai; a�iÞ � uiða0i; a�iÞ; 8a0i 2 Ai and 8i 2 V; (1)

where a�i is the action profile excluding the action from player
i. That is, a is an NE if no player can improve its local utility
by unilaterally altering its own action.

Notice that, in general, it is necessary for player i to have
centralized knowledge of the actions of all players in order
to determine its optimal action. However, in this work, we
are instead interested in finding a distributed coloring algo-
rithm that allows each player to make its own coloring deci-
sions based only on its two-hop information. This can be
done by choosing a utility function for each player that
depends only on the coloring decisions of its two-hop
neighbors. To do so, let us first introduce the notion of a 2-
clique [29] as a subset Q � V whose members are within
two-hops of each other. Then, a subset Q is said to be a max-
imal 2-clique if it cannot be extended by including more ver-
tices. For example, in Fig. 2, the subset of vertices
Q0 ¼ f1; 2; 3g forms a 2-clique since all vertices in Q0 are
within two-hops of each other. However, Q0 is not a maxi-
mal 2-clique since adding vertex 4 into Q0 also forms a
2-clique. On the other hand, the subset Q ¼ Q0 [ f4g ¼
f1; 2; 3; 4g is a maximal 2-clique since vertex 5 is beyond
two hops of vertices 1 and 2 and, thus, cannot be added to
form a larger 2-clique.

Fig. 2. Examples of complete, incomplete, and improper coloring on a
graph with chromatic number xðGÞ ¼ 3.
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Specifically, let us define the utility function of player i as

uiðaÞ ,
X

Q2CL2:i2Q
FQðaÞ; (2)

where FQðaÞ is the local function associated with a maximal
2-clique Q in the graph G, and CL2 is the collection of all
maximal 2-cliques in the graph G. The local function is
defined as

FQðaÞ ¼
X

j2Qn ~QðaÞ
MQ

j ðaÞ �
X

j2 ~QðaÞ
Mmax; (3)

where

MQ
j ðaÞ , fk2Q : ak¼ajg

�� ��; if aj 2 C;
0; if aj¼uncolored;

�
(4)

is the number of vertices in the maximal 2-clique Q that
have the same color as player j, ~QðaÞ ¼ fi 2 Q : 9j 2
Q such that ði; jÞ 2 E; ai ¼ aj; and ai; aj 2 Cg is the subset
of vertices inQwhose colors conflict with its one-hop neigh-
bors in Q, and Mmax is a constant chosen such that
uiðaÞ < Mmax, for all i and a.1 The choice of Mmax ensures
that no player will select a color that conflicts with its one-
hop neighbors. Notice that, by the above definition, the util-
ity function uiðaÞ indeed depends only on the actions of its
one-hop and two-hop neighbors. Hence, for player i to
determine its best action, it only needs to know the actions
of neighbors within its two-hop radius.

Example: To better understand the notations defined above,
let us consider as an example the incomplete graph color-
ing given in Fig. 2b. Notice that there are two maximal 2-
cliques in this graph, namely, Q1 ¼ f1; 2; 3; 4g and
Q2 ¼ f3; 4; 5g. For the maximal 2-clique Q1 ¼ f1; 2; 3; 4g,
we have M

Q1
1 ðaÞ ¼M

Q1
4 ðaÞ ¼ 2 since players 1 and

4 have chosen the same color (i.e., the color “red”). Simi-
larly,we haveMQ1

2 ðaÞ ¼ 1. Also,MQ1
3 ðaÞ ¼ 0 since player 3

is uncolored. Since no conflict occurs among one-hop
neighbors in this example, we have ~Q1ðaÞ ¼ ;. Conse-
quently, the local function of Q1 can be computed
as FQ1ðaÞ ¼P

j2Q1
M

Q1
j ðaÞ ¼ 2þ 1þ 0þ 2 ¼ 5. Similarly,

the local function of Q2 is FQ2ðaÞ ¼P
j2Q2

M
Q2
j ðaÞ ¼

0þ 1þ 1 ¼ 2. In this case, we have u1ðaÞ ¼ u2ðaÞ ¼
FQ1ðaÞ ¼ 5, u3ðaÞ ¼ u4ðaÞ ¼ FQ1ðaÞ þFQ2ðaÞ ¼ 7, and
u5 ¼ FQ2ðaÞ ¼ 2. However, if player 3 opts for the color
“blue”, the graph results in the improper coloring
shown in Fig. 2c which yields the conflicting subset
~Q1ðaÞ ¼ f2; 3g of the maximal 2-clique Q1 ¼ f1; 2; 3; 4g. In
this case, the local functions of Q1 and Q2 become
FQ1ðaÞ¼P

j2f1;4gM
Q1
j ðaÞ�

P
j2f2;3gMmax ¼ 4� 2Mmax and

FQ2ðaÞ ¼ P
j2Q2

M
Q2
j ðaÞ ¼ 2 þ 1 þ 2 ¼ 5, respectively.

Therefore, the utility function of player 3 becomes
u3ðaÞ ¼ FQ1ðaÞ þFQ2ðaÞ ¼ 9� 2Mmax. Notice that, by
choosing Mmax to be sufficiently large (e.g., Mmax ¼
53 ¼ 125), player 3 will always result in a negative utility

when choosing a color that conflicts with one of its one-
hop neighbors. Hence, the optimal selfish choice for player
3would be to remain uncolored.

Furthermore, it is interesting to note that the utility func-
tion provides larger payoff to players that share colors with
more of its two-hop neighbors (while avoiding conflict with
its one-hop neighbors). In fact, given that there is no conflict,
the local function can be written equivalently as FQðaÞ ¼P

c2C ji 2 Q : ai ¼ cj2, which gives a quadratic gain to colors
used multiple times within Q. Following the above exam-
ple, the local functions of Q1 and Q2 can be computed alter-
natively as FQ1ðaÞ ¼P

c2C ji 2 Q1 : ai ¼ cj2 ¼ 22 þ 12 ¼ 5
and FQ2ðaÞ ¼ 12 þ 12 ¼ 2. We argue that, by allowing the
use of colors to be more concentrated locally (within a two-
hop neighborhood), more colors can be freed up for use in
other areas of the network.

To show the existence of an NE, we first define the notion
of a best-response potential game [12] as given below.

Definition 2. The game G is a best-response potential game if
and only if there exists a functionC :

Q
i2V Ai ! R such that

Biða�iÞ ¼ argmax
ai2Ai

Cðai; a�iÞ; 8a�i 2
Y

j2V nfig
Aj; (5)

where Biða�iÞ , fa�i : a�i 2 argmaxai2Ai
uiðai; a�iÞg is the set

of best-response correspondence for player i. Here,C is referred
to as the global potential function.

By the above definition, we can see that, in a best-
response potential game, the maximization of a player’s
local utility function leads to the maximization of the global
potential function. Hence, by Theorem 2.1 and Corollary 2.2
of [12], every finite best-response potential game possesses
a pure-strategy NE. In the following, we show that the pro-
posed incomplete coloring game is a best-response potential
game and, thus, possesses a pure-strategy NE.

Theorem 1. The coloring game G is a best-response potential
game with potential function

CðaÞ ¼
X

Q2CL2

FQðaÞ: (6)

Proof. By (6) and the definition of the utility function for
player i given in (2), we have

argmax
ai2Ai

Cðai; a�iÞ ¼ argmax
ai2Ai

X
Q2CL2

FQðaÞ

¼ðaÞ argmax
ai2Ai

X
Q2CL2:i2Q

FQðaÞ

¼ argmax
ai2Ai

uiðai; a�iÞ ¼ Biða�iÞ;

where (a) follows from the fact that FQðaÞ depends only
on the colors of players in Q. Hence, by Definition 2, the
coloring game G is a best-response potential game with
potential functionC defined in (6). tu
Interestingly, for best-response potential games with

finite action spaces, it was established in Theorem 2.8 of [12]
that a sequential best-response improvement path converges

1. In fact, it is sufficient to choose Mmax ¼ n3 in our case since

uiðaÞ ¼
P

Q2CL2:i2Q FQðaÞ �P
Q2CL2:i2Q

P
j2Q MQ

j ðaÞ �
P

Q2CL2:i2QP
j2Q n � n3, for all i and a.
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to an NE in a finite number of steps. In particular, a best-
response improvement path is defined as follows.

Definition 3. A sequence of action profiles rr ¼ fa½0�; a½1�;
a½2�; . . .g is a sequential best-response improvement path if a½‘�
is obtained from a½‘� 1� by replacing the action of some player
i½‘� (i.e., the single deviator in the ‘-th step) with an action
from its best-response correspondence Bi½‘�ða�i½‘�½‘� 1�Þ (i.e.,
aj½‘� ¼ aj½‘� 1�, for j 6¼ i½‘�, and ai½‘�½‘� 2 Bi½‘�ða�i½‘�½‘� 1�Þ),
for ‘ ¼ 1; 2; . . ..

In the following, we demonstrate how a sequential best-
response improvement path can be constructed in the dis-
tributed scenario under consideration.

5 DISTRIBUTED MESSAGE-PASSING PROTOCOL

In this section, we describe how players (i.e., WBANs) can
communicate to achieve the sequential best-response
improvement path in a distributed fashion. We adopt a dis-
tributed message-passing protocol that consists of two
phases: a random access and a scheduled access phase. The
random access phase is used to provide each player with ini-
tial information regarding its one-hop and two-hop neigh-
bors, similar to the commonly adopted neighbor protocol
(e.g., in [30]), whereas the scheduled access phase is used for
players to exchange and update their actions in a way that
enables the construction of a sequential best-response
improvement path. The two phases are described in detail
below.

5.1 Random Access Phase

In the random access phase, the players exchange informa-
tion with its neighbors to obtain the initial colors and the
two-hop neighborhood information of all players within its
two-hop radius.

Let ai 2 C be the initial color chosen by player i, and let
N1ðiÞ and N2ðiÞ be sets consisting of player i’s one-hop and
two-hop neighbors, respectively. In this case, we can define
the information vector associated with player i as

infoi , ðai; N1ðiÞ; N2ðiÞÞ: (7)

Moreover, each player, say player i, maintains a set LðiÞ to
record the information vectors associated with its one-hop
neighbors. This set is initialized as an empty set, i.e.,
LðiÞ ¼ ;, at the beginning of the random access phase.
When player i is given the opportunity to transmit in the
random access phase, it broadcasts a control packet that
includes both its own information vector infoi and its cur-
rently recorded information LðiÞ to its one-hop neighbors.
This control packet is denoted by

pkti , ðinfoi; LðiÞÞ ¼ ðinfoj; 8j 2 fig [N1ðiÞÞ: (8)

The packet transmission can be performed by contention
following the random access protocol proposed in [31]. In
fact, it was shown in [31] that, by allowing each player to
randomly select a time slot to transmit within a frame of
length 1:44	 1

n

Pn
i¼1 jN1ðiÞ [N2ðiÞj, a packet delivery ratio

of 99 percent can be achieved within 7 retransmission
frames.

When player i does not transmit in a certain time slot, it
listens to pick up control packets sent by its one-hop neigh-
bors, and updates the sets N1ðiÞ, N2ðiÞ, and LðiÞ accord-
ingly. In particular, suppose that player i receives pktj ¼
ðinfok; 8k 2 fjg [N1ðjÞÞ from its one-hop neighbor player j
in a certain time slot. In this case, player i updates its one-
hop neighbor set N1ðiÞ by adding j to the set (i.e.,
N1ðiÞ  N1ðiÞ [ fjg), and updates its two-hop neighbor set
N2ðiÞ by including the set of one-hop neighbors of player j
that are not one-hop neighbors of player i to the set (i.e.,
N2ðiÞ  N2ðiÞ [N1ðjÞ nN1ðiÞÞ. The information regarding
player j in the set LðiÞ is updated accordingly.

Notice that, after a few successful updates from its one-
hop neighbors, player i will be able to obtain knowledge of
the initial colors of players within its two-hop radius, and
also knowledge of the one-hop and two-hop neighbors of
these players (i.e., N1ðkÞ and N2ðkÞ, 8k 2 N1ðiÞ [N2ðiÞ). The
latter yields knowledge of the players within a four-hop
radius of player i. With the above neighbor information,
player i can then determine all of the maximal 2-cliques that
it belongs to and the initial colors associated with their
members. This provides each player with enough informa-
tion to determine its best response. However, the color
updates must be scheduled carefully in order to obtain the
desired sequential best-response improvement path.

5.2 Scheduled Access Phase

In the scheduled access period, the players update their col-
ors in a round-by-round fashion, with each player updating
its action exactly once in each round. In each time slot, a
player may compute an update of its own action, and com-
pete for transmission of this action to its one-hop neighbors.
To avoid collision, only one player within each two-hop
neighborhood may be allowed to transmit. Following the
neighborhood-aware contention resolution (NCR) method
proposed in [32], we allow a player to transmit only if its
priority is the highest among its one-hop and two-hop
neighbors in the current time slot. The priority of player i in
time slot t can be computed as

prioði; tÞ ¼ hashði XOR tÞ concatenate i: (9)

The hash value concatenated by the player’s index i ensures
that its priority is unique. Notice that player i is capable of
computing the priority of all of its one-hop and two-hop
neighbors (i.e., prioðj; tÞ, for all j 2 N1ðiÞ [N2ðiÞ) since the
identities of these players have been obtained in the random
access phase and, thus, is capable of determining locally
without message exchange whether or not it is allowed to
transmit in the current time slot.

Let ai and ri be the action of player i and the round that it
is in at the beginning of a certain time slot, and let âjðiÞ and
r̂jðiÞ be the action and the round information associated with
player j that player i is aware of at this time (i.e., the informa-
tion recorded by player i about player j). Note that âiðiÞ ¼ ai
and r̂iðiÞ ¼ ri. Player i is allowed to update its action and
broadcast a coloring packet to its one-hop neighbors in time
slot t if it has the highest priority among all nodes within its
two-hop radius at this time (i.e., prioði; tÞ > prioðj; tÞ, for
all j 2 N1ðiÞ [N2ðiÞ). The coloring packet contains locally
recorded information about the actions and rounds of the

68 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 21, NO. 1, JANUARY 2022

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on March 09,2022 at 07:47:45 UTC from IEEE Xplore.  Restrictions apply. 



player itself and also of those within its two-hop neighbor-
hood (i.e., fðâjðiÞ; r̂jðiÞÞ; 8j 2 fig [N1ðiÞ [N2ðiÞg). If an
update is made, the new action is chosen based on player i’s
knowledge of the actions of its one-hop and two-hop neigh-
bors, and is given by

ai  argmax
ai2Ai

uiðai; â�iðiÞÞ; (10)

where â�iðiÞ ¼ ðâ1ðiÞ; . . . ; âi�1ðiÞ; âiþ1ðiÞ; . . . ; âNðiÞÞ. On the
other hand, if player i is not allowed to transmit, then it lis-
tens for coloring packets sent from other players in its one-
hop neighborhood. Suppose that a coloring packet is
received from player j 2 N1ðiÞ, which contains the informa-
tion fðâkðjÞ; r̂kðjÞÞ; 8k 2 fjg [N1ðjÞ [N2ðjÞg. Then, for k 2
N1ðiÞ [N2ðiÞ such that r̂kðjÞ > r̂kðiÞ, its information at
player i is updated as ðâkðiÞ; r̂kðiÞÞ  ðâkðjÞ; r̂kðjÞÞ. That is,
the coloring information regarding player k is updated if
the packet received from player j contains more up-to-date
information about the player.

To ensure fast convergence towards an NE, we propose
to have players make updates in a round-by-round fashion.
That is, a player, say player i, is allowed to update its own
action only if all of its one-hop and two-hop neighbors have
at least updated their actions in the previous coloring round
and that player i is aware of the most recent updates made
by these neighbors (i.e., if rj � ri and r̂jðiÞ ¼ rj, for all
j 2 N1ðiÞ [N2ðiÞ). Consequently, no two players within
two-hops of each other can differ in rounds by more than 1,
i.e., jri � rjj � 1 for i and j such that j 2 N1ðiÞ [N2ðiÞ. How-
ever, since the coloring packets are sent only to one-hop
neighbors, player i will not be able to receive immediate
updates from its two-hop neighbors. Hence, even when a
player has the highest priority and is allowed to update its
own action in the current time slot, it may not be capable of
making the correct decision until updates made by its two-
hop neighbors have been received. To ensure that the play-
ers have consistent information about the coloring status
of other nodes in the associated round, we propose the fol-
lowing Best-Response Resolution (BRR) algorithm, which
achieves the task by keeping track of the index of players
whose information may potentially be outdated.

In the BRR algorithm, each player, say player i, maintains
a waiting vertex set Wi, which records the list of players’

updates that it must wait for before a new local decision can
be made. Therefore, when player i is given the priority to
transmit, it will update its own action before transmitting a
coloring packet only if

Wi ¼ ;: (11)

If Wi is non-empty, player i simply broadcasts a coloring
packet containing its old action (along with the updated
information from its neighbors). On the other hand, if player
k 2 N2ðiÞ is given the priority to transmit instead of player i
and that r̂kðiÞ � ri, then player k is added to the wait list Wi,
meaning that player i must wait to receive this update from
player k before it can perform its next update. A player is
removed from the waiting list Wi if player i receives an
update of the player’s action from one of the received color-
ing packets. BRR algorithm is run locally by each player in
every time slot, and is summarized in Algorithm 1.

Fig. 3 gives an example with three players (i.e., players 1,
2, and 3) using the BRR algorithm to resolve coloring deci-
sions over the color set C ¼ fred; green; blueg. In the initial
time slot after the random access phase, i.e., time slot 0, the
waiting vertex sets are initialized as W1 ¼W2 ¼W3 ¼ ; and
the initial round indices recorded by all players are set to 0
(i.e., r̂jðiÞ ¼ 0, for all i and j). In time slot 1, player 1 has the
highest priority and is allowed to update its action since
W1 ¼ ;. In this case, player 3 updates its waiting set as
W3 ¼ f1g since player 1 has the highest priority and
r̂1ð3Þ � r3. In this time slot, player 1 updates its action a1
with the color blue since the choice yields the highest local
utility. A coloring packet is then sent to its one-hop neighbor,
which is player 2 in this case. Next, in time slot 2, player 3
has the highest priority but is not allowed to update its action
since its waiting setW3 is not yet empty. In time slot 3, player
2 has the highest priority and W2 ¼ ;. Therefore, player 2 is
allowed to update its action and chooses a2 ¼ green. Note
that player 2 could have also chosen red in this case. The col-
oring packet is again broadcast to its neighbors. Upon receiv-
ing the coloring packet from player 2, player 3 removes
player 1 from its waiting set W3 since the received packet
contains information regarding player 1’s previous action
update. In this case,W3 ¼ ;. In time slot 4, player 3 is allowed
to update its action since it has the highest priority and
W3 ¼ ;. The action a3 ¼ blue is chosen since it maximizes its
local utility function.

Theorem 2. The distributed message passing protocol yields a
sequential best-response improvement path and, thus, con-
verges to an NE.

Proof. Let tðrÞi be the time that player i determines its action in
the r-th round, and let a

ðrÞ
i be the action that is chosen at this

time. Recall that, by the design of the scheduled access
period and the BRR algorithm, player i is able to make an
update in the r-th round only if all of its one-hop and two-
hop neighbors have at least updated their actions in round
r� 1 and that player i is aware of any updates made
by these neighbors up to this time. This implies that

t
ðr�1Þ
j < t

ðrÞ
i , for all j 2 N1ðiÞ [N2ðiÞ. Therefore, at time t

ðrÞ
i ,

the information ðâjðiÞ; r̂jðiÞÞ that player i has acquired

about player j 2 N1ðiÞ [N2ðiÞ is given by âjðiÞ ¼ a
ðr�1Þ
j and

r̂jðiÞ ¼ r� 1, if t
ðrÞ
j > t

ðrÞ
i , and âjðiÞ ¼ a

ðrÞ
j and r̂jðiÞ ¼ r, if

Algorithm 1. Best-Response Resolution (BRR) Algorithm
(for player i in time slot t)

Input: N1ðiÞ, N2ðiÞ, fðâjðiÞ; r̂jðiÞÞ; 8j2fig [N1ðiÞ [N2ðiÞg,Wi

Output:Wi.
1: for each player k 2 N2ðiÞ do
2: if prioðk; tÞ > prioðj; tÞ, 8j 2 N1ðkÞ [N2ðkÞ then
3: if r̂kðiÞ � ri then
4: Wi  Wi [ fkg
5: end if
6: end if
7: end for
8: for each k0 2 N1ðiÞ do
9: if prioðk0; tÞ > prioðj; tÞ, 8j 2 N1ðk0Þ [N2ðk0Þ then
10: Wi  Wi �N1ðk0Þ
11: end if
12: end for
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t
ðrÞ
j < t

ðrÞ
i . For j =2 N1ðiÞ [N2ðiÞ, the values of âjðiÞ and r̂jðiÞ

can be arbitrary.
Let us define pr : f1; . . . ; ng ! f1; . . . ; ng as an order-

ing of vertices in the r-th round such that t
ðrÞ
prð1Þ �

t
ðrÞ
prð2Þ � 
 
 
 � t

ðrÞ
prðnÞ. In this case, the action a

ðrÞ
prðiÞ made by

player prðiÞ in the r-th round must belong to the set

BprðiÞðaðrÞprðiÞÞ
¼ argmax

aprðiÞ2AprðiÞ
uprðiÞðaprðiÞ; â�prðiÞðprðiÞÞÞ (12)

¼ argmax
aprðiÞ2AprðiÞ

uprðiÞðaprðiÞ; faðr�1ÞprðjÞ gj> i; faðrÞprðjÞgj< iÞ (13)

Hence, by letting rrr ¼ fa½r; 1�; . . . ; a½r; n�g be the

sequence of action profiles in the r-th round obtained by

updating the players’ actions one-by-one according to

the order pr so that a½r; i� ¼ ðaðrÞ
prð1Þ; . . . ; a

ðrÞ
prðiÞ; a

ðr�1Þ
prðiþ1Þ; . . . ;

a
ðr�1Þ
prðnÞÞ, the sequence of action profiles rr ¼ frr1; rr2; . . . ;

rrr; . . .g forms a sequential best-response improvement

path and, thus by Theorem 2.8 of [12], converges to an

NE in a finite number of steps. tu
The DTIC algorithm and the distributed message passing

protocol can be performed continuously to adapt to changes
in the environment. However, in a static network, a player
can detect the occurrence of a convergent state by launching
the so-called snapshot algorithm [33] whenever the actions
of its one-hop and two-hop neighbors do not change in two
consecutive time slots.

6 PERFORMANCE EVALUATION

In this section, we evaluate the performance of the DTIC
algorithm by computer simulations. The DTIC algorithm is
compared with the following four algorithms, all of which
models the channel allocation problem as a form of graph

coloring that allows for uncolored vertices (i.e., the incom-
plete coloring problem).

� Centralized Algorithm: Each player selects a color that
is chosen the most among all vertices in the graph.
The players’ actions are updated in turn according to
a centralized round-robin schedule. This requires
global knowledge of the coloring status of all vertices.

� Greedy Two-Hop Incomplete Coloring (GTIC): Each
player selects the color that is reused the most among
its two-hop neighbors (but not used by its one-hop
neighbors). Notice that this is in general done accord-
ing to a centralized round-robin schedule, but can
also be implemented using our proposed distributed
message-passing protocol. Since the selection is done
only once for each player, the GTIC algorithm can be
viewed as the implementation of a single round of the
DTIC algorithm with a different utility function
(namely, a utility function that is equal to the number
of two-hop neighborswith the same color).

� Random Incomplete Coloring (RIC): The RIC algorithm
proposed in [11] is implemented in multiple rounds
with each round consisting of the coloring slots
period and the winner notification period. In the col-
oring slots period, each uncolored node i randomly
selects a color ci that is not yet chosen by its one-hop
neighbors and generates a random value si. Then, it
randomly selects a time slot within this period to
broadcast its coloring message ðci; siÞ to its one-hop
neighbors. If node i receives a coloring message
from node j 2 N1ðiÞ with sj � si and ci ¼ cj, node i
remains uncolored and removes the color from its
available set of colors. Otherwise, node i marks itself
as a winner and updates its color as ci. Then, in the
winner notification period, node i broadcasts a noti-
fication message indicating that it has chosen the
color ci. Following [11], the number of rounds is set

Fig. 3. An example of the best response resolution.
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as 5 and the number of time slots for the coloring
slots and the winner notification periods are set as
40 k

5� k and k, respectively, where k is the total num-
ber of colors (or channels).

� Deflation via the Optimal Z3 Solver:A sequential search
of optimal coloring solutions is performed by using
the Z3 solver, i.e., a Satisfiability Modulo Theories
(SMT) solver [34]. This solver determines the feasibil-
ity of a set of colors on a specific graph in the tradi-
tional graph coloring problem. Specifically, given the
total number of colors, vertices are removed in
decreasing order of the sizes of their largest maximal
2-cliques until a feasible coloring is found. The opti-
mal Z3 solver requires high computational complex-
ity and, thus, can only be applied to problems with
small size.

It is worthwhile to note that, even though graph coloring
problems have been studied extensively in the past, most
variations of the problem, to the best of our knowledge,
require all nodes to be colored, albeit under different color-
ing constraints. The RIC algorithm proposed in [11] is the
only work we could find that addresses the incomplete
graph coloring problem (i.e., the problem that allows for
uncolored nodes). Hence, it is adopted as our main compar-
ison scheme. In our experiments, the network topology is
generated by randomly deploying WBANs in a 10	 10 m2

area. Each WBAN is assumed to have an interference range
of 3 meters. We use Bluetooth as the communication proto-
col between coordinators of WBANs and the duration of a
time slot is 0.25 ms (milliseconds). The simulation curves
are averaged over 100 random deployments of the WBANs
and are shown with 95 percent confidence interval.

In Fig. 4, we show the number of coloring rounds
required to reach the NE of the proposed DTIC algorithm in
systems with 20, 30, and 40 WBANs, respectively. The total
number of colors (or channels) k is varied from 3 to 10. We
can see, in Fig. 4, that the number of coloring rounds
increases from around 3 to 4.2 when there are 40 WBANs,
and from 3 to 3.6 when there are 20 or 30 WBANs. This
shows that the number of coloring rounds does not increase
significantly with the increase in network size. In Table 1,
we show the number of time slots required to reach conver-
gence and the corresponding elapsed time given slot

duration equal to 0.25 ms. The above values for DTIC is
compared with GTIC and RIC, respectively. Notice that the
first coloring round typically takes much less time than
other rounds since the initial coloring status of all players is
assumed to be known globally and, thus, no message
exchange is required before local updates can be made. In
this case, GTIC requires much less overhead since it per-
forms only a single round of coloring. However, as we
show later on in Fig. 8, the number of conflict-free nodes
does not decrease significantly over 104 ms for players mov-
ing at average speed of 1 m/s. Hence, the coloring operation
need not be performed frequently and, thus, the overhead
required for DTIC to converge can be negligible (e.g., � 0:5
percent if the colors are updated every 104 ms).

In Fig. 5, we show the efficiency of the co-channel reuse
with respect to the number of available colors k in the case
with 30 WBANs. Recall that, in the incomplete coloring
problem, a node can be left uncolored when no color can be
chosen without conflict. Moreover, in the compared RIC
algorithm, we ignore the loss due to packet collision, which
may cause inconsistency in the nodes’ understanding of the
winner of each round, and eventually result in color conflict
among neighboring nodes. This inconsistency does not
occur in the DTIC algorithm due to the design of the pro-
posed message passing protocol.

More specifically, in Fig. 5a, we measure the co-channel
reuse efficiency in terms of the vertex-per-color (VPC),
which is defined as the ratio between the number of colored
nodes and the number of used colors. As expected, VPC
decreases in all cases as the total number of colors k
increases since fewer nodes need to be supported by each
color as k becomes larger. We can see that the performance
of the DTIC algorithm is close to that of the centralized algo-
rithm, which has global knowledge and control of all nodes
in the network. In fact, the curves associated with the two
algorithms are so close that they are often indistinguishable.
However, there is some loss compared to the optimal solu-
tion (obtained by the Z3 solver) when k > 7, but is uni-
formly better than the GTIC and the RIC algorithms. Notice
that RIC yields the smallest VPC value since it does not take
into consideration the channel reuse situation among its
two-hop neighbors. In Fig. 5b, we examine the number of
uncolored nodes under a similar setting. Similar to Fig. 5a,
the DTIC algorithm performs close to the centralized algo-
rithm, but outperforms the GTIC and the RIC algorithms. In
particular, when k ¼ 4, the DTIC and the centralized

Fig. 4. Number of coloring rounds versus the number of available colors
(i.e., channels) for the DTIC algorithm under different number of WBANs

TABLE 1
Comparison of the Overhead Required in Different

Algorithms for a System With 30 WBANs

Number
of Colors

Number of Time Slots

DTIC GTIC RIC

3 220.87 slots 21.92 slots 120 slots
(55.22 ms) (5.48 ms) (30 ms)

5 237.97 slots 21.92 slots 200 slots
(59.49 ms) (5.48 ms) (50 ms)

7 242.63 slots 21.92 slots 280 slots
(60.66 ms) (5.48 ms) (70 ms)
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algorithms yield about 4.87 uncolored nodes while the GTIC
and the RIC algorithms yield approximately 5.9 uncolored
nodes. The optimal Z3 solver yields only 4.3. When k � 8, the
number of colors is more than sufficient to serve the 30
WBANs and, thus, the number of uncolored nodes
approaches zero. It is worthwhile to note that the number of
uncolored nodes correspond to the number of WBANs that
are not able to transmit without interfering with other
WBANs. These WBANs will be restricted from transmitting
and directly corresponds to the downtime of these nodes. In
this experiment, the number of uncolored nodes can reach
around 4 to 6 when only 4 colors are available. This consti-
tutes a significant portion of the 30 WBANs in the experi-
ment. Even though the number of uncolored nodes decreases
as the number of channels increases, this requires the devices
to have the ability to transmit over more channels which
directly increases the cost of the devices.

In Fig. 6, we examine the co-channel reuse efficiency and
the number of uncolored nodes for different numbers of
WBANs. Here, the number of available colors is fixed as
k ¼ 6. The solution obtained by the optimal Z3-solver is
evaluated only up to 30 WBANs since the complexity
becomes prohibitive beyond that. In Fig. 6a, we can see that
the VPC value increases as the number of WBANs becomes
larger. The performances of the DTIC and the centralized

algorithms are similar, and is only slightly worse than that
of the optimal Z3-solver. The DTIC algorithm again per-
forms better than the GTIC and the RIC algorithms. In
Fig. 6b, we can see that, when the number of WBANs is 40,
both the DTIC and the centralized algorithms yield an aver-
age of 3.15 uncolored nodes whereas the GTIC and the RIC
algorithms yield 4.65 and 4.76 uncolored nodes respectively.
Moreover, when the number of WBANs is below 20, the
number of uncolored nodes approaches zero since 6 colors
are sufficient to serve the WBANs in this case.

In Fig. 7, we evaluate the throughput with respect to the
number of available colors k and the number of WBANs.
Here, we assume that the WBANs may be changing posi-
tions over time according to the Gauss-Markov mobility
model [35]. The average speed of a WBAN is 1 m/s and the
randomness factor is a ¼ 0:3. The data rate of a WBAN is
set as 30 Kbps according to [27]. The graph topology is
updated every 100 ms (i.e., 400 time slots) and the through-
put is averaged over a duration of 104 ms. We do not com-
pare with the optimal Z3-solver solution here since it
cannot be run in practice due to its high computational com-
plexity. In Fig. 7a, throughput is shown with respect to the
number of available colors when the number of WBANs is
30. We can see that the DTIC algorithm performs close to
the centralized scheme and significantly better than the

Fig. 5. Comparison of different coloring algorithms for a system with
30 WBANs.

Fig. 6. Comparison of different coloring algorithms for the case with 6
available colors.
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GTIC and the RIC algorithms. When k ¼ 4, the centralized
and the DTIC algorithms achieve approximately 715 Kbps
while the GTIC and the RIC algorithms achieve only 671
Kbps and 535 Kbps, respectively. In Fig. 7b, throughput is
shown with respect to the number of WBANs for the case
where the number of available colors is fixed as k ¼ 5.
When the number of WBANs is small, the performances of
the compared algorithms do not differ significantly. How-
ever, as the number of WBANs increases, the disparity
between the performances of the RIC, GTIC, and DTIC algo-
rithms becomes more evident. Yet, the DTIC algorithm per-
forms close to the centralized solution in all cases. Notice that
packet collision is considered in this case and, thus, RIC
suffers more as the number of WBANs increases. When
the number of WBANs is 40, the DTIC algorithm achie-
ves approximately 931 Kbps whereas the GTIC and the RIC
algorithms achieve only 873 Kbps and 627 Kbps, respectively.

To further examine the impact of mobility on the system
performance, we show, in Fig. 8, the number of conflict-
free nodes as time elapses for a system with 30 WBANs
and k ¼ 5 colors. This corresponds to the scenario consid-
ered in Fig. 7 where the coloring is performed only initially
while the players locations are varied every 100 ms. We
can see that, with average mobility of 1 m/s, the graph

topology does not vary significantly within the observed
time period of 104 ms. The proposed DTIC algorithm main-
tains approximately a fixed advantage over GTIC and RIC,
despite the user movement. Hence, it is sufficient to per-
form the coloring procedure only once every 104 ms in this
case, which makes the overhead in Table 1 negligible. In
Fig. 9, we show the throughput versus different average
mobility speeds for a system with 30 WBAN and k ¼ 5. We
can see that the throughput decreases as the speed
increases since the graph topology changes more rapidly
over time. In this case, nodes may more easily result in con-
flict after a certain amount of time, at which point a recolor-
ing is required.

7 CONCLUSION

In this work, we addressed the coexistence problem between
multiple WBANs using a game-theoretic approach. In partic-
ular, we modeled the channel allocation problem as a graph
coloring problem, and proposed a distributed two-hop
incomplete coloring algorithm to solve the coloring problem
in a distributed fashion. Incomplete coloring allows nodes to
remain uncolored if it is necessary to avoid conflict between
neighboring nodes. The proposed DTIC algorithm utilizes

Fig. 7. Comparison of the throughput between different coloring
algorithms.

Fig. 8. Number of conflict-free nodes versus time for a system with
30 WBANs and k ¼ 5.

Fig. 9. Throughput versus mobility speed for a system with 30 WBANs
and k ¼ 5.
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coloring information from its two-hop neighbors to determine
a local choice that aims to maximize the channel reuse. More-
over, we designed a distributed message-passing protocol
that can be used to ensure that the action updates are done in
a consistent manner. Numerical results showed that the pro-
posed DTIC algorithm performs close to the centralized algo-
rithm, and improves upon the GTIC and the RIC algorithms.

ACKNOWLEDGMENTS

The authors would like to thank Mr. Cheng-Hung He for his
assistance in completing the simulations of this work. This
work was supported in part by the Ministry of Science and
Technology, Taiwan, under Grants 107-2622-8-007-014-TA,
108-2634-F-007-004, and 109-2634-F-007-015.

REFERENCES

[1] G.-T. Chen, W.-T. Chen, and S.-H. Shen, “2L-MAC: A mac protocol
with two-layer interference mitigation in wireless body area net-
works for medical applications,” in Proc. IEEE Int. Conf. Commun.,
2014, pp. 3523–3528.

[2] S. Movassaghi, M. Abolhasan, and D. Smith, “Smart spectrum
allocation for interference mitigation in wireless body area
networks,” in Proc. IEEE Int. Conf. Commun., 2014, pp. 5688–5693.

[3] M. M. Dhanvijay and S. C. Patil, “Internet of things: A survey of
enabling technologies in healthcare and its applications,” Comput.
Netw., vol. 153, pp. 113–131, 2019.

[4] L. Tan, Z. Feng, W. Li, Z. Jing, and T. A. Gulliver, “Graph color-
ing based spectrum allocation for femtocell downlink interfer-
ence mitigation,” in Proc. Wireless Commun. Netw. Conf., 2011,
pp. 1248–1252.

[5] R. Y. Chang, Z. Tao, J. Zhang, and C.-C. Kuo, “A graph approach
to dynamic fractional frequency reuse (FFR) in multi-cell OFDMA
networks,” in Proc. IEEE Int. Conf. Commun., 2009, pp. 1–6.

[6] E. Pateromichelakis, M. Shariat, A. U. Quddus, and R. Tafazolli,
“On the evolution of multi-cell scheduling in 3GPP LTE/LTE-A,”
IEEE Commun. Surveys Tuts., vol. 15, no. 2, pp. 701–717, Second
Quarter 2013.

[7] A. Mishra, S. Banerjee, and W. Arbaugh, “Weighted coloring
based channel assignment for WLANs,” ACM SIGMOBILE Mobile
Comput. Commun. Rev., vol. 9, no. 3, pp. 19–31, Jul. 2005.

[8] S. Ramanathan, “A unified framework and algorithm for channel
assignment in wireless networks,” Wireless Netw., vol. 5, no. 2,
pp. 81–94, Mar. 1999.

[9] W. Wang and X. Liu, “List-coloring based channel allocation for
open-spectrum wireless networks,” in Proc. IEEE Veh. Technol.
Conf., 2005, pp. 690–694.

[10] C. Peng, H. Zheng, and B. Y. Zhao, “Utilization and fairness in
spectrum assignment for opportunistic spec-trum access,” ACM
Mobile Netw. Appl., vol. 11, no. 4, pp. 555–76, 2006.

[11] S.-H. Cheng and C.-Y. Huang, “Coloring-based inter-WBAN
scheduling for mobile wireless body area networks,” IEEE Trans.
Parallel Distrib. Syst., vol. 24, no. 2, pp. 250–259, Feb. 2013.

[12] Q. D. L. A, Y. H. Chew, and B.-H. Soong, Potential Game Theory -
Applications in Radio Resource Allocation. Berlin, Germany:
Springer, 2016.

[13] €O. Johansson, “Simple distributed ðDþ 1Þ-coloring of graphs,” Inf.
Process. Letts., vol. 70, no. 5, pp. 229–232, Jun. 1999.

[14] D. G. Harris, J. Schneider, and H.-H. Su, “Distributed ðDþ 1Þ-color-
ing in sublogarithmic rounds,” J. ACM, vol. 65, no. 4, pp. 19:1–19:21,
Apr. 2018.

[15] Y.-J. Chang, W. Li, and S. Pettie, “An optimal distributed
ðDþ 1Þ-coloring algorithm?” in Proc. ACM Symp. Theory Comput.,
2018, pp. 445–456.

[16] A. Bhartia, D. Chakrabarty, K. Chintalapudi, L. Qiu, B. Radunovic,
and R. Ramjee, “IQ-Hopping: Distributed oblivious channel selec-
tion for wireless networks,” in Proc. ACM Int. Symp. Mobile Ad Hoc
Netw. Comput., 2016, pp. 81–90.

[17] A. Checco and D. J. Leith, “Fast, responsive decentralized graph
coloring,” IEEE/ACM Trans. Netw., vol. 25, no. 6, pp. 3628–3640,
Dec. 2017.

[18] H. Hern�andez and C. Blum, “Distributed graph coloring: An
approach based on the calling behavior of japanese tree frogs,”
Swarm Intell., vol. 6, pp. 117–150, Jun. 2012.

[19] Z. Han, D. Niyato, W. Saad, T. Baar, and A. Hjrungnes, Game The-
ory in Wireless and Communication Networks: Theory, Models, and
Ap-plications, 1st ed. New York, NY, USA: Cambridge University
Press, 2012.

[20] N. Nie and C. Comaniciu, “Adaptive channel allocation spectrum
etiquette for cognitive radio net-works,” Mobile Netw. Appl., vol. 11,
no. 6, pp. 779–797, 2006.

[21] J.-P. Sheu, Z.-X. Wu, C. Ma, and R. Jagadeesha, “Interference-aware
channel allocation algorithm with game theoretic approach for cog-
nitive radio networks,” in Proc. IEEE Int. Conf. Parallel Distrib. Syst.,
2014, pp. 41–46.

[22] S. Misra and S. Sarkar, “Priority-based time-slot allocation in wire-
less body area networks during medical emergency situations: An
evolutionary game-theoretic perspective,” IEEE J. Biomed. Health
Informat., vol. 19, no. 2, pp. 541–548, Mar. 2015.

[23] P. N. Panagopoulou and P. G. Spirakis, “A game theoretic approach
for efficient graph coloring,” in Proc. Int. Symp. Algorithms Comput.,
2008, pp. 183–195.

[24] I. Chatzigiannakis, C. Koninis, P. N. Panagopoulou, and
P. G. Spirakis, “Distributed game-theoretic vertex coloring,” in Proc.
Int. Conf. Princ. Distrib. Syst., 2010, pp. 103–118.

[25] B. Babadi and V. Tarokh, “GADIA: A greedy asynchronous distrib-
uted interference avoidance algorithm,” IEEE Trans. Inf. Theory,
vol. 56, no. 12, pp. 6228–6252, Dec. 2010.

[26] J. Wang, Y. Xu, A. Anpalagan, Q.Wu, and Z. Gao, “Optimal distrib-
uted interference avoidance: Potential game and learning,” Trans.
Emerg. Telecommun. Technol., vol. 23, no. 4, pp. 317–326, 2012.

[27] B. Zhen, M. Patel, S. Lee, E. Won, and A. Astrin, “TG6 technical
requirements document (TRD),” Tech. Rep. P802.15–08-0644-09-
0006, 2008.

[28] M. R. Garey and D. S. Johnson, Computers and Intractability: A
Guide to the Theory of NP-Completeness. New York, NY, USA: W. H.
Freeman & Co., 1990.

[29] V. B. Foad, M. Pajouh, A. Veremyev, Examining Robustness and
Vulnerability of Networked Systems. IOS Press, Amsterdam,
Netherlands, 2014, ch. Analysis and Design of Robust Network
Clusters with Bounded Diameter, pp. 141–160.

[30] V. Rajendran, K. Obraczka, and J. J. Garcia-Luna-Aceves, “Energy-
efficient, collision-free medium access control for wireless sensor
networks,”Wireless Netw., vol. 12, no. 1, pp. 63–78, 2006.

[31] L. Bao and J. J. Garcia-Luna-Aceves, “Hybrid channel access sched-
uling in ad hoc networks,” in Proc. IEEE Int. Conf. Netw. Protoc., 2002,
pp. 46–57.

[32] L. Bao and J. J. Garcia-Luna-Aceves, “A new approach to channel
access scheduling for ad hoc networks,” in Proc. ACM Int. Conf.
Mobile Comput. Netw., 2001, pp. 210–221.

[33] K. M. Chandy and L. Lamport, “Distributed snapshots: Determin-
ing global states of distributed systems,” ACM Trans. Comput.
Syst., vol. 3, pp. 63–75, 1985.

[34] L. D. Moura and N. Bjorner, “Z3: An efficient SMT solver,” in
Proc. Int. Conf. Tools Algorithms Construction Anal. Syst., 2008,
pp. 337–340.

[35] V. Tolety, “Load reduction in ad hoc networks using mobile serv-
ers,” Master’s thesis, Colorado School of Mines, 1999.

Kai-Ju Wu received the BS and MS degrees in
computer science from National Tsing Hua Univer-
sity, Hsinchu, Taiwan, in 2016 and 2018, respec-
tively. He is currently an engineer with Phison
Electronics Corporation. His research interests
include wireless body area network (WBAN) and
bluetooth protocols.

74 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 21, NO. 1, JANUARY 2022

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on March 09,2022 at 07:47:45 UTC from IEEE Xplore.  Restrictions apply. 



Y.-W. Peter Hong (Senior Member, IEEE)
received the BS degree in electrical engineering
from National Taiwan University, Taipei, Taiwan,
in 1999, and the PhD degree in electrical engi-
neering from Cornell University, Ithaca, NY, USA,
in 2005. He joined the Institute of Communica-
tions Engineering and the Department of Electri-
cal Engineering at National Tsing Hua University
(NTHU), Hsinchu, Taiwan, in 2005, where he is
currently a full professor. He also currently serves
as Director of the Institute of Communications

Engineering, and Associate Vice President of Research and Develop-
ment at NTHU. His research interests include multiuser communications,
physical layer security, machine learning for wireless communications,
and distributed signal processing for IoT and sensor networks. He
received the IEEE ComSoc Asia-Pacific Outstanding Young Researcher
Award in 2010, the Y. Z. Hsu Scientific Paper Award in 2011, the National
Science Council Wu Ta-You Memorial Award in 2011, the Chinese Insti-
tute of Electrical Engineering Outstanding Young Electrical Engineer
Award in 2012, the Best Paper Award from the Asia-Pacific Signal and
Information Processing Association Annual Summit and Conference
(APSIPA ASC) in 2013, and the Ministry of Science and Technology Out-
standing Research Award in 2019. He served as an associate editor of
IEEE Transactions on Signal Processing and IEEE Transactions on
Information Forensics and Security, and is currently an editor of IEEE
Transactions on Communications. He was chair of the IEEE ComSoc
Taipei Chapter, in 2017-2018, and co-chair of the Technical Affairs Com-
mittee and the Information Services Committee of the IEEE ComSoc
Asia-Pacific Board, in 2014-2015 and 2016-2019, respectively.

Jang-Ping Sheu (Fellow, IEEE) received the B.S.
degree in computer science from Tamkang Univer-
sity, Taiwan, Republic of China, in 1981, and the
M.S. and Ph.D. degrees in computer science from
National Tsing Hua University, Taiwan, Republic of
China, in 1983 and 1987, respectively. He is cur-
rently a chair professor at the Department of Com-
puter Science, National Tsing Hua University. He
was a chair of the Department of Computer Sci-
ence and Information Engineering, National Cen-
tral University from 1997 to 1999. He was a

Director of Computer Center, National Central University from 2003 to
2006. He was a director of the Computer and Communication Research
Center from 2009 to 2015, National Tsing Hua University. He was an asso-
ciate dean at the College of Electrical and Computer Science from 2016 to
2017, National Tsing Hua University. His current research interests include
wireless communications, mobile computing, Internet of Things, and UAV-
assisted communication systems. He was an associate editor of the IEEE
Transactions onParallel and Distributed Systems and International Journal
of Sensor Networks. He is an advisory board member of the International
Journal of Ad Hoc and Ubiquitous Computing and International Journal of
Vehicle Information and Communication Systems. He received the distin-
guished research awards of the National Science Council of the Republic
of China in 1993-1994, 1995-1996, and 1997-1998. He received the Distin-
guished EngineeringProfessor Award of theChinese Institute of Engineers
in 2003. He received theK. -T. Li ResearchBreakthroughAward of the Insti-
tute of Information andComputingMachinery in 2007. He received the Y. Z.
Hsu Scientific Chair Professor Award and Pan Wen Yuan Outstanding
Research Award in 2009 and 2014, respectively. He received the
Academic Award in Engineering from the Ministry of Education and Medal
of Honor in InformationSciences from the Institute of Information andCom-
puting Machinery in 2016 and 2017, respectively. He received the TECO
awards in 2019. He is amember of the Phi TauPhi Society.

" For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/csdl.

WU ETAL.: COLORING-BASED CHANNEL ALLOCATION FOR MULTIPLE COEXISTING WIRELESS BODYAREA NETWORKS:... 75

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on March 09,2022 at 07:47:45 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


