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Coloring-Based Channel Allocation for Multiple
Coexisting Wireless Body Area Networks:
A Game-Theoretic Approach
Kai-Ju Wu, Y.-W. Peter Hong, Senior Member, IEEE, and Jang-Ping Sheu, Fellow, IEEE
Abstract—This paper addresses the coexistence problem among multiple wireless body area networks (WBANs), where co-channel
interference may occur among different WBANs 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 of WBANs with assigned channels. We propose a distributed
two-hop incomplete coloring (DTIC) algorithm that adopts a game-theoretic approach to solve the graph coloring problem. The DTIC
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 vertices without conflict. A distributed message-passing protocol is also
proposed to achieve collision-free message exchange, and to ensure that consistent coloring information is shared among WBANs.
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.
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I NTRODUCTION

W

IRELESS body area networks (WBANs) [1], [2] typically consist of multiple on-body or implanted sensors along with a coordinator responsible for collecting realtime signals from the sensor devices using short-distance
communication 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 consists 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 interference 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], [7], where the solutions are often centralized and static
among base-stations or access points and, thus, may not be
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directly suitable for WBAN applications. Many works, e.g.,
[8], [9], [10], [11], modelled the channel allocation problem
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 particular, [8]
was one of the earliest works to study the channel allocation
problem from a graph coloring perspective, but was solved
in a centralized fashion. The works in [9], [10], [11] proposed
methods 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 among WBANs in a distributed
and highly dynamic environment, this paper proposes a
Distributed 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 messagepassing protocol is adopted to provide each WBAN with
its two-hop neighbors’ coloring information, and a bestresponse resolution (BRR) algorithm is proposed to ensure
that the sequence of best-response updates performed by
the WBANs are done in a consistent manner. Our main
contributions can be summarized as follows:
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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 convergence 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
incomplete 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
information 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
coloring. 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

R ELATED WORK

The coexistence of multiple WBANs leads to interference
problems that must be addressed to ensure reliable communication 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
proposed 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 heuristics 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 optimal
solution to this problem (i.e., the chromatic number) is
in general NP-hard. However, the time-complexity can be
significantly reduced by increasing the number of colors to
∆ + 1, where ∆ 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 (∆ + 1)-coloring
√ in O(log n) rounds. The results were
improved to O( log n) rounds in [14] and more recently to
O(poly log log n) 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 (∆ + 1)-coloring
in O(n∆) expected recolorings. [17] achieves convergence in
O(n log n) rounds by allowing simultaneous recoloring by
all vertices with an appropriately chosen distribution that
evolves over time. However, these works do 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
behavior of Japanese tree frogs. Contrary to the study on
incomplete 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
channel 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 colored without conflict given the number of available
colors). Different from [11], our proposed scheme utilizes
information from two-hop neighbors and adopts a gametheoretic approach with provable convergence to achieve
the distributed 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 science. In fact, several works, e.g., [20], [21],
[22], also adopted these techniques to solve the aforementioned channel allocation problem. Specifically, in [20], the
channel allocation 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. Deterministic Nash equilibria exist, but require substantial coordination to achieve. The utility depends on the
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Fig. 1: Illustration of interference among coexisting WBANs.
interference between neighboring nodes, but does not preclude users from choosing the same channel. Alternative noregret learning approaches were proposed to obtain more
efficient solutions for this problem. In [21], an interferenceaware channel allocation algorithm was 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 common anchor node, who then forwards the data to
the data center. The main concern in [22] was to avoid
the interference among coordinators when transmitting to a
common anchor node. This is different from our distributed
channel allocation problem where the concern is towards
avoiding interference among neighboring WBANs. Furthermore, game-theoretic approaches were also adopted to solve
graph coloring problems in [23], [24], [25], [26]. Specifically,
in [23], an efficient graph coloring algorithm was proposed
using a game-theoretic local search algorithm. In this work,
the utility 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 about 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 proposed by allowing multiple non-neighboring
nodes to update their colors simultaneously. A messagepassing protocol was proposed to propagate the required
network information 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) is not limited to proper coloring solutions. Similar to
traditional graph coloring, the above works assume that all
vertices must be colored and, thus, are different from the
incomplete graph coloring solution proposed in our work.

3

S YSTEM M ODEL

Let us consider a network with multiple WBANs, each
consisting of a coordinator and several on-body or im-

planted 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
transmission 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 transmission 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
coordinators to determine the channel to use in each time
slot. In particular, 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-WBAN MAC protocol design). The problem can be
modeled as a graph coloring problem as described below.
Specifically, let us consider a graph G = (V, E), 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 (i, j) ∈ 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 by C . In this work,
we consider 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 each WBAN is allocated at most one channel,
and no two WBANs within the interference range of each
other share the same channel. Conflict is avoided between
two adjacent vertices if they are assigned different colors
or if at least one of them is left uncolored. Given the
graph G and the number of colors |C| = k , our goal is
to devise an incomplete coloring solution that yields the
maximum number of colored vertices. 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
vertex 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 χ(G) for
graph G. Finding the chromatic number χ(G) 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 (especially when
all available colors have been occupied by its neighbors).
This corresponds to the practical case where the number
of channels is less than the number of mutually interfering
WBANs. Examples of traditional graph coloring with k = 3,
incomplete k -coloring with k = 2, and improper coloring
with k = 2 are given in Fig. 2. The graphs correspond to
the sample network given in Fig. 1. In the traditional graph
coloring example shown in Fig. 2(a), we can see that at least
3 colors are needed to color all vertices in the graph and,
thus, the chromatic number of the graph is χ(G) = 3. On
the other hand, incomplete graph coloring allows nodes to
be left uncolored, resulting in more flexibility in the color
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(a) Traditional complete coloring
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(b) Incomplete 2-coloring with C = {red, blue}
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(c) Improper coloring with C = {red, blue}.

Fig. 2: Examples of complete, incomplete, and improper
coloring on a graph with chromatic number χ(G) = 3.
assignment and the use of less colors (i.e., less channels). In
fact, as shown in Fig. 2(b), one of the vertices in the subset
{1, 2, 3} 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 vertices with only 2 colors
can only result in an improper coloring as shown in Fig. 2(c),
which leads to conflict among neighboring WBANs.
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 WBAN may 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 T HE D ISTRIBUTED T WO -H OP
C OLORING (DTIC) A LGORITHM

I NCOMPLETE

In this section, we propose a distributed incomplete coloring
algorithm where two-hop coloring information is utilized by
each WBAN 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 conflict 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
colors (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
propose 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 twohop neighbors is described in the Section 5.
Specifically, let us consider a multiplayer game Γ =
(V, {Ai }i∈V , {ui }i∈V ) played on the graph G = (V, E),
where V is the set
Q of players, Ai is the set of actions for
player i, and ui : i∈V Ai → R is player i’s utility function.
The action set Ai , C ∪ {uncolored} is common for all
players. Let a = (a1 , . . . , an ) be the action profile, where
ai ∈ Ai is the action chosen by player i and n = |V | is the
number of players. We say that player i prefers action profile
a over another action profile a′ if ui (a) > ui (a′ ). 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 socalled Nash equilibrium (NE), which is defined as follows.
Definition 1. Action profile a is a Nash equilibrium (NE) if

ui (ai , a−i ) ≥ ui (a′i , a−i ), ∀a′i ∈ Ai and ∀i ∈ 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
algorithm that allows each player to make its own coloring
decisions 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 maximal 2clique if it cannot be extended by including more vertices.
For example, in Fig. 2, the subset of vertices Q′ = {1, 2, 3}
forms a 2-clique since all vertices in Q′ are within two-hops
of each other. However, Q′ is not a maximal 2-clique since
adding vertex 4 into Q′ also forms a 2-clique. On the other
hand, the subset Q = Q′ ∪ {4} = {1, 2, 3, 4} 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.
Specifically, let us define the utility function of player i
as
X
ΦQ (a),
(2)
ui (a) ,
Q∈CL2 :i∈Q

where ΦQ (a) is the local function associated with a maximal
2-clique Q in the graph G, and CL2 is the collection of
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all maximal 2-cliques in the graph G. The local function is
defined as
X
X
Mmax ,
(3)
MjQ (a) −
ΦQ (a) =
j∈Q\Q̃(a)

j∈Q̃(a)

where

MjQ (a) ,



|{k ∈ Q : ak = aj }| ,
0,

if aj ∈ C,
if aj = uncolored,

(4)

is the number of vertices in the maximal 2-clique Q that
have the same color as player j , Q̃(a) = {i ∈ Q : ∃j ∈
Q such that (i, j) ∈ E, ai = aj , and ai , aj ∈ C} is the
subset of vertices in Q whose colors conflict with its onehop neighbors in Q, and Mmax is a constant chosen such
that ui (a) < 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 utility function ui (a) 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 coloring given in Fig.
2(b). Notice that there are two maximal 2-cliques in this graph,
namely, Q1 = {1, 2, 3, 4} and Q2 = {3, 4, 5}. For the maximal
2-clique Q1 = {1, 2, 3, 4} in this graph, we have M1Q1 (a) =
M4Q1 (a) = 2 since players 1 and 4 have chosen the same color
(i.e., the color “red”). Similarly, we have M2Q1 (a) = 1. Also,
M3Q1 (a) = 0 since player 3 is uncolored. Since no conflict occurs
among one-hop neighbors in this example, we have Q̃1 (a) = ∅.
Consequently, the local function of Q1 can be computed as
P
ΦQ1 (a) = j∈Q1 MjQ1 (a) = 2 + 1 + 0 + 2 = 5. Similarly, the
P
Q
local function of Q2 is ΦQ2 (a) = j∈Q2 Mj 2 (a) = 0+1+1 =
2. In this case, we have u1 (a) = u2 (a) = ΦQ1 (a) = 5,
u3 (a) = u4 (a) = ΦQ1 (a) + ΦQ2 (a) = 7, and u5 = ΦQ2 (a) =
2. However, if player 3 opts for the color “blue”, the graph
results in the improper coloring shown in Fig. 2(c) which yields
the conflicting subset Q̃1 (a) = {2, 3} of the maximal 2-clique
Q1 = {1, 2, 3, 4}. In P
this case, the local functions of Q1 and
P
Q2 become ΦQ1 (a) = j∈{1,4} MjQ1 (a) − j∈{2,3} Mmax =
P
4 − 2Mmax and ΦQ2 (a) = j∈Q2 MjQ2 (a) = 2 + 1 + 2 = 5,
respectively. Therefore, the utility function of player 3 becomes
u3 (a) = ΦQ1 (a) + ΦQ2 (a) = 9 − 2Mmax . Notice that, by
choosing Mmax to be sufficiently large (e.g., Mmax = 53 = 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 3 would be to remain uncolored.
Furthermore, it is interesting to note that the utility
function 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
Plocal function can 2be written equivalently as
ΦQ (a) =
c∈C |i ∈ Q : ai = c| , which gives a quadratic
gain to colors used multiple times within Q. Following the
above example, the local functions ofPQ1 and Q2 can be
computed alternatively as ΦQ1 (a) = c∈C |i ∈ Q1 : ai =

1. In fact, itPis sufficient to choose
n3 in our case
P Mmax = P
Q
Q (a) ≤
since ui (a) =
Φ
Q∈CL2 :i∈Q
j∈Q Mj (a) ≤
P
P Q∈CL2 :i∈Q
3
Q∈CL2 :i∈Q
j∈Q n ≤ n , for all i and a.

c|2 = 22 + 12 = 5 and ΦQ2 (a) = 12 + 12 = 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 Γ isQa best-response potential game if
and only if a function Ψ(a) : i∈V Ai → R exists such that
Y
Aj , (5)
Bi (a−i ) = arg max Ψ(ai , a−i ), ∀a−i ∈
ai ∈Ai

j∈V \{i}

where Bi (a−i ) , {a∗i : a∗i ∈ arg maxai ∈Ai ui (ai , a−i )} is the
set of best-response correspondence for player i. Here, Ψ is referred
to as the global potential function.
By the above definition, we can see that, in a bestresponse 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 proposed incomplete coloring game is a best-response potential
game and, thus, possesses a pure-strategy NE.
Theorem 1. The coloring game Γ is a best-response potential
game with potential function
X
ΦQ (a).
(6)
Ψ(a) =
Q∈CL2

Proof. By (6) and the definition of the utility function for
player i given in (2), we have
X
ΦQ (a)
arg max Ψ(ai , a−i ) = arg max
ai ∈Ai

ai ∈Ai

Q∈CL2

(a)

= arg max

ai ∈Ai

X

ΦQ (a)

Q∈CL2 :i∈Q

= arg max ui (ai , a−i ) = Bi (a−i ),
ai ∈Ai

where (a) follows from the fact that ΦQ (a) depends only
on the colors of players in Q. Hence, by Definition 2, the
coloring game Γ is a best-response potential game with
potential function Ψ defined in (6).
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 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 ρ
=
{a[0], a[1], a[2], . . .} is a sequential best-response improvement
path if a[ℓ] is obtained from a[ℓ−1] by replacing the action of some
player i[ℓ] (i.e., the single deviator in the ℓ-th step) with an action
from its best-response correspondence Bi[ℓ] (a−i[ℓ] [ℓ − 1]) (i.e.,
aj [ℓ] = aj [ℓ−1], for j 6= i[ℓ], and ai[ℓ] [ℓ] ∈ Bi[ℓ] (a−i[ℓ] [ℓ−1])),
for ℓ = 1, 2, . . ..
In the following, we demonstrate how a sequential bestresponse improvement path can be constructed in the distributed scenario under consideration.
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5

D ISTRIBUTED M ESSAGE -PASSING P ROTOCOL

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
distributed 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 initial information regarding its one-hop and twohop neighbors, 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 bestresponse improvement path. The two phases are described
in detail below.
5.1 Random Access Phase
In the random access phase, the players exchange information with its neighbors to obtain the initial colors and the
two-hop neighborhood information of all players within its
two-hop radius.
Let ai ∈ C be the initial color chosen by player i, and let
N1 (i) and N2 (i) 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 , (ai , N1 (i), N2 (i)).

(7)

Moreover, each player, say player i, maintains a set L(i)
to record the information vectors associated with its onehop neighbors. This set is initialized as an empty set, i.e.,
L(i) = ∅, 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 currently recorded information L(i) to its one-hop neighbors.
This control packet is denoted by
pkti , (infoi , L(i)) = (infoj , ∀j ∈ {i} ∪ N1 (i)).

(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 selectPa time slot to transmit within a frame of
length 1.44 × n1 n
i=1 |N1 (i) ∪ N2 (i)|, a packet delivery ratio
of 99% 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
neighbors, and updates the sets N1 (i), N2 (i), and L(i)
accordingly. In particular, suppose that player i receives
pktj = (infok , ∀k ∈ {j} ∪ N1 (j)) from its one-hop neighbor
player j in a certain time slot. In this case, player i updates
its one-hop neighbor set N1 (i) by adding j to the set (i.e.,
N1 (i) ← N1 (i) ∪ {j}), and updates its two-hop neighbor set
N2 (i) 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.,
N2 (i) ← N2 (i) ∪ N1 (j) \ N1 (i)). The information regarding
player j in the set L(i) is updated accordingly.
Notice that, after a few successful updates from its onehop 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., N1 (k) and N2 (k), ∀k ∈ N1 (i) ∪ N2 (i)).

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
information 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
colors 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 compete 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

prio(i, t) = hash(i XOR t) 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., prio(j, t), for all j ∈ N1 (i) ∪ N2 (i)) 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
âj (i) and r̂j (i) be the action and the round information
associated with player j that player i is aware of at this
time (i.e., the information recorded by player i about player
j ). Note that âi (i) = ai and r̂i (i) = ri . Player i is allowed to
update its action and broadcast a coloring packet to its onehop neighbors in time slot t if it has the highest priority
among all nodes within its two-hop radius at this time
(i.e., prio(i, t) > prio(j, t), for all j ∈ N1 (i) ∪ N2 (i)). The
coloring packet contains locally recorded information about
the actions and rounds of the player itself and also of those
within its two-hop neighborhood (i.e., {(âj (i), r̂j (i)), ∀j ∈
{i} ∪ N1 (i) ∪ N2 (i)}). 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 neighbors, and is given by

ai ← arg max ui (ai , â−i (i)),

(10)

ai ∈Ai

where â−i (i) = (â1 (i), . . . , âi−1 (i), âi+1 (i), . . . , âN (i)). On
the other hand, if player i is not allowed to transmit, then
it listens for coloring packets sent from other players in its
one-hop neighborhood. Suppose that a coloring packet is
received from player j ∈ N1 (i), which contains the information {(âk (j), r̂k (j)), ∀k ∈ {j} ∪ N1 (j) ∪ N2 (j)}. Then, for
k ∈ N1 (i) ∪ N2 (i) such that r̂k (j) > r̂k (i), its information at
player i is updated as (âk (i), r̂k (i)) ← (âk (j), r̂k (j)). That
is, the coloring information regarding player k is updated if
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Algorithm 1 Best-Response Resolution (BRR) Algorithm
(for player i in time slot t)
Input: N1 (i), N2 (i), {(âj (i), r̂j (i)), ∀j ∈ {i} ∪N1 (i)∪N2 (i)},
Wi
Output: Wi .
1: for each player k ∈ N2 (i) do
2:
if prio(k, t) > prio(j, t), ∀j ∈ N1 (k) ∪ N2 (k) then
3:
if r̂k (i) ≤ ri then
4:
Wi ← Wi ∪ {k}
5:
end if
6:
end if
7: end for
8: for each k ′ ∈ N1 (i) do
9:
if prio(k ′ , t) > prio(j, t), ∀j ∈ N1 (k ′ ) ∪ N2 (k ′ ) then
10:
Wi ← Wi − N1 (k ′ )
11:
end if
12: end for

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 r̂j (i) = rj , for all
j ∈ N1 (i) ∪ N2 (i)). Consequently, no two players within
two-hops of each other can differ in rounds by more than 1,
i.e., |ri − rj | ≤ 1 for i and j such that j ∈ N1 (i) ∪ N2 (i).
However, 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
players have consistent information about the coloring status of other nodes in the associated round, we propose the
following Best-response Resolution (BRR) algorithm, which
achieves the task by keeping track of the index of players
whose information is potentially 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 = ∅.

(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 ∈ N2 (i) is given the priority to transmit instead of player
i and that r̂k (i) ≤ 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 coloring 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 decisions over the color set C = {red, green, blue}. In the initial
time slot after the random access phase, i.e., time slot 0, the
waiting vertex sets are initialized as W1 = W2 = W3 = ∅
and the initial round indices recorded by all players are set
to 0 (i.e., r̂j (i) = 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 = ∅. In this case, player 3 updates its waiting set
as W3 = {1} since player 1 has the highest priority and
r̂1 (3) ≤ r3 . In this time slot, player 1 updates its action a1
with the color blue since the choice yields the highest utility
for player i. 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 set W3 is not yet empty. In time
slot 3, player 2 has the highest priority and W2 = ∅. Therefore, player 2 is allowed to update its action and chooses
a2 = green. Note that player 2 could have also chosen red
in this case. The coloring packet is again broadcast to its
neighbors. Upon receiving 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 = ∅. In time slot
4, player 3 is allowed to update its action since it has the
highest priority and W3 = ∅. The action a3 = 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, converges
to an NE.
(r)

Proof. Let ti be the time that player i determines its action
(r)
in the r-th round, and let ai 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 twohop neighbors have at least updated their actions in round
r − 1 and that player i is aware of any updates made by
(r−1)
these neighbors up to this time. This implies that tj
<
(r)

(r)

ti , for all j ∈ N1 (i) ∪ N2 (i). Therefore, at time ti , the
information (âj (i), r̂j (i)) that player i has acquired about
(r−1)
and
player j ∈ N1 (i) ∪ N2 (i) is given by âj (i) = aj
(r)
(r)
(r)
r̂j (i) = r − 1, if tj > ti , and âj (i) = aj and r̂j (i) = r,
(r)
(r)
/ N1 (i) ∪ N2 (i), the values of âj (i) and
if tj < ti . For j ∈
r̂j (i) can be arbitrary.
Let us define πr : {1, . . . , n} → {1, . . . , n} as an ordering
(r)
(r)
of vertices in the r-th round such that tπr (1) ≤ tπr (2) ≤ · · · ≤
(r)

(r)

tπr (n) . In this case, the action aπr (i) made by player πr (i) in
the r-th round must belong to the set
(r)

Bπr (i) (aπr (i) )
=

arg max uπr (i) (aπr (i) , â−πr (i) (πr (i)))

(12)

aπr (i) ∈Aπr (i)

=

(r−1)

(r)

arg max uπr (i) (aπr (i) , {aπr (j) }j>i , {aπr (j) }j<i ) (13)

aπr (i) ∈Aπr (i)
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Fig. 3: An example of the best response resolution.
Hence, by letting ρr = {a[r, 1], . . . , a[r, n]} be the sequence
of action profiles in the r-th round obtained by updating
the players’ actions one-by-one according to the order πr
(r−1)
(r−1)
(r)
(r)
so that a[r, i] = (aπr (1) , . . . , aπr (i) , aπr (i+1) , . . . , aπr (n) ), the
sequence of action profiles ρ = {ρ1 , ρ2 , . . . , ρr , . . .} 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.

•

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

P ERFORMANCE E VALUATION

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 incomplete 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 according
to a centralized round-robin schedule, but can also be

•

implemented using our proposed distributed messagepassing 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
neighbors with 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
coloring slots period, each uncolored node i randomly
selects a color ci that is not yet chosen by its onehop neighbors and generates a random value si . Then,
it randomly selects a time slot within this period to
broadcast its coloring message (ci , si ) to its one-hop
neighbors. If node i receives a coloring message from
node j ∈ N1 (i) with sj ≥ si and ci = 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 notification message
indicating that it has chosen the color ci . Following [11],
the number of rounds is set as 5 and the number of time
slots for the coloring slots and the winner notification
periods are set as 40 k5 − k and k , respectively, where k
is the total number of colors (or channels).
Optimal Solution via 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 feasibility of
a set of colors on a specific graph in the traditional
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
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Number
of Colors
3
5
7

Number of Time Slots
DTIC
GTIC
RIC
220.87 slots
21.92 slots
120 slots
(55.22 ms)
(5.48 ms)
(30 ms)
237.97 slots
21.92 slots
200 slots
(59.49 ms)
(5.48 ms)
(50 ms)
242.63 slots
21.92 slots
280 slots
(60.66 ms)
(5.48 ms)
(70 ms)

TABLE 1: Comparison of the overhead required in different
algorithms for a system with 30 WBANs.

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

until a feasible coloring is found. The optimal Z3 solver
requires high computational complexity 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 coloring 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 comparison 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
protocol 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% 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 around 3 to around 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 convergence 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 performs 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

(a) VPC

(b) Number of uncolored nodes.

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

moving 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% 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
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conflict among neighboring nodes. This inconsistency does
not occur in the DTIC algorithm due to the design of the
proposed message passing protocol.
More specifically, in Fig. 5(a), 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
algorithm, 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
solution (obtained by the Z3 solver) when k > 7, but is
uniformly 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. 5(b), we examine
the number of uncolored nodes under a similar setting.
Similar to Fig. 5(a), the DTIC algorithm performs close to
the centralized algorithm, but outperforms the GTIC and
the RIC algorithms. In particular, when k = 4, the DTIC and
the centralized algorithms yield about 4.87 uncolored nodes
while the GTIC and the RIC algorithms yield approximately
5.9 uncolored nodes. The optimal solution 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 constitutes a significant portion of the 30 WBANs
in the experiment. 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 = 6. The optimal solution obtained by the Z3-solver
is evaluated only up to 30 WBANs since the complexity
becomes prohibitive beyond that. In Fig. 6(a), we can see
that the VPC value increases when the number of WBANs
increases. Again, the performances of the DTIC and the
centralized algorithms are similar, and is only slightly worse
than that of the optimal solution. The DTIC algorithm again
performs better than the GTIC and the RIC algorithms. In
Fig. 6(b), we can see that, when the number of WBANs
is 40, both the DTIC and the centralized algorithms yield
an average 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.

(a) VPC

(b) Number of uncolored nodes.

Fig. 6: Comparison of different coloring algorithms for the
case with 6 available colors.

Here, we assume that the WBANs may be changing positions over time according to the Gauss-Markov mobility
model [35]. The average speed of a WBAN is set as 1
m/s and the randomness factor α = 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 throughput is averaged over a duration of 104 ms.
We do not compare with the optimal solution here since
it cannot be run in practice due to its high computational
complexity. In Fig. 7(a), 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
GTIC and the RIC algorithms. When k = 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. 7(b), throughput is
shown with respect to the number of WBANs for the case
where the number of available colors is fixed as k = 5. When
the number of WBANs is small, the performances of the
compared algorithms do not differ significantly. However,
as the number of WBANs increases, the disparity between
the performances of the RIC, GTIC, and DTIC algorithms
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(a) Throughput versus the number of available colors.

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

(b) Throughput versus the number of WBANs.

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

becomes more evident. Yet, the DTIC algorithm performs
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 achieves
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 = 5 colors. This corresponds to the scenario considered 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 maintains approximately a fixed advantage over GTIC and RIC, despite
the user movement. Hence, it is sufficient to perform 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 = 5. We can see
that the throughput decreases as the speed increases since

Fig. 9: Throughput versus mobility speed for a system with
30 WBANs and k = 5.

the graph topology changes more rapidly over time. In this
case, nodes may more easily result in conflict after a certain
amount of time, at which point a recoloring is required.

7

C ONCLUSION

In this work, we addressed the coexistence problem between multiple WBANs using a game-theoretic approach.
In particular, 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. The incomplete coloring
allows nodes to remain uncolored so as to avoid conflict
between neighboring nodes. The proposed DTIC algorithm
utilizes coloring information from its two-hop neighbors to
determine a local choice that aims to maximize the channel reuse. Moreover, we designed a distributed messagepassing protocol that can be used to ensure that the action
updates are done in a consistent manner. The numerical
results shown that the proposed DTIC algorithm performs
close to the centralized algorithm, and improves upon the
GTIC and the RIC algorithms.
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