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Abstract

In this paper, we study a body-to-body network (BBN) framework, which enables wireless body

area network (WBAN) users located in close proximity to cooperate and share their network resources

to improve the overall network performance. Our main aim is to design a distributed resource allocation

mechanism that encourages each participating WBAN user to participate and upload each other’s

data collaboratively. We propose an auction-based mechanism that optimizes data uploading for all

participating users and the corresponding reimbursement. In the proposed auction mechanism, each user

acts as both auctioneer and bidder. Fist, the auctioneer initiates the auction by announcing the amount of

resource it wants to share and its price and each bidder submits their bid to each auctioneer based on its

demand. We further propose a distributed algorithm for the auction mechanism that jointly solves both the

auctioneers’ and the bidders’ optimization problems and determines the optimal amount of resource users

should reserve for their own and the portion they should share. Our theoretical analysis demonstrates

that the proposed distributed algorithm converges to the solution that maximizes the aggregated benefit

of the users. Finally, the simulation results exhibit that the proposed algorithm always improves WBAN

user’s individual performance together with overall BBN performance.
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I. INTRODUCTION

The recent advancements in the Internet of things (IoT) have revolutionized the healthcare

sector and created a new paradigm known as the Internet of medical things (IoMT), which

promises anywhere and anytime personalized medical assistance, reliable patient monitoring, and

is able to improve the quality-of-life (QoL) of individuals [1]. The wireless body area network

(WBAN) is one of the basic building blocks of IoMT, which comprises wearable devices placed

in or around the user body to collect physiological data and upload to a remote medical server

for further processing. Recent studies reveal that the usage of WBAN is expected to reach 117

billion by 2021 with an annual growth rate of 7.1% [2], [3].

With the increasing number of WBAN users located in a closed environment, arises the issue of

co-existence which degrades the performance of each WBAN user in terms of packet delivery

delay and network throughput [4]. This leads to the innovation and design of body-to-body

network (BBN), which enables co-located WBAN users to form cooperative groups and share

their network resources for efficient data uploading [5]. Existing research works demonstrate that

the BBN exploits the heterogeneities of users and makes use of body-to-body communication

which results in energy saving and performance enhancement of each participating WBAN user

[6]. Indeed, BBN is identified as one of the key technologies of next-generation IoMT systems

and expected to be deployed in a plethora of group-based health monitoring services, such

as athlete monitoring [7], in-home elderly monitoring, disaster rescuer health monitoring [8],

facilitating communication between soldiers in war zone [9], and monitoring COVID-19 patients

in quarantine facilities.

Unlike traditional healthcare applications, the advanced e-health applications, such as activity

video, e-surgery, augmented reality (AR), or virtual reality (VR), require both sensory and

multimedia data to upload to medical servers for precise health monitoring [10]. On one hand, the

WBAN users require a massive uploading data rate and low latency. On the other hand, the uplink

channel of WBAN user is highly dynamic due to the interference from nearby WBAN users

and body shadowing effect which degrade the uplink rate and degrade network throughput [11].

To overcome these challenges, BBN aggregates participating WBAN users uplink bandwidth to

fulfill the uplink needs of all WBAN users while enhancing quality-of-experience (QoE) of all

the WBAN users [12]. In particular, BBN is envisioned as a decentralized cooperative wireless

network where closed located WBAN users collaborate and agree to share their resources, such as
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uplink bandwidth and battery energy, to upload or relay other WBAN users data while extending

end-to-end network connectivity [13]. Therefore, the WBAN user having poor uplink channel

conditions can request nearby gateway WBAN user(s) to upload its data to the Internet. Although

some of the recent literature [14]–[18] have focused on the design and implementation of BBN

and emphasized on the benefits of BBN. However, designing the resource allocation mechanism

to realize the full potential of BBN is still an open problem.

In BBN, when a WBAN user agrees to upload other users’ data, it certainly consumes its

network resource and incurs additional cost, such as uploading energy cost, Internet access cost

[5]. In a practical scenario, each WBAN user is rational and self-centric, therefore, will not

bear these additional costs without proper incentives. Our main aim is to design an incentive

mechanism for the BBN framework, which helps participating WBAN users to decide how much

amount of network resources they should share with their neighboring users. Specifically, from

each WBAN user perspective, we try to address following the techno-economic questions: i)

how much data they should upload of their own, ii) how much uplink capacity they should share

for uploading other users’ data, and iii) what is the reimbursement they should ask. Since all

users are heterogeneous in terms of their cost, designing an incentive mechanism which induces

collaboration among WBAN users is quite challenging and non-trivial.

In this paper, we focus on incentive mechanism design for the BBN. Specifically, our aim is

to design a mechanism which reimburses each WBAN user to upload other users’ data while

considering its uploading cost. We consider a generalized BBN system consisting of a group

of co-located WBAN users. Each WBAN user has its own physiological data to upload with

different severity (criticality) level. Further, each user has a different uplink channel capacity,

Internet access cost, and energy cost. To characterize the performance of each WBAN user, we

introduce a utility function for each user which captures the aggregate benefit and cost related to

uploading data either through own Internet connection or with the help of nearby WBAN users’

connection. This utility function is the private information for each WBAN user and they never

share this with other WBAN users. In economics, the success of any collaborative framework

is measured through the welfare generated by the individual participating entity [19]. Therefore,

in our framework, we consider social welfare as a performance metric which is defined as the

aggregated sum of the utilities of all the participating WBAN users. We formulate a problem of

optimizing data uploading amount in BBN, where the participating WBAN users can cooperate to

maximize the social welfare value. However, solving this optimization problem is not trivial due
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to two reasons. First, there is no central coordinator in BBN which can solve it in a centralized

manner. Second, the utility function of each WBAN user is not known to each other and users

may misreport it to obtain higher reimbursement. To address this issue, we design a distributed

resource allocation mechanism for the BBN framework. In particular, we propose an auction

mechanism where each WBAN user serves as both an auctioneer as well as a bidder [20].

Furthermore, each auctioneer declares its price for uploading data first, and then each bidder

decides which auctioneer to choose and how much data to upload. Our proposed mechanism is

executed in a distributed fashion and helps each WBAN user to maximize their own utility by

deciding whether to cooperate or not and how to cooperate. The main contributions of the work

are as follows:

• First, we characterize the utility function of each WBAN user which captures its severity

of physiological data and the corresponding cost of uploading, such as Internet access cost,

energy cost, and payment/reimbursement. We formulate the optimization problem by taking

the sum of utilities of all WBAN users.

• Thereafter, we propose an auction framework with an aim to maximize the aggregated

utilities of all participating WBAN users. Using the pricing technique, we decompose the

original optimization problem into two subproblems which are solved iteratively by each

auctioneer and bidder. Further, we propose an iterative algorithm in which each auctioneer

adjusts its price and the bidders submit their bid values according to it.

• We theoretically show that the proposed algorithm reaches an equilibrium and optimal

solution by solving the two subproblems independently, and proved the convergence of the

algorithm analytically.

• Finally, we evaluate the performance of the proposed distributed algorithm during both low

and high traffic load scenarios through extensive simulations. Further, we demonstrate the

impact of severity level and energy sensitivity of individual WBAN users on the overall

performance of BBN.

In Section II, the existing related works pertaining to BBN-based healthcare system are

discussed. We present the system model and problem formulation in section III. Section IV

depicts the proposed auction mechanism and a distributed algorithm to realize it. Further, we

analyze the performance of proposed algorithm in Section V. Finally, Section VI concludes the

paper.
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II. RELATED WORKS

In recent years the surge in the number of WBAN users and the development of group-based

healthcare related crowdsensing applications have led to the design and development of BBN.

Several research works have studies the design issues in BBN, while focusing on the techno-

economic aspects of BBN.

The concept and theoretical conceptualization of BBN was first presented by Cotton et al.

[9], Yasir and Malik [14], and Meharouech et al. [15]. Following these works, Arbia et al. in

[21] proposed a data dissemination strategy for BBN. Further, Arbia et al. in [22], discussed

the communication challenges related to BBN which occurs mainly due to ultra-low power,

processing and computing capabilities of WBAN nodes. The authors have done the experiment

based on real testbed set up and provided real time results related to the performance of BBN.

Shimly et al. [13] proposed a cross-layer optimized routing protocol for BBN. The authors have

proposed two types of routing protocols, namely shortest path routing and selection combining-

based cooperative multi path routing. Apart from BBN routing protocols, in [16], Mu et al.

proposed a self-organized clustering mechanism and spectrum allocation mechanism for BBN

scenario to maintain the QoS of each WBAN user. Keally et al. [23] proposed a smartphone-

based application, namely Remora, which enables physiological data sharing in BBN for activity

recognition while minimizing energy dissipation of participants. All these above works have

addressed the network related issues of BBN, however they have not considered cooperation

and competition of participating WBAN users which is a main factor for BBN performance.

In contrast to above works, some of the recent works proposed resource allocation mechanism

for BBN. In [17], Ren et al. addressed the QoS issue of BBN, namely BuddyQoS, to achieve

throughput requirements of participating WBAN users. A centralized optimization framework is

proposed to determine the resource allocation adaptively among participants. In [18], a game-

theoretic approach is proposed to mitigate cross-technology interference in BBN. A cooperative

framework to improve energy-efficiency of BBN is proposed in [12]. Recently, Bishoyi and

Misra in [6], addressed the resource sharing mechanism in BBN from economic perspective.

The authors model the interaction among users using two stage Stackelberg game with full

information, in which part of the WBAN users are considered as gateway users and rest of

others as requesting users. The gateway users announce the price for cooperation and based on

that the requesting users decide the amount of data to upload.
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Figure 1: Illustration of BBN framework

Synthesis: Critical analysis of existing literature reveals that the existing resource sharing

mechanism for BBN valid only for full information scenario, i.e. when the information of all

participating users are known to each other. However, in a practical scenario, no WBAN user

ever share its medical data information (severity), device information (energy sensitivity, battery

energy) with each other, since all these are its private information. Further, since there is no

central controller in BBN, the resource sharing and allocation is mainly dependent on individual

user’s decision. Therefore, in this work, we propose a distributed resource sharing mechanism

for BBN while considering the information asymmetry scenario, with an aim to improve the

performance of overall BBN along with satisfying QoS of individual WBAN user.

III. SYSTEM MODEL

We consider a BBN scenario consists of group of N = {1, 2, · · · , N} co-located WBAN users

trying to upload their physiological data cooperatively, as shown in Figure 1. A typical WBAN

is consists of a hub and group of wearable devices, which collect physiological data from the

user body and transmit wirelessly to a hub. The hub receives different types of data, such as

sensor data, audio, video, from the wearable devices and this generation of data is periodical

or random based on the user’s health condition. For example, a smartwatch used by a healthy

person reports body temperature periodically, whereas the wearables worn by a chronic patient

generate data more frequently and randomly. Therefore, without loss of generality in our work,

we assume that the aggregated data arrival process of a WBAN user i ∈ N from its wearables

to hub follows a Poisson process with the rate λi. The hub stores all the data in its buffer and

uploads it to the Internet either through its own Internet connection or relays to nearby WBAN

users for further uploading.

DRAFT October 28, 2021



Fo
r P

er
so

na
l U

se
O

nl
y

7

A. Network Model

In BBN the WBAN users are connected with each other forming a mesh network topology

which is represented by a connected graph G = (N , E), where E represents the set of wireless

link between WBAN users. In our work, the communication link between two WBAN users

for inter-BBN communication is through unlicensed channels (i.e, either direct WiFi, Zigbee, or

Bluetooth). Further, we define a set Ni for each WBAN user i which is the set of neighboring

users in the communication range of user i, i.e. Ni = {j : (j, i), (i, j) ∈ E}. Further, We assume

that the time is slotted and each slot is of a duration of T .

Each WBAN user is connected to the nearest cellular base station (BS) or WiFi access point

(AP) wirelessly. Let Cu
i ≥ 0 be the uplink channel capacity (in bits/s) of WBAN user i. The

average uplink capacity of each user depends on its communication interface and the higher layer

mechanism (e.g., medium access control (MAC) layer mechanism) [24]. Further, we define cij

as the body-to-body (B2B) link average capacity between user i and j. Here, we assume that

the channel capacities remain constant during the slot duration.

B. WBAN User Model

In this subsection, we discuss both the benefit and cost that each WBAN user gain when

agrees to collaborate.

1) Uplink data Traffic: The wearables sense physiological data and transmit as a packet format

to the hub. As discussed above, the data arrival rate of WBAN user i is λi ≥ 0 which depends

on user’s health condition. We assume that the packet size (in bytes) is fixed for all WBAN

users, i.e. s. Therefore, the total volume of data (in bytes) collected at hub of WBAN user

i ∈ N is Di = λi · s · T . The main aim of each WBAN user to upload this Di amount of data

successfully. The WBAN user can upload its data through its own Internet connection or relay

others to upload for it. Let dij be the amount of data that user i requests user j to upload. We

denote the uploading request vector of WBAN user i ∈ N as di = (dij)j∈N , ∀i ∈ N , where

dii represents the amount of data user i upload through its own Internet connection. Further, we

denote total uploading request of BBN as N ×N matrix d = (di)i∈N . If d is a diagonal matrix,

then it signifies that there is no cooperation among participants and all the WBAN users upload

their data through their own Internet connection.

2) Delay cost: The WBAN users are heterogeneous in terms of their data severity and delay

sensitivity. Further, the WBAN users having poor Internet connection will have higher uploading
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delay. Each WBAN user first stores the incoming packet coming from its sensors and then

transmits it using FIFO (first-in-first-out) principle. We adopt M/M/1 queuing model to compute

the delay at each node [11].

Let (i, j) be the inter-WBAN communication link between WBAN user i and j. The trans-

mission rate of the communication link is rij . Let τij be the communication delay experienced

on the link (i, j) for transmitting data amount of dij . The average communication delay is [25],

τij =
1

µij − λij
+

1

µij
(1)

where λij , is the aggregated data traffic flowing in link (i, j) ∈ E . The first term is the queuing

delay at the requesting WBAN user i’s end before transmission. 1/µij = dij/rij is the propagation

delay on the link (i, j). After the reception of the packets, the WBAN user j stores them and

uploads it to the Internet. Thus, the average delay incur at the WBAN user j’s end is

τuj =
1

µj − λINj
+

1

µj
(2)

where λINj = λj +
∑

(k,j)∈E,k∈N λk is aggregated amount of its own data traffic (λj) and the

total amount of traffic incoming to the WBAN user j from other users k ∈ N through the link

(k, j) ∈ E . This first term signifies the queuing delay at WBAN user j. Further, 1/µj = (duj )/r
u
j

is the uplink delay at user j’s end. duj is the total amount of data that user j uploads, which is

its own data (djj) and the data collected from the other users (dij), i.e., djj +
∑

i∈N dij .

Therefore, the total delay experienced by the requesting WBAN user i when it collaborate

with gateway WBAN user j is Lij = τij + τuj .

In BBN, the requesting WBAN user can upload its data through multiple gateway WBAN

users simultaneously. Therefore, the maximum delay experienced by the requesting WBAN user

i is

Li = max ([Lij]j∈N ) (3)

Clearly, delay of uploading data incur additional cost to each WBAN user. Further, different

WBAN users perceive the uploading delay differently. Therefore, we model the delay cost

function to evaluate the users’ dissatisfaction over the uploading delay. The delay cost is directly

proportional to the severity of the data, i.e. the delay cost incurred by a WBAN user increases

with the increase of its severity [11]. We model the delay cost of WBAN user i ∈ N as,
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DLi(βi,di) = βi(Li(d))2 (4)

where βi is the penalty of unit uploading delay of user i. The WBAN user having more βi

is more sensitive to delay and incurs more delay cost DLi(βi). The value of βi depends on

the severity of the WBAN user i’s data. We consider penalty βi as an increasing function of

ζi. The severity of medical data can be expressed as, ζi =

∣∣∣∣ (ΦU
i −Φi)

2−(Φi−ΦL
i )2

(|ΦU
i |+|ΦL

i |)2

∣∣∣∣, where Φi is

the measured value of particular physiological parameter of WBAN user i. ΦL
i and ΦU

i are the

lower and upper bounds of the that physiological parameter, respectively [6]. In practice, βi is

a private information of WBAN user i and will never share this with other users. Further, we

use quadratic function for delay cost Li(d) to capture the dissatisfaction of user due to delay.

Therefore, the delay cost function is convex and strictly increasing in nature.

3) Energy consumption: Each WBAN user consumes energy while transmitting and receiving

data to its neighboring node(s) and while uploading data to the nearest cellular BS or WiFi AP.

Let eu0i > 0 be the energy consumed by the WBAN user i for uploading one byte of data to

nearest BS/AP. Similarly, we denote etxij > 0 be the energy consumption of WBAN user i for

transmitting one byte of data to neighbor j, and erxji > 0 be the receiving energy of user i from

user j. Thus, the total energy consumption of WBAN user i ∈ N is,

ei(d) = eu0i

N∑
j=1

dji +
∑

j∈N\{i}

etxij dij +
∑

j∈N\{i}

erxji dji (5)

Let emaxi ≥ 0 be the maximum energy (battery capacity) of a WBAN user i ∈ N . Thus, the

total energy consumption of each user i ∈ N is upper bounded by its maximum energy, i.e.,

ei ≤ emaxi . The additional energy cost incurred by WBAN user i when serving other users is,

Ei(γi,d) = γi

( N∑
j=1

dji(e
rx
ji + eu0i)

)
(6)

where γi an user-dependent factor and signifies user i’s sensitivity in energy consumption.

Higher value of γi signifies that the user cares more about its energy consumption cost. The

γi value is a private information of WBAN user i. Further, due to the heterogeneous energy

sensitivities of users, the cost of the same energy consumption perceived by different users may

vary dramatically. Thus, for same amount of energy consumption, the user having higher value

of γi will perceive more energy cost than the user with lower γi value.
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4) Utility function: Each WBAN user is associated with an utility function which expresses

the degree of satisfaction in relation to its own uplink data amount. Indeed, the utility of a

WBAN user increases with the increase in the amount of uploading data. In BBN, the user may

upload its own data via its own Internet connection (dii) or with the help of neighboring nodes

(dij,∀j ∈ N ). Further, we consider parameter which captures the trust between the WBAN user

and its neighbors [26]. We consider ωij ∈ (0, 1] as a trust parameter between WBAN user i and

j and define
∑

j∈N ωij = 1. Thus, following the law of diminishing marginal returns, we model

the utility function of WBAN user i ∈ N as,

Ui(αi, ωij,d) = αi log(1 + dii +
∑
j∈N\i

ωijdij) (7)

where αi is a user-associated parameter which is a private information of user i. αi depends on

the severity index (ζi) of WBAN user i. We define αi as the increasing continuous function of

ζi. As the value of ζi increases, the αi value increases. The utility of user is proportional to αi.

This suggests that the user having high severity index can achieve higher utility from the same

uploading data amount. Further, from the expression of utility function, we observe that when

the uplink amount dij is same, the WBAN user i obtains more profit from the neighbor j with

the higher trust value ωij . Similarly, when the trust parameter ωij is same for two neighbors, the

neighbor who agrees to upload more data dij can lead to more profit for WBAN user i. This

utility function is more practical for measuring relationship between two WBAN users in BBN.

5) Payoff function: Based on above parameters, the payoff function of WBAN user i is,

Si(d) = Ui(αi,d)−DLi(βi,d)− Ei(γi,d)− Ii(χi,di) (8)

where Ii(χi,di) = χi
∑N

j=1 dji is the total Internet access cost. χi ≥ 0 represents the price paid

by the user i for uploading data (in bytes) to Internet. Since the WiFi access is free in most

practical scenario, the WBAN user subscribed to WiFi will have Internet access cost χi = 0.

6) Social Welfare: In economics, the success of any collaborative framework is measured

through the welfare generated by the individual participating entity. Therefore, in our framework,

we consider social welfare as a performance metric which is defined as the aggregated sum of
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the payoffs of all participating WBAN users, i.e.,

SW (d) =
∑
i∈N

Si(d) (9)

C. Problem Formulation

The success of BBN depends on the willingness of WBAN users to collaborate and help

each other upload their data. Since each WBAN user is an individual entity driven by individual

self-interest, they will only collaborate if and only if they receive a non-negative payoff from the

collaboration. Therefore, given the N number of participating WBAN users, the main objective is

to maximize the social welfare of the system. The optimization problem (BBN-OPT) is expressed

as,

BBN-OPT:

max
d�0

SW (d) =
∑
i∈N

Si(di) (10)

s.t.
∑
j∈N

dji ≤ Cu
i , ∀i ∈ N (11)

∑
j∈N

dij ≤ Di, ∀i ∈ N (12)

ei(di) ≤ emaxi , ∀i ∈ N (13)

where d = (di)i∈N is the decision variable. The uplink capacity constraint (Equation (11))

enforces that the total amount of data that a WBAN user can upload is restricted by its maximum

uplink capacity. Further, Equations (12) ensures that the total amount of data uploaded is

constrained by the total amount of data generated at each WABN user’s end. Finally, Equation

(13) ensures that the total energy expenditure of WBAN is bounded by emaxi .

The objective function of BBN-OPT problem is concave in nature, as it is a summation of

all concave functions. Moreover, all the constraints are affine. Hence the feasible region of the

optimization problem is convex. Therefore, the formulated BBN-OPT optimization problem is

convex optimization problem and always posses a unique global optimal solution (d∗) which can

be solved by applying Karush-Kuhn-Tucker (KKT) conditions. The Lagrangian of BBN-OPT

optimization problem is,
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LBBN(d,ϑ,ψ,φ) =
∑
i∈N

Si(di)−
∑
i∈N

ϑi
(∑
j∈N

dji − Cu
i

)
−
∑
i∈N

ψi
(∑
j∈N

dij −Di

)
−
∑
i∈N

φi(ei(di)− emaxi ) (14)

where ϑ = (ϑi)i∈N � 0, ψ = (ψi)i∈N � 0, and φ = (φi)i∈N � 0 are Lagrangian multipliers of

the constraints in Equations (11)-(13), respectively. The KKT conditions are:

∂Si(d∗i )
∂dij

= ϑ∗i + ψ∗i + φ∗i e
tx
ij (15)

ϑ∗i
(∑
j∈N

d∗ji − Cu
i

)
= 0,∀i, j ∈ N (16)

ψ∗i
(∑
j∈N

d∗ij −Di

)
= 0,∀i ∈ N (17)

φ∗i (ei(d
∗
i )− emaxi ) = 0,∀i ∈ N (18)

d∗,ϑ∗,ψ∗,φ∗ � 0 (19)

By solving the Equations (15)-(18) simultaneously, the optimal solution of BBN-OPT problem

can be achieved. However, in a practical scenario, solving these equations is not easy due to the

following reasons. First, as discussed above, the utility (Si(·)), delay cost (DLi(·)), and energy

cost (Ei(·)) functions are private information and known to user only. Second, since users are

rational and self-centric they may misreport this information to gain unfair benefits from the

collaboration. To tackle this issue, we propose an auction mechanism involving multi auctioneers

and multi bidders. Further, we propose an iterative algorithm for the practical implementation

of the proposed auction mechanism.

IV. PROPOSED AUCTION MECHANISM

In this section, we propose a multi-auctioneers and multi-bidders (MAMB) auction mechanism

for resource allocation in BBN. The motivation behind the use of the auction mechanism is to

handle the information asymmetry among participating WBAN users. Since the utility and cost

functions are the private information of WBAN users, design a resource allocation mechanism

for BBN is quite challenging. The key idea of our proposed MAMB auction mechanism is

as follows. Each WBAN user acts as both auctioneer and bidder. At each decision epoch, the

DRAFT October 28, 2021



Fo
r P

er
so

na
l U

se
O

nl
y

13

auctioneers first start the auction process and announce the price for uploading. The bidders

decide which auctioneer to bid for and how much to buy from it. Thereafter, the auctioneer adjusts

its price based on the collected bids. The auction process continues till the equilibrium point is

reached. The main challenge is to design an auction rule in such a way that the auction outcome

equilibrium point is equivalent to the optimal solution of BBN-OPT problem, as discussed above

so that the efficiency of resource allocation is ensured.

The proposed MAMB auction mechanism consists of i) allocation rule and ii) pricing rule.

The allocation rule allows auctioneers to decide their price and the final amount of data they

agree to upload based on the submitted bids. The pricing rule enables bidders to decide their

optimal bids based on the price announced by the auctioneer. Clearly, the bid value of bidders

depends on the pricing information announced by the auctioneer.

Let b = (bij)i,j∈N be the bid matrix of all bidders. The bidding vector of WBAN user i is

the column vector of matrix b, i.e., bi = (bij)j∈N . In bi bidding vector, bii is the bid that user

i submits to itself, which determines the amount of data it want to upload by itself. bij = 0

signifies that the WBAN user i is reluctant to take help of user j.

A. Allocation Rule

After collecting all the bids from the bidders, the auctioneers decide their allocation rule.

For that, each auctioneer i solve an optimization problem. Since the utility functions of bidders

are not known to auctioneers, based on Kelly’s mechanism [27], we use surrogate function

(
∑

i∈N bji log dij) as objective function for auctioneer optimization problem. Therefore, the auc-

tioneer i’s optimization problem is,

max
d�0

∑
j∈N

bji log dji (20)

s.t. (11), (12), (13)

We observe that the objective function is concave in nature, thus, the auctioneer optimization

problem is concave maximization problem. The Lagrangian of the auctioneer’s optimization
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problem is

Lj(d,ϑ,ψ,φ) =
∑
j∈N

bji log dji −
∑
i∈N

ϑ†i
(∑
j∈N

dji − Cu
i

)
−
∑
i∈N

ψ†i
(∑
j∈N

dij −Di

)
−
∑
i∈N

φ†i (ei(di)− emaxi ) (21)

we denote d∗ij , ϑ
†,ψ†,and φ† as the optimal solutions of the auctioneer’s optimization problem.

Further, the KKT conditions are:

bji
d∗ij

= ϑ†i + ψ†i + φ†ie
tx
ij (22)

The rest of the KKT conditions are identical to the Equations (16)-(19). Further, by comparing

Equation (22) with the Equation (15), we observe that,

b∗ji = d∗ji
∂Si(d∗i )
∂dji

(23)

By comparing the auctioneer’s problem with BBN-OPT, we observe that if µ†i = µ∗i , ψ
†
i = ψ∗i ,

φ†i = φ∗i , and the bidders submit bid as b∗ji (as shown in Equation (23)), then the KKT conditions

of auctioneer’s optimization problem is similar to that of the BBN-OPT problem. Thus, the

solution of the auctioneer optimization problem will coincide with BBN-OPT problem.

B. Pricing Rule

Each WBAN user pays for the service it receives from its neighboring user. Let πi(bi)

denote the WBAN user i’s payment to the other users (auctioneers) for availing the uploading

service. Each WBAN user tries to maximize the difference between the payoff it received from

collaborative uploading and the corresponding payment. For the given payment πi, each WBAN

user as a bidder decides its optimal bid by solving following optimization problem, termed as

bidder’s optimization problem,

max
bi

Si(bi)− πi(bi) (24)

Taking the first derivate of the objective function we obtain the following optimality condition:

∂Si(dij)
∂dij

∂dij
∂bij

=
∂πji(bij)

∂bij
(25)
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From Equation (22), we obtain the expression of ∂dij
∂bij

= 1
ai

, where ai = ϑ†i + φ†ie
tx
ij + ψ†i (1/r

u
j +

1/rij). Further, the expression of ∂Si(dij)/∂dij is derived in Equation (15). Substituting both the

expressions in Equation (25), we obtain ∂πi(bij)/∂bij = 1. Therefore, the pricing rule is defined

by the auctioneer is,

πi(bi) =
∑
j∈N

bij (26)

This pricing rule signifies that, the bidder i pays the exact bid amount bij that it has bid to

the auctioneer j. Each bidder solves its optimization problem and submits it optimal bid. Both

the auctioneer and bidder solve their optimization problem iteratively and with allocation and

price rules they reach to an equilibrium point which coincides with the optimal solution of the

BBN-OPT problem.

C. Distributed Algorithm for Proposed MAMB Auction

In this subsection, we propose a distributed algorithm to realize the proposed MAMB auction.

We design the algorithm based on the well-known primal-dual algorithm [28]. In each iteration,

each WBAN user as a bidder submits their bid by solving their own optimization problem. After

that, as auctioneer, each WBAN user decides allocation and price rule by solving the auctioneer

optimization problem. At the end of each iteration, the auctioneers update their prices using

the dual variables (ϑ,ψ,φ) based on subgradient descent method where ∆ > 0 be the step-

size. Thereafter, the bidders update their bids according to the announced prices. The iteration

converges when there are no significant changes in the values of the dual variables occur. The

complete algorithm is described in Algorithm 1.

Complexity Analysis: In this subsection, we try to find the complexity of our proposed iterative

algorithm. In the auction process, first each WBAN user as bidder computes its bid. Since there

are N bidders, thus the running time of this process is O(N2). Similarly, each auctioneer solves its

own allocation problem and the running time of this process is O(N2). Further, each auctioneer

updates its dual variables using the expressions given in Equation (30)-(33). Therefore, the

running time of this process is O(4 ∗ N). The overall running time of the inner body of the

while loop is O(N2) + O(N2) + O(4 ∗ N), which can be simplifies as O(N2). The iteration

process continues till there are no significant changes in the values of the dual variables occur,

i.e. |ϑti−ϑt−1
i |, |ψti−ψt−1

i |, |φti−φt−1
i | < ε, where ε is the tolerance value. Thus, the running time

of the while loop is O(1/ε). Finally, taking the running time of while loop into consideration, the
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Algorithm 1: Iterative Algorithm for MAMB auction
Inputs : δ, Cu

i , Di, emax
i

Outputs: d∗i
Initialize d

(0)
i , ϑ(0),ψ(0),φ(0)

converge = 0, t = 0
while converge = 0 do

t← t+ 1
Each WBAN user i computes optimal bid (b(t)ij ) by (24)
Each WBAN user as acutioneer computes d∗ by (22)
Each auctioneer updates their dual variables as follows:

ϑt+1
i =

(
ϑti −∆t

(∑
j∈N

d∗ji − Cu
i

))+

(27)

ψt+1
i =

(
ψt
i −∆t

(
Li(d

(t)
ij )− Lmax

i

))+

(28)

φt+1
i =

(
φti −∆t

(
ei(d

(t)
ij )− emax

i

))+

(29)

if ϑ,ψ,φ converges then
converge← 1

end

overall running time of the proposed algorithm is O(1/ε)∗O(N2). This can be further simplified

as O(N2/ε). From the obtained complexity of the algorithm, we observe that the running time

is polynomial function of total number of WBAN users. Thus, we can employ this algorithm to

feasible for slot-by-slot decision making.

D. Convergence Analysis

In this subsection, we show that the solution achieved from the MAMB auction by distributed

algorithm eventually converges to optimal point of BBN-OPT problem.

Proposition 1. For any initial condition (d(0)
i ,ϑ(0),ψ(0),φ(0)) the MAMB distributed auction

reaches to optimal point (d∗i ,ϑ
∗,ψ∗,φ∗).

Proof. To make the analysis tractable, we assume that the step size (∆) is very small, thus we

conduct the analysis in the continuous-time domain. First we find the rate of update of Lagrange
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multiplier (Equations (27)-(27)), i.e.,

∂ϑi
∂t

=
(∑
j∈N

dji − Cu
i

)+

µi
(30)

∂ψi
∂t

=
(∑
j∈N

dij −Di

)+

ψi
(31)

∂φi
∂t

=
(
ei(dij)− emaxi

)+

φi
(32)

where, the notation (y)+
x defines the projection that, when x > 0, the value is y and when x = 0,

value is max(y, 0). The Lyapunov function is defined as

Q =
1

2

∑
i∈N

(
(ϑi − ϑ∗i )2 + (ψi − ψ∗i )2 + (φi − φ∗i )2

)
(33)

Taking derivatives on both sides with respect to t, we get

dQ(·)
dt

=
∑
i∈N

[
(µi − µ∗i )

(∑
j∈N

dji − Cu
i

)+

µi
+ (ψi − ψ∗i )

(∑
j∈N

dij −Di

)+

ψi
+ (φi − φ∗i )

(
ei(dij)− emaxi

)+

φi

]

≤
∑
i∈N

[
(µi − µ∗i )

(∑
j∈N

dji − Cu
i

)
+ (ψi − ψ∗i )

(∑
j∈N

dij −Di

)
+ (φi − φ∗i )

(
ei(dij)− emaxi

)]
(34)

The inequality in Equation (34) occurs due to the property of projection (y)+
x [28]. After adding

and subtracting
∑
j∈N

d∗ji,
∑
j∈N

d∗ij , and ei(d∗ij) in the RHS of Equation (34) we get,

dQ(·)
dt

=
∑
i∈N

[
(µi − µ∗i )

(∑
j∈N

dji −
∑
j∈N

d∗ji
)

+ (µi − µ∗i )

(∑
j∈N

d∗ji − Cu
i

)
+ (ψi − ψ∗i )

(∑
j∈N

dij −
∑
j∈N

d∗ij)
)

+ (ψi − ψ∗i )
(∑
j∈N

d∗ij −Di

)
+ (φi − φ∗i )

(
ei(dij)− ei(d∗ij)

)
+ (φi − φ∗i )

(
ei(d

∗
ij)− emaxi

)]
Using Equations (16)- (18) we find that the second, fourth, sixth, and eighth terms are zero.

October 28, 2021 DRAFT



Fo
r P

er
so

na
l U

se
O

nl
y

18

Further, using Equations (15) and rearranging the terms we get,

dQ(·)
dt
≤
∑
i∈N

∑
j∈N

(dji − d∗ji)
(
∂Si(dij)
∂dij

−
∂Si(d∗ij)
∂d∗ij

)
≤ 0 (35)

The last inequality in Equation (35) follows due to the concavity of Si(·) function, as explained in

Equation (8). This signifies that, the algorithm as negative drift. Further, based on the LaSalle’s

invariance principle [29], it is proved that at each iteration the variables (di,ϑ,ψ,φ) move

towards the optimal solution (d∗i ,ϑ
∗,ψ∗,φ∗).

V. PERFORMANCE EVALUATION

A. Simulation settings

In this section, we evaluate the performance of the proposed MAMB auction mechanism for

distributed resource allocation in BBN. We perform the simulations on a MATLAB platform. We

considered a BBN network consisting of six WBAN users co-located in an area of 100 m×100 m.

First, we present the performance of the proposed algorithm using a small 6 WBAN user setting.

Thereafter, we show the performance of BBN by varying the number of participating WBAN

users. The WBAN users are uniformly distributed in the considered area. Each WBAN user is

equipped with 7 physiological sensors and a hub. We consider the size of medical packet (s)

collect at hub is 512 Bytes. We demonstrate the effectiveness of the proposed algorithm over

different incoming WBAN traffic scenarios. We consider that the average packet arrival rate of

medical packet of user i is λi per second, and the value is integer value between 1 to 10. Further,

the average uplink rate considered for LTE is 5.64 Mbps and 0.96Mbps for WiFi [24]. The value

of penalty (β) is an integer between [1−10] and the value of αi is considered between [50−100].

Further, the Internet access price (χi) is considered between [0.1− 1]$/MB.

B. Benchmarks

To evaluate the performance of the proposed incentive mechanisms, we compare the results

with two benchmark schemes — the Stackelberg game-based scheme (SG) [6], and the non-

cooperative scheme (NC). In the SG scheme, the participating WBAN users are divided into

two types: i) requesting user when the user asks for uploading and ii) gateway user, when the

WBAN user with good Internet connection uploads other user data. In the SG scheme, the
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gateway WBAN users first decide their uploading price. Thereafter, the requesting WBAN users

decide how much data to upload through which gateway WBAN users. In the NCW scheme,

the participating WBAN users try to maximize their payoff individually using their own Internet

connection and have no cooperation among them.

C. Results and Discussion

In Figure 2, we show the convergence of the proposed distributed algorithm to solve the

MAMB auction. For that, we compare the aggregated payoff of all participating WBANs with

the case when there is cooperation, and the optimization problem is solved centrally (BBN-OPT

problem). We observe that the aggregated payoff value is maximum when there is cooperation.

Further, we observe that in the proposed distributed MAMB auction as the iteration progresses,

the aggregated payoff value reaches to an optimal value. The extensive theoretical analysis of

convergence is discussed in the previous section.
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Distributed algorithm
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Figure 2: Convergence analysis of the proposed distributed algorithm

Figure 3 depicts the variation of delay cost and social welfare with the change in the packet

arrival rate (λ). In a practical scenario, when the BBN is formed among elderly people, the

sensed packet arrival rate is less. However, a high packet arrival rate scenario occurs when the

BBN formed among athletes or athlete monitoring. In Figure 3(a), we observe that using the

proposed MAMB auction, the delay cost increases with the increase in arrival packet rate. As

shown in Equation (3), the delay cost of WBAN user comprises both uploading delay and intra-

BBN transmission delay, thus, with an increase in data traffic the relaying and uploading of

data increases. In Figure 3(a), during low arrival rate scenario (λ = 2), using proposed MAMB

auction the delay cost is lower than 56.5% and 68.7% compared to existing SG and NC schemes,

respectively. The NC scheme does not consider cooperation and each user utilizes its own Internet
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connection. Additionally, from Figure 3(b), we observe that the social welfare value increases

with the increase in traffic load. Using MAMB auction the increase is non-linear, i.e the rate

of increase is high initially and eventually decreases as the data traffic load increases. The non-

linearity of the social welfare occurs due to the sum of payoff functions of each WBAN user

which are concave in nature by following the law of diminishing marginal utility. Further, we

observe that the aggregated payoff using MAMB auction outperforms the existing SG and NC

scheme. This is attributed to the fact that in MAMB auction each user acts as both auctioneer

and bidder and tries to maximize their payoff. Therefore, each WBAN user chooses the optimal

data amount to upload and chooses the neighbor having a good Internet connection, thereby

improving its overall payoff.
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Figure 3: Delay cost and social welfare versus traffic load

Figure 4 depicts the variation of the social welfare when the health severity index (ζi) of

participating users increases. The severity index characterizes the urgency of WBAN users to

upload its data. The WBAN users having the highest severity index have a high penalty for

delay. In Figure 4(a), we yield that in the proposed MAMB auction mechanism, the aggregated

payoff increases initially as the severity index increases and outperforms all the other benchmark

schemes. This is attributed to the fact that as the severity index increases the WBAN users bid

more aggressively. Therefore, the payoff of both auctioneers and bidders increases. Interestingly,

we observe that, as the severity index is highest (ζi = 1), the aggregated payoff decreases. We

argue that with an increase in severity index the WBAN users only try to upload their own data

and opt for less cooperation. Additionally, we vary the traffic load of all WBAN users and show

the aggregated payoff in Figure 4(b). Compared to the low incoming traffic scenario (λ = 2 per

second) in Figure 4(a), the aggregated payoff of WBAN users, in Figure 4(b), increases when

the load λ increases to 10. Further, similar to Figure 4(a), the payoff of WBAN users increases

initially and tends to decrease when the severity or criticality of WBAN users increases.
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Figure 4: Aggregated payoff versus severity index for different traffic load

The effect of energy sensitivity of user on social welfare during both low and high traffic load

scenario is shown in Figure 5. The energy sensitivity (γi) of WBAN users captures their valuation

towards their battery energy, thereby captures their willingness to cooperate with the neighboring

WBAN users. We observe that using MAMB auction, as the energy sensitivity increases, the

aggregated payoff decreases. This is due to the fact that low energy sensitivity incurs less energy

cost and allows WBAN users to upload more data for itself and others. Compared to SG and

NC schemes, the social welfare during low energy sensitivity (γi = 0.2) using MAMB auction

is higher than 36.7% and 86%, respectively. In SG, the gateway WBAN users announce their

price while focusing on maximizing their own payoff values. In case of high energy sensitivity

requesting users have to pay higher prices to gateway WBAN users which indirectly decreases

their own payoff and yields sub-optimal values. In the NC scheme, the users only value their own

energy sensitivity parameter. On the other hand, in MAMB auction the auctioneer announces their

price based on both their energy sensitivity and bidders’ bid. Therefore, when the auctioneer’s

price is very high the bidders do not bid for that particular auctioneer and opt to upload using

its own Internet connection. Additionally, in Figure 5(b), we observe that, compared to Figure

5(a), when the incoming packet rate increases, the social welfare increases and the social welfare

value decreases when the energy sensitivity decreases. This concludes that the proposed MAMB

auction scheme is more suitable when the arrival packet rate is high and the energy sensitivity

of all WBAN users is low, thereby enables more cooperation among participants.

Figure 6 depicts the social welfare comparison between the proposed MAMB, SG, and NC

schemes when the number of participating WBAN users in BBN increases during both low and

high traffic load conditions. We vary the number of users between 6 to 18. The locations of

users are random and uniformly distributed. In Figure 6(a), we observe that the social welfare

increases for all the schemes when the number of WBAN users increases. The reason is quite
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Figure 5: Aggregated payoff versus energy sensitivity for different traffic load

 0

 40

 80

 120

 160

 200

 6  9  12  15  18

So
ci

al
 w

el
fa

re

Number of WBAN users

MAMB
SG
NC

(a) λ = 2

 0

 50

 100

 150

 200

 250

 6  9  12  15  18

So
ci

al
 w

el
fa

re

Number of WBAN users

MAMB
SG
NC

(b) λ = 10

Figure 6: Aggregated payoff of participating WBAN users

intuitive, since with an increase in WBAN users the amount of data upload increases which

thereby increases the overall payoff of users. The proposed MAMB auction always yields a high

aggregated payoff compared to the other scheme. For example, in Figure 6(a), when the number

of users is 15, the payoff of WBAN users is 122 and decreases by 45.9% and 63.9% when uses

SG and NC scheme, respectively. This is attributed to the fact that in the MAMB scheme the

bidders bid differently for different auctioneers according to the announced price and have more

options to choose its own gateway WBAN users. Additionally, in Figure 6(b) we observe that

even in high packet arrival rate the social welfare value increases with an increase in the number

of WBAN users. Compared to Figures 6(a) and 6(b) we find that the social welfare is higher in

case of high arrival traffic condition. Thus, we argue that, during high incoming packet arrival

rate, the proposed MAMB auction encourages users to collaborate and share their resources to

improve both individual and aggregated payoff.

VI. CONCLUSION

In this paper, we studied the performance optimization of the BBN framework. We formulate

the problem as aggregated payoff maximization of all participating WBAN users constrained on

uplink capacity, delay deadline, and battery energy. Since the payoff function is private informa-
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tion of users, we solve the optimization problem by modeling it into an auction mechanism. By

following the auction procedure each WBAN user acts as both auctioneer and bidder and solves

its respective optimization problems. Further, we propose a distributed algorithm to realize the

auction mechanism and obtain the optimal global solution. We provided a thorough theoretical

analysis of the convergence of the distributed algorithm. Finally, extensive simulation results

demonstrate the efficiency of our proposed algorithm in both low and high traffic arrival rate

scenarios and maximize the overall BBN performance.

In the considered BBN scenario, we assume that the participating WBAN users are rational

and self-centric in nature. In the future, we plan to model the misbehavior and strategic behavior

of the participating users which affects the performance of BBN.

REFERENCES

[1] Y. A. Qadri, A. Nauman, Y. B. Zikria, A. V. Vasilakos, and S. W. Kim, “The Future of Healthcare Internet of Things: A

Survey of Emerging Technologies,” IEEE Commun. Surveys Tuts., vol. 22, no. 2, pp. 1121–1167, 2020.

[2] P. K. Bishoyi and S. Misra, “Enabling Green Mobile Edge Computing for 5G-Based Healthcare Applications,” IEEE Trans.

Green Commun. Netw., vol. 5, no. 3, pp. 1623–1631, 2021.

[3] S. Misra, P. K. Bishoyi, and S. Sarkar, “i-MAC: In-Body Sensor MAC in Wireless Body Area Networks for Healthcare

IoT,” IEEE Syst J, vol. 15, no. 3, pp. 4413–4420, 2021.

[4] P. K. Bishoyi and S. Misra, “Coexistence Throughput Analysis of Cyber-Physical WBAN System in Presence of WLAN,”

in Proc. IEEE GLOBECOM Workshops, 2018, pp. 1–6.

[5] A. Meharouech, J. Elias, and A. Mehaoua, “Moving towards body-to-body sensor networks for ubiquitous applications: A

survey,” J. Sens. Actuator Netw, vol. 8, no. 2, 2019.

[6] P. K. Bishoyi and S. Misra, “Enabling Collaborative Data Uploading in Body-to-Body Networks,” IEEE Commun. Lett.,

vol. 25, no. 2, pp. 538–541, 2021.

[7] E. Municio, G. Daneels, M. De Brouwer, F. Ongenae, F. De Turck, B. Braem, J. Famaey, and S. Latré, “Continuous

Athlete Monitoring in Challenging Cycling Environments Using IoT Technologies,” IEEE Internet Things J., vol. 6, no. 6,

pp. 10 875–10 887, 2019.

[8] S. Adibi, “Mobile health personal-to-wide area network disaster management paradigm,” IEEE Sensors J., vol. 18, no. 23,

pp. 9874–9881, Dec 2018.

[9] S. L. Cotton, W. G. Scanlon, and B. K. Madahar, “Millimeter-wave soldier-to-soldier communications for covert battlefield

operations,” IEEE Commun. Mag., vol. 47, no. 10, pp. 72–81, 2009.

[10] S. Misra and A. Samanta, “Traffic-aware efficient mapping of wireless body area networks to health cloud service providers

in critical emergency situations,” IEEE Transactions on Mobile Computing, vol. 17, no. 12, pp. 2968–2981, 2018.

[11] A. Samanta and S. Misra, “Dynamic connectivity establishment and cooperative scheduling for QoS-aware wireless body

area networks,” IEEE Trans. Mobile Comput., vol. 17, no. 12, pp. 2775–2788, 2018.

[12] D. Abdulmohsin Hammood, H. A. Rahim, A. Alkhayyat, and R. B. Ahmad, “Body-to-Body Cooperation in Internet of

Medical Things: Toward Energy Efficiency Improvement,” Future Internet, vol. 11, no. 11, 2019.

October 28, 2021 DRAFT



Fo
r P

er
so

na
l U

se
O

nl
y

24

[13] S. M. Shimly, D. B. Smith, and S. Movassaghi, “Experimental Analysis of Cross-Layer Optimization for Distributed

Wireless Body-to-Body Networks,” IEEE Sensors J., vol. 19, no. 24, pp. 12 494–12 509, Dec 2019.

[14] M. Yasir and A. J. Malik, “Body to body network using zigbee,” in Proc. IEEE ICCSN, May 2011, pp. 52–55.

[15] A. Meharouech, J. Elias, and A. Mehaoua, “Future body-to-body networks for ubiquitous healthcare: a survey, taxonomy

and challenges,” in Proc. IEEE Ubi-HealthTech, May 2015, pp. 1–6.

[16] J. Mu, R. Stewart, L. Han, and D. Crawford, “A Self-Organized Dynamic Clustering Method and Its Multiple Access

Mechanism for Multiple WBANs,” IEEE Internet Things J., vol. 6, no. 4, pp. 6042–6051, Aug 2019.

[17] Z. Ren, X. Qi, G. Zhou, H. Wang, and D. T. Nguyen, “Throughput assurance for multiple body sensor networks,” IEEE

Trans. Parallel and Distrib. Syst., vol. 27, no. 2, pp. 546–557, Feb 2016.

[18] A. Meharouech, J. Elias, S. Paris, and A. Mehaoua, “A game theoretical approach for interference mitigation in body-to-

body networks,” in Proc. IEEE ICCW, 2015, pp. 259–264.

[19] R. A. Berry, R. Johari et al., Economic modeling in networking: A primer. Now Publishers, 2013.

[20] G. Iosifidis and I. Koutsopoulos, “Double auction mechanisms for resource allocation in autonomous networks,” IEEE J.

Sel. Areas Commun., vol. 28, no. 1, pp. 95–102, 2010.

[21] D. Ben Arbia, M. M. Alam, R. Attia, and E. Ben Hamida, “Data dissemination strategies for emerging wireless body-to-

body networks based internet of humans,” in Proc. IEEE WiMob, Oct 2015, pp. 1–8.

[22] D. B. Arbia, M. M. Alam, Y. L. Moullec, and E. B. Hamida, “Communication Challenges in on-Body and Body-to-Body

Wearable Wireless Networks—A Connectivity Perspective,” Technologies, vol. 5, no. 3, 2017.

[23] M. Keally, G. Zhou, G. Xing, and J. Wu, “Remora: Sensing resource sharing among smartphone-based body sensor

networks,” in Proc. IEEE/ACM IWQoS, June 2013, pp. 1–10.

[24] J. Huang, F. Qian, A. Gerber, Z. M. Mao, S. Sen, and O. Spatscheck, “A Close Examination of Performance and Power

Characteristics of 4G LTE Networks,” in Proc. ACM MobiSys, 2012, pp. 225–238.

[25] D. P. Bertsekas, R. G. Gallager, and P. Humblet, Data networks. Prentice-Hall International New Jersey, 1992, vol. 2.

[26] Q. Zhang, W. Saad, M. Bennis, and M. Debbah, “Network formation game for multi-hop wearable communications over

millimeter wave frequencies,” in Proc. IEEE GLOBECOM, 2017, pp. 1–6.

[27] F. P. Kelly, A. K. Maulloo, and D. K. H. Tan, “Rate control for communication networks: shadow prices, proportional

fairness and stability,” Journal of the Operational Research Society, vol. 49, no. 3, pp. 237–252, 1998.

[28] S. Boyd and L. Vandenberghe, Convex optimization. Cambridge university press, 2004.

[29] N. Nisan, T. Roughgarden, E. Tardos, and V. V. Vazirani, Algorithmic Game Theory. Cambridge University Press, 2007.

DRAFT October 28, 2021


