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a b s t r a c t

In this paper, a radio resource allocation scheme for wireless body area networks (WBANs)

is proposed. Unlike existing works in the literature, we focus on the communications in

beyond-WBANs, and study the transmission scheduling under a scenario that there are a

large number of gateways associating with one base station of medical centers. Motivated

by the distinctions and requirements of beyond-WBAN communications, we introduce a

priority-aware pricing-based capacity sharing scheme by taking into account the quality of

service (QoS) requirements for different gateways. In the designed scheme, each gateway

is intelligent to select transmission priorities and data rates according to its signal impor-

tance, and is charged by a price with regard to its transmission request. The capacity allo-

cation is proceeded with guarantee of the absolute priority rule. In order to maximize the

individual utility, gateways will compete with each other by choosing the optimal trans-

mission strategies. Such decision process is formulated as a non-atomic game. Theoretical

analyses show that our proposed pricing-based scheme can lead to an efficient Wardrop

equilibrium. Through numerical results, we examine the convergence of strategy decisions,

and demonstrate the effectiveness of our proposed mechanism in improving the utilities

of gateways.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction1

With the growth of aging population [1] and the in-2

creasing demand for high quality of healthcare, exiting3

medical systems and hospital facilities have been con-4

fronting a burden of overload. To overcome this issue,5

electronic health (eHealth) [2] has been proposed as a6

promising paradigm, which adopts advanced information7
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processing and communication technologies to enhance ef- 8

ficiency and flexibility of traditional medical services [3]. 9

Wireless body area networks (WBANs) are key compo- 10

nents in eHealth systems for pervasive and remote health 11

monitoring. A WBAN generally consists of a few wearable, 12

implantable, or portable biosensors, which are deployed 13

on a patient for continuously sensing physiological sig- 14

nals, such as eletroencepalograph (EEG), Electrocardiograph 15

(ECG) and Electromyography (EMG) data. The sensed sig- 16

nals are then aggregated at a gateway and forwarded to 17

a remote medical center for interpretation and detection 18

of abnormal health conditions. The gateway can be a pa- 19

tient’s smart phone or any other smart device, and ordinar- 20

ily has less stringent constraint on processing and power 21
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capabilities compared to sensors [4]. Besides eHealth,22

WBANs have also been widely applied in sports, entertain-23

ments and military [5–7]. In this paper, we will focus our24

discussions on medical applications only.25

Although the WBAN-based wireless technology can pro-26

vide advantages over the conventional healthcare systems,27

the specifications of medical signal transmissions also in-28

troduce new challenges in designing eHealth networks. In29

the literature, most of existing works [8–10] in this area30

focused on intra-WBAN communications, i.e., the transmis-31

sions of medical signals from body sensors to the gateway.32

However, the technical issues related to beyond-WBAN33

communications, i.e., the data transmissions between gate-34

ways and the remote medical center, have not been well35

addressed. The main reason is that most researches are36

based on a common assumption that the beyond-WBAN37

communications can be achieved via existing network38

technologies, such as 3G/4G/WiFi [11]. However, in fact,39

medical data transmissions are different compared with40

traditional wireless communications. For instance, unlike41

conventional wireless networks that are mainly designed42

for throughput maximization, medical signals have rela-43

tively low data rates so that transmission capacity is not44

the primary concern for medical networks [12]. In contrast,45

medical data should be reported to the medical center46

promptly and with low packet loss. Unfortunately, existing47

wireless technologies cannot meet these requirements for48

beyond-WBAN communications because they cannot guar-49

antee “anytime” and “anywhere” connections due to their50

limited radio resources and a large population of other51

subscribed wireless users.52

Moreover, since the health conditions of patients are53

unpredictable, wireless networking may become a poten-54

tial hazard for medical applications if some severe signals55

cannot be successfully transmitted in a timely manner [13].56

For example, in the beyond-WBANs, it is possible that mul-57

tiple gateways may transmit medical data simultaneously.58

In this case, it is necessary to provide priorities to emer-59

gent health information over those with regular impor-60

tance, called “medical-grade priority”. Otherwise, transmis-61

sions with critical healthcare information may suffer high62

chances of packet loss, which may further lead to serious63

consequences.64
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in the scenario that there are multiple gateways commu- 83

nicating with a single base station (which is further con- 84

nected with single/multiple medical centers through in- 85

ternet). In our network architecture, there is a regulator 86

who determines the allocation of the transmission capac- 87

ity among gateways in each time frame. We consider a 88

static pricing scheme where the prices associated with dif- 89

ferent transmission priorities are pre-determined, and will 90

not change with the variation of network traffic. During 91

each time frame, gateways are intelligent to strategically 92

select transmission priorities and rates (in kbps) accord- 93

ing to their own medical signal severities. Based on the 94

requirement for the medical-grade QoS, we design a mech- 95

anism which guarantees the absolute priority to each cat- 96

egory of traffic (i.e., traffic in a lower priority level will be 97

served only if all traffic with higher priority has been com- 98

pletely served). As a selfish buyer, each gateway may se- 99

lect a higher transmission priority and demand a higher 100

transmission rate so as to obtain a better service and more 101

benefits. However, choosing a higher transmission prior- 102

ity and transmitting in a higher rate will also be charged 103

by a higher price. Therefore, gateways will compete with 104

each other to make the optimal strategies. Considering 105

that one base station is subscribed with a large number 106

of gateways, we formulate such a decision process as a 107

non-atomic pricing game [19], and analyze the equilibrium 108

accordingly. 109

To the best of our knowledge, this work is the first that 110

introduces the concept of network economics in the re- 111

source allocation for beyond-WBAN communications with 112

the consideration of medical-grade priority. The main con- 113

tributions of this paper are summarized as follows: 114

• A pricing-based capacity sharing scheme is proposed 115

for the communications between multiple gateways 116

and the base station of medical centers. 117

• Each gateway is allowed to determine its transmission 118

priority based on its medical signal severity, so that the 119

medical-grade priority is considered in the transmission 120

scheduling. 121

• The strategy decision process is formulated as a non- 122

atomic pricing game, and the corresponding Wardrop 123

equilibrium is derived. 124

r 125

f 126

127

2 128

. 129

- 130

e 131
Thus, in order to address the aforementioned chal

lenges, it is important to achieve appropriate radio re

source allocation among multiple gateways [14]. Note tha

different from the intra-WBAN communications wher

the appropriate medium access protocols are ordinaril

contention-based [15,16], gateways are able to adopt mor

advanced and complicated resource allocation algorithms

Furthermore, since the availability of radio resource i
commonly limited due to the large number of gateways,

and medical signal transmissions require exclusive re-

source usages rather than opportunistic access due to their

requirements for stable wireless connections, introducing

network economics [17,18] for solving the resource alloca-

tion problem in beyond-WBAN communications is an intu-

itive and feasible approach.

In this paper, we propose a pricing-based radio resource

sharing scheme for eHealth networks with the considera-

tion of the medical-grade priority. We limit our discussion

132

- 133

134

135

136

137
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• Simulation results demonstrate the superiority of ou

proposed allocation scheme in improving the utilities o

gateways under medical emergencies.

The rest of the paper is organized as follows: Section

presents a brief literature review of related works

Section 3 describes the proposed communication archi

tecture and provides the justifications for the model w

studied. A non-atomic pricing game is then formulated

in Section 4 to investigate the decision process of gate

ways. The analysis of the Wardrop equilibrium is given in

Section 5. Section 6 illustrates some simulation results, and

Section 7 concludes the paper.

2. Related work
As an emerging medical service system, eHealth be- 138

comes increasingly popular in both scientific and industrial 139

fields. For instance, the authors in [3] proposed an eHealth 140

ed capacity sharing scheme for beyond-wireless body area
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Table 1

Comparison of existing related works.

Related works Aimed networks

Torabi et al. [4] Intra-WBANs

Reusens et al. [8] Intra-WBANs

Kim et al. [9] Intra-WBANs

Shi et al. [10] Intra-WBANs

Lee et al. [13] Intra-WBANs

Meharouech et al. [21] Inter-WBANs

Ali et al. [22] Intra-WBANs

Rezvani et al. [23] Intra-WBANs

Misra et al. [24] Beyond-WBANs

Xue et al. [25] Ad Hoc Networks

Yi et al. [26] Cognitive Radio

onitoring system with minimum service latency and pri-

acy preservation by using geo-distributed clouds. Kilic

t al. in [20] designed a scalable superpeer-based peer-

-peer architecture to achieve inter-operability among

ealthcare communities. Moreover, as the basic element of

Health networks, WBAN has been attracting a lot of re-

arch interests recently. For example, Torabi et al. in [4]

udied an interference-aware and topology-aware cross-

yer communication framework where the reliability and

elay requirements of WBANs were jointly considered. In

], the authors characterized the path loss of transmis-

ons between sensors on different parts of the human

ody. The authors in [9] discussed a novel transmission

ower control protocol to extend the lifetime of sensor

odes and to increase the link reliability in WBANs. In [10],

novel node authentication scheme for WBANs was inves-

gated with the exploitation of physical layer characteris-

cs. Meharouech et al. in [21] introduced a game theoret-

al approach for interference-aware channel allocations in

ter-WBANs with different access technologies, where the

pact of co-channel and mutual interferences were taken

to account. However, all these works were limited to ei-

er intra-WBAN or inter-WBAN communications only.

Furthermore, different from conventional wireless net-

orks, the communications in eHealth systems impose

me distinctions because of the unique characteristics of

edical data. One major challenge is the consideration of

edical-grade priority. In [13], the authors aimed to con-

ruct a wireless local area network for healthcare facili-

es, where signals were prioritized according to their med-

al severities. Ali et al. in [22] proposed an urgency-based

edium access control protocol, in which sensors report-

g urgent health information were given higher priority

ith the increase of channel access probability. The au-

ors in [23] studied a context aware resource allocation

WBANs with traffic prioritization based on medical sit-

ations of users and channel conditions. Even though all

ese works realized the medical-grade priority for trans-

issions in the eHealth system, they were all designed

r the intra-WBAN communications. Misra et al. in [24]

vestigated a priority-based time-slot allocation in medi-

l emergencies, where the impact of medical-grade prior-

y on beyond-WBAN communications was first mentioned.

owever, [24] mainly focused on the measurement of pri-

rities, while the potentially heterogeneous requirements

f gateways were not considered.
lease cite this article as: C. Yi et al., Priority-aware pricing-based

etworks, Computer Networks (2016), http://dx.doi.org/10.1016/j.c
Medical priority User intelligence

✗ ✗

✗ ✗

✗ ✗

✗ ✗√
✗

✗
√

√
✗√
✗√
✗

✗
√

✗
√

Generally, the beyond-WBAN communication refers to

e physiological signal transmissions between on-body

ateways and the remote medical center. Due to the in-

lligence and selfishness of each individual, the radio

source allocation (or transmission scheduling) among

ateways has to be carefully studied. As a prospective ap-

roach, pricing-based sharing algorithms have been widely

pplied in various kinds of wireless networks to depict

e behaviors of self-serving users [25–28]. For example,

ue et al. in [25] proposed a pricing-based resource allo-

ation framework in wireless ad hoc networks to achieve

ptimal overall utilization and fairness among competing

nd-to-end flows. In [26], the authors analyzed the spec-

um sharing issue in recall-based cognitive radio networks

ith combinatorial auction and Stackelberg pricing game.

owever, how to integrate the network economics in med-

al signal communications is still a novel and virgin area

research.

Table 1 summarizes all aforementioned works, and

ows a clear gap in the literature regarding intelligent

source allocation for medical signal transmissions in

eyond-WBANs. Our work tries to fill this gap by propos-

g a pricing-based capacity sharing scheme with medical-

rade priority for beyond-WBAN communications.

. Communication architecture

In this section, we illustrate our network design, and

stify its feasibility and practicability. The system model

nder consideration is also described in details.

.1. Network design

As the key component of the eHealth system, a WBAN

onsists of a gateway and a number of heterogeneous sen-

rs worn on different parts of the body. Each sensor mon-

ors one specific medical information, and transmits its

nsed signal to the gateway. Such intra-WBAN commu-

ications have been defined in some existing standards,

ch as IEEE 802.15.4 [29] and IEEE 802.15.6 [30]. As a hub,

e gateway collects all medical information from sensors,

mporarily stores all data in its buffer (i.e., data storage),

nd then sends out the information to the remote med-

al center. Each gateway can identify the medical sever-

ies of its received signals, and determine the order of
capacity sharing scheme for beyond-wireless body area
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Fig. 1. An Illustratio

transmission. For explanation purpose, in this paper, we ig

nore the details of intra-WBAN communications and th

local data processing by gateways, while focusing on

the beyond-WBAN communications between gateways and

the base station of medical centers.

The considered network architecture is illustrated in

Fig. 1, where the base station of medical centers is sub

scribed with a large number of gateways. Gateways associ

ated with the same base station form a group. Obviously

each gateway stands for one WBAN and all gateways in

the same group will share the common radio resource t

transmit their medical signals to the base station. Assum

that there is a network regulator (e.g., the base station it

self, or a third-party resource owner) who is responsibl

for determining the allocation of a fixed transmission ca

pacity among gateways during each time frame. Each gate

way decides its strategy based on its utility function, which

is determined by the importance of its medical signal and

the payment for transmission, and competes with othe

gateways for maximizing its own profit.

In addition, it is reasonable and applicable to charg

gateways for medical data transmissions. In fact, we hav

paid for watching stream videos, downloading files, o

sending emails with our smart devices through cellula

networks. However, different from these existing wire

less applications, gateways have to pay for not only th

throughput they have experienced, but also the prioritie

they obtained. In beyond-WBAN communications, ther

are two kinds of priorities. One is the packet priority and

the other is the transmission priority. They are not nec

essarily the same. Packet priority is determined by th

severity of the sensed medical data (e.g., following th

classification in IEEE 802.15.6 standard), while the trans

mission priority is selected by gateways strategically. Fo

example, consider a gateway which wants to report an

emergent medical signal to the base station. According t

IEEE 802.15.6 standard, this information has the highes

packet priority. However, the gateway may not select th

highest transmission priority if the traffic from all othe

gateways has considerably low packet priorities (e.g., med
Please cite this article as: C. Yi et al., Priority-aware pricing-bas

networks, Computer Networks (2016), http://dx.doi.org/10.1016/
Network Architecture.

ical routine). In this case, the gateway may strategicall

choose a transmission priority just one level higher than

the other traffic, so as to lower its transmission cost (which

depends on the transmission priority) while still guaran

teeing its medical-grade QoS. We further assume that al

gateways are risk-neutral and individual rational, so tha

no gateway will make a strategy arbitrarily and withou

the consideration of its overall utility. In our proposed pric

ing mechanism, gateways will compete for selecting thei

transmission priorities exactly based on their packet prior

ities. Hence, medical-grade priority can be guaranteed in

the transmission scheduling.

Note that for explanation purpose, we limit our ra

dio resource allocation problem to capacity sharing only

However, this problem can be easily extended to band

width allocation given that signal-to-noise ratio (SNR) i

fixed within one time frame. In this scenario, transmis

sion capacity becomes a concave function (i.e., Shannon

formula) of the bandwidth, and thus the proposed algo

rithm is still applicable except that the bandwidth should

be transformed to the capacity through Shannon formul

before calculating the utility for each gateway.

3.2. System model

Consider a network with a regulator who owns avail

able transmission capacity C in one time frame. There i

a set of gateways, K = {1, 2, . . . , K}, associated with a bas

station of medical centers. During each time frame, each

gateway is required to transmit one type of medical sig

nals, while the medical signals transmitted by differen

gateways can be heterogeneous. Note that although each

gateway may collect multiple types of medical data, it can

store the data in the buffer and determine the order o

transmission by itself.

At the beginning of the time frame, each gateway de

cides its transmission rate and priority according to it

medical signal severity. Assume that the transmission pri

orities are selected from a discrete set I = {1, 2, . . . , I}
where j > i,∀i, j ∈ I, if j indicates a higher transmission
ed capacity sharing scheme for beyond-wireless body area
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Table 2

Important notations in this paper.

Symbol Meaning

C Total transmission capacity

K Set of gateways

I Set of transmission priorities

pi Unit payment for traffic with priority i

xk Strategy decision vector of each gateway k

rk Transmission rate of each gateway k

�k Transmission priority of each gateway k

r(i) Aggregate traffic in each priority level i

θ (i, r) QoS for traffic in each priority i given r

Gk(·) Benefit of the achieved rate for each gateway k

ck cCoefficient of the penalty for each gateway k

Uk Utility of each gateway k

priority over i. Furthermore, there is a pre-determined unit306

payment pi > 0 for capacity demand in each priority i ∈ I .307

Intuitively, the demand with a higher priority should be308

charged more (because the traffic in a higher priority level309

can be granted with a better QoS). Thus, we have310

p

311

p312

m313
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b315

O316

m317
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w319

ca320
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Table 3

QoS requirements for some medical signals.

Medical applications Required data rate

EEG 86.4 kbps

ECG 192 kbps

EMG 1.536 Mbps

Accelerometer 35 kbps

Pulse oximeter 16 bps

Glucose level monitor 1 kbps

p 343

it 344

θ

N 345

e 346
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g 348

rk 349

m 350

S 351

in 352

a 353

G 354

ic 355
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c 357

re 358

su 359

a 360

ti 361

g 362

th 363

p 364

d 365

fi 366

F 367

e 368

fi 369

b 370

1 371

m 372
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it 374

c 375

th 376

P

n

j > pi, if j > i, ∀i, j ∈ I. (1)

Besides, similar to [31] and [32], we define that the

rice for each gateway is charged based on its original de-

and, i.e., demanded transmission rate and priority. Such

ricing pattern can not only simplify the implementation,

ut also reduce the traffic congestion in medical networks.

bviously, if the payment is made according to the de-

and rather than the gain, no gateway will take the risk

send medical signals which are very trivial to the net-

ork (since they will be charged no matter whether they

n be served or not).

For convenience, Table 2 lists some important notations

sed in this paper.

. Pricing game formulation

In this section, the utility function of each gateway is

rst investigated. In order to guarantee the absolute prior-

y in eHealth networks, we introduce a mechanism to de-

rmine the QoS for traffic in different priority levels. The

ecision process of gateways is then formulated as a non-

tomic pricing game, and its corresponding Wardrop equi-

brium is analyzed.

.1. Utility functions of gateways

Let the decision strategy of each gateway k ∈ K be a

ector denoted as xk = (rk, �k), where rk ∈ [0, ∞) is its de-

anded transmission rate, and �k = 1, 2, . . . , I, indicates its

lected transmission priority. Then, the aggregate traffic in

ach transmission priority i ∈ I from all gateways can be

presented as

i) =
∑

k∈K,�k=i

rk, ∀i ∈ I. (2)

e can further let r = (r(1), r(2), . . . , r(I)) be the aggre-

ate traffic vector of the network.

Given r, we define a factor θ (i, r) ∈ [0, 1] as the service

tisfaction ratio for traffic with priority i ∈ I . By consider-

g the absolute priority rule, i.e., traffic with transmission
lease cite this article as: C. Yi et al., Priority-aware pricing-based

etworks, Computer Networks (2016), http://dx.doi.org/10.1016/j.c
Fig. 2. Examples of benefit functions.

riority i will be served only if all other traffic with prior-

y j > i has been served, we always have

( j, r) ≥ θ (i, r), if j > i, ∀i, j ∈ I. (3)

ote that θ (i, r) can directly reflect the QoS for traffic in

ach priority level i.

Given θ (i, r),∀i ∈ I, the transmission rate that each

ateway k ∈ K will actually obtain can be calculated as

θ (�k, r). Now, we can define the benefit for each type of

edical signal as a function of its data transmission rate.

ince each gateway can only transmit one type of signal

one time frame, the benefit can actually be defined as

function of the achieved rate by each gateway k, called

k(·). From the QoS requirements of some example med-

al signals as shown in Table 3 [11], we can expect that

k(·) will increase with the transmission rate, but the in-

reasing trend will be reduced as the rate approaches the

quired value, till saturating at a certain bound. Obviously,

ch functions are non-decreasing, concave and bounded,

s demonstrated in Fig. 2. Notice that, since benefit func-

ons are related to the medical signals, they are hetero-

eneous among different gateways. Furthermore, due to

e competition among gateways, we can also define a

enalty for potential service degradation. Intuitively, if the

emanded transmission rate cannot be completely satis-

ed, some packets will be dropped during the time frame.

or explanation purpose, we consider the penalty as a lin-

ar function of the unsatisfied demanded rate with coef-

cient ck > 0 for each gateway k so that the penalty can

e mathematically expressed as ckrk(1 − θ (�k, r)), where

− θ (�k, r) indicates the dissatisfaction ratio of the de-

anded rate.

With all above settings, we can formulate the util-

y function for each gateway k ∈ K, called Uk, which in-

ludes the benefit through its achievable transmission rate,

e penalty for potential service dissatisfaction, and the
capacity sharing scheme for beyond-wireless body area
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payment for demanded service. Namely,377

Uk = Gk(rkθ (�k, r)) − ckrk(1 − θ (�k, r)) − rk p�k
, (4)

where the function Gk(·) and the coefficient ck are deter-378

mined by the medical severity of the signal transmitted by379

each gateway. It is reasonable that Gk(·) and ck are only380

known to the gateway itself, and unknown to all other381

gateways and the network regulator.382

From (4), each intelligent gateway may request a trans-383

mission in a higher priority level so as to gain more benefit384

and suffer less penalty with the increase of its service satis-385

faction ratio. However, doing so will also increase the pay-386

ment since traffic with higher priority is more expensive.387

Thus, it is intuitive that each gateway will try to determine388

the best decision strategy to maximize its own utility.389
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the optimal value of rk for each gateway k can be obtained 419

by 420

∂Uk

∂rk

= R′
k(rk) − (ck + p�k

) = 0, if θ (�k, r) = 1, (9)

where R′
k
(·) represents the first-order derivative of Rk(·) 421

with respect to rk. 422

Then, the optimal demanded rate of each gateway k ∈ 423

K can be expressed as a function of the payment for its 424

selected priority �k, i.e., 425

rk(p�k
) =

{
R′−1

k
(ck + p�k

), if p�k
≤ R′

k
(0) − ck,

0, otherwise,
(10)

where R′−1(·) is the inverse function of R′(·). Eq. (10) 426

meets the intuition that, if the payment, p�k
, is too high, 427

the gateway k will not participate in the competition so 428

that its demanded rate equals 0. From (9), we have p�k
= 429

R′
k
(rk) − ck. Moreover, since Rk(·) is concave and rk > 0, 430

then R′
k
(rk) ≤ R′

k
(0). Thus, the condition for rk(p�k

) 
= 0 431

can be represented as p�k
≤ R′

k
(0) − ck. Consequently, the 432

decision of each gateway becomes xk = (rk(p�k
), �k),∀k ∈ 433

K. Considering that the payment for each priority level is 434

pre-determined, xk will only depend on �k. 435
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Apparently, the decisions of gateways are not indepen

dent with each other because θ (i, r),∀i ∈ I is related t

the aggregate traffic allocation vector r. Therefore, we hav

to first investigate the function of the QoS for traffic in dif

ferent priorities with regard to the allocation strategies o

all gateways. Given the total transmission capacity C, th

allocation vector r = (r(1), r(2), . . . , r(I)), and the absolut

priority rule in (3), all traffic in priority level i will be com

pletely served if and only if the total traffic with prioritie

above i is less than or equal to the total available capacity

i.e.,

I∑
j=i

r( j) ≤ C. (5

Thus, there is a threshold priority ith such that (i) the traf

fic with priorities higher than it can be completely served

(ii) traffic with priority equal to ith can only be partiall

served, and (iii) all other traffic with priorities lower than

ith will be completely dropped. Obviously, ith satisfies th

following conditions:

I∑
j=ith+1

r( j) ≤ C, and

I∑
j=ith

r( j) > C. (6

If the capacity for traffic in priority level ith, i.e., C −∑I
j=ith+1 r( j), is evenly distributed, the function of θ (i, r

for each priority i ∈ I can be defined as

θ (i, r) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1, if
∑I

j=i r( j) ≤ C,

C − ∑I
j=i+1 r( j)

r(i)
, if

∑I
j=i+1 r( j) ≤ C

and
∑I

j=i r( j) > C,

0, otherwise.

(7

Let R(rkθ (�k, r)) = Gk(rkθ (�k, r)) + ckrkθ (�k, r). Then

the utility function in (4) can be rewritten as

Uk = R(rkθ (�k, r)) − (ck + p�k
)rk, ∀k ∈ K. (8

Note that Rk(·) is also non-decreasing and concave be

cause the first term, Gk(·), is a non-decreasing, concav

function and the second term, ckrkθ (�k, r), is a simple lin

ear increasing function.

At the beginning of the time frame, each gateway de

clares a transmission rate which leads to the maximum

utility if its service can be completely satisfied. In this case
Please cite this article as: C. Yi et al., Priority-aware pricing-bas

networks, Computer Networks (2016), http://dx.doi.org/10.1016/
4.2. Formulation of non-atomic game

With all settings in the previous subsection, gateway

will compete with each other to maximize their utilitie

by strategically deciding their transmission priorities. Ob

viously, this results in a non-cooperative game.

By further considering the fact that in the eHealth sys

tem, one base station is normally associated with a larg

number of patients (gateways). Thus, the allocation deci

sion of an individual gateway has little impact on the over

all performance of the network. However, the aggregate ef

fect of all gateways’ decisions cannot be ignored, and ma

lead to significant changes on the QoS for traffic with dif

ferent priorities. Naturally, gateways can observe the Qo

for each priority level and change their decision strategie

accordingly. In other words, the variations in θ (i, r),∀i ∈ I
will trigger the modifications on the strategy of each gate

way, and the aggregate effect of strategy modifications wil

in turn change the determination of QoS for each priorit

level. Such back-and-forth interaction can be formulated

as a non-atomic pricing game [33] and the correspondin

Wardrop equilibrium is defined as follows.

Definition 4.1. Given that x∗
k

is the strategy made by each

gateway k ∈ K, the strategy profile (x∗
1
, x∗

2
, . . . , x∗

K
) is an

Wardrop equilibrium if for every gateway k, we have

x∗
k = arg max

xk

{Gk(rkθ (i, r∗)) − ckrk(1 − θ (i, r∗)) − rk pi},

where r∗ = (r∗(1), r∗(2), . . . , r∗(I)) is the correspondin

optimal aggregate allocation vector, i.e.,

r∗(i) =
∑

k∈K,�k=i

r∗
k, ∀i ∈ I.

When this Wardrop equilibrium has been reached, n

gateway will be willing to deviate its allocation decision.
ed capacity sharing scheme for beyond-wireless body area
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. Analysis of the equilibrium

In this section, we study the corresponding Wardrop

quilibrium by first analyzing its properties, and then de-

ve the necessary conditions for constructing a stable al-

cation.

To eliminate some trivial results, we make two basic

ssumptions:

• Assumption 1: The total traffic demand from all gate-

ways selecting the lowest transmission priority is as-

sumed to be always larger than the capacity limit, i.e.,

∑
k∈K

rk(p1) > C.

Otherwise, the traffic demand from all gateways can be

fully served even their declared transmission priorities

are all at the lowest level. Obviously, there is a unique

but trivial equilibrium for this case such that the opti-

mal strategy for each gateway k ∈ K is x∗
k

= (1, rk(p1)).

• Assumption 2: When the unit payment for traffic with

priority i is set as pi, the demanded rate of each gate-

way k towards the payment pi can be denoted as rk(pi).

Let r(pi) = ∑
k∈K rk(pi). We assume that

r(pi) > 0, ∀i ∈ I.

If this is not the case for some priorities, which means

r(pi) = 0,∃i ∈ I, then these priorities will not be se-

lected by any gateway in the equilibrium. In other

words, prices associated with these priorities are too

high to all gateways. Without loss of generality, we ig-

nore this trivial situation.

With the above two assumptions, we can expect that

ere is a transmission priority level i∗ such that

(i, r∗)

{= 0, ∀i < i∗,

>0, ∀i ≥ i∗,
(11)

hich indicate that i∗ is the threshold priority for the op-

mal allocation r∗.

Now, assuming that the strategy decisions of all gate-

ays are fixed except one gateway k, we can derive the

llowing lemma.

emma 5.1. For any gateway k, suppose that x∗
k

= (r∗
k
, �∗

k
) is

e optimal strategy for maximizing its utility, i.e.,

∗
k = arg max

xk=(rk,�k)

{R(rkθ (�k, r∗)) − (ck + p�k
)rk}. (12)

hen, we have

a) r∗
k
(p�k

) = 0, ∀�k ∈ I \ {i∗, i∗ + 1}.

b) θ (i∗, r∗) ≥ ck + pi∗

ck + pi∗+1

, if rk(pi∗ ) > 0.

c) θ (i∗, r∗) ≤ ck + pi∗

ck + pi∗+1

, if rk(pi∗+1) > 0.

roof. As a non-atomic game, when the strategies of all

ther gateways are assumed to be fixed, the aggregate

affic allocation vector r∗ will not be changed with xk.

he utility function of gateway k can then be denoted as
lease cite this article as: C. Yi et al., Priority-aware pricing-based

etworks, Computer Networks (2016), http://dx.doi.org/10.1016/j.c
k(xk, r∗). We can calculate the partial derivative of the

tility with respect to rk as

′
k(xk, r∗) = ∂Uk(xk, r∗)

∂rk

= R′
k(rk)θ (�k, r∗) − (ck + p�k

),

here θ (�k, r∗) is only a function of �k.

If the best response of gateway k exists, we must have

′
k(xk, r∗) ≤ 0, ∀�k ∈ I. (13)

Given θ (i, r∗) = 0,∀i < i∗ as stated in (11), we have

′
k(xk, r∗) = −(ck + p�k

) < 0, ∀�k < i∗, (14)

nce both ck and p�k
are positive. Furthermore, θ (i, r∗) >

, ∀i ≥ i∗ in (11) implies that θ (i, r∗) = 1,∀i ≥ i∗ + 1. Thus,

′
k(xk, r∗) = R′

k(rk) − (ck + p�k
), ∀�k > i∗ + 1. (15)

ith the pricing rule in (1), we have p�k
> pi∗+1,∀�k > i∗ +

, so that

′
k(rk) − (ck + p�k

) < R′
k(rk) − (ck + pi∗+1). (16)

This indicates that U ′
k
((�k, rk), r∗) < U ′

k
((i∗ + 1, rk), r∗).

ince U ′
k
((i∗ + 1, rk), r∗) ≤ 0 according to the condition

3), we have

′
k((�k, rk), r∗) < 0, ∀�k > i∗ + 1. (17)

Based on (14) and (17), we can conclude that
′
k
(xk, r∗) < 0,∀�k ∈ I \ {i∗, i∗ + 1}, and thus the utility of

ateway k is a decreasing function with rk for all priority

vels except i∗ and i∗ + 1. As a result, we have r∗
k
(p�k

) =
,∀�k ∈ I \ {i∗, i∗ + 1}.

In addition, we may have r∗
k
(p�k

) > 0 for either �k = i∗

r �k = i∗ + 1. To satisfy the condition (13), when rk(pi∗ ) >

, we have

U ′
k((i∗, rk), r∗) = R′

k(rk)θ (i∗, r∗) − (ck + pi∗ ) = 0,

′
k((i∗ + 1, rk), r∗) = R′

k(rk) − (ck + pi∗+1) ≤ 0.

rom the above two equations, we can conclude that

(i∗, r∗) ≥ ck + pi∗

ck + pi∗+1

, if rk(pi∗ ) > 0. (18)

imilarly, when rk(pi∗+1) > 0, we have

U ′
k((i∗, rk), r∗) = R′

k(rk)θ (i∗, r∗) − (ck + pi∗ ) ≤ 0,

′
k((i∗ + 1, rk), r∗) = R′

k(rk) − (ck + pi∗+1) = 0.

hus,

(i∗, r∗) ≤ ck + pi∗

ck + pi∗+1

, if rk(pi∗+1) > 0. (19)

In summary, Lemma 5.1 is proved. �

From Lemma 5.1, we can obtain some important prop-

rties (necessary conditions) of the Wardrop equilibrium,

nd can further prove its existence.

roposition 5.1. For all gateways in K, if (x∗
1
, x∗

2
, . . . , x∗

K
)

an Wardrop equilibrium, then we have the following

roperties.

i) r∗
k
(p�k

) = 0, ∀�k ∈ I \ {i∗, i∗ + 1}, ∀k ∈ K.

ii) min

{
ck + pi∗

}
≤ θ (i∗, r∗) ≤ max

{
ck + pi∗

}
.

ck + pi∗+1 ck + pi∗+1

capacity sharing scheme for beyond-wireless body area
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iii)
∑

k∈K
∑

�k∈I r∗
k
(pi)θ (�k, r∗) = C.

Proof. Property i) follows exactly the same argument a

(a) in Lemma 5.1. Furthermore, since
ck+pi∗

ck+pi∗+1
can be easil

proved as an increasing function of ck, property ii) can b

directly observed from (b) and (c) in Lemma 5.1.

Now, according to property (i), we know that only pri

ority level i∗ and i∗ + 1 will be potentially used. Thus,∑
k∈K

∑
�k∈I

r∗
k(pi)θ (�k, r∗) =

∑
k∈K

r∗
k(pi∗ )θ (i∗, r∗)

+
∑
k∈K

r∗
k(pi∗+1). (20

Moreover, with the function of QoS in (7), we have

θ (i∗, r∗) = C − ∑
k∈K r∗

k
(pi∗+1)∑

k∈K r∗
k
(pi∗ )

. (21

By substituting (21) into (20), property (iii) can b

proved. �

From property (i) of Proposition 5.1, we can observ

that only two priority levels, i.e., i∗ and i∗ + 1, are po

tentially used by all gateways when the equilibrium i

reached. The reason is actually intuitive. Remember tha

since all traffic submitted to the network will be charged

then no gateway is willing to declare a transmission pri

ority less than i∗ which will definitely result in a complet

service dissatisfaction. In other words, no gateway wants t

pay for 100% failure. On the other hand, declaring a trans

mission priority higher than i∗ + 1 will not produce a bet

ter service since priority i∗ + 1 can already guarantee 100%

satisfaction. Thus, there is no incentive for a gateway t

pay more money for the same service. Besides, propert

(ii) identifies the bound for the QoS of traffic in priorit

level i∗, and property (iii) shows the efficiency of the allo

cation, where all available capacity is fully utilized.

With this proposition, the following theorem can b

proved by construction, which then indicates the existenc

of the equilibrium.

Theorem 5.1. The formulated non-atomic game has at leas

one Wardrop equilibrium.

Proof. The proof is provided in Appendix A. �

Recall the utility function of each gateway in (8), and

consider the second term (ck + p�k
)rk as the cost of each

gateway k ∈ K. Then, physically, we can imagine that

gateway will select transmission priority level i∗ + 1 if it

penalty dominates the cost, which means that the gatewa

does not want to have any degradation on the satisfaction

ratio (because its medical information is critical). On th

other hand, if the cost is dominated by the payment, pri

ority level i∗ will be chosen, which indicates that the gate

way is willing to suffer some QoS degradation rather than

paying more money for a better service (because its med

ical information is not emergent). Even though the equi

librium point of this game may not have a closed-form

expression, it can be found by applying the dynamic adap

tion algorithm [34]. The details of this algorithm will b

presented in Section 6.1, and its convergence is analyti

cally proved in Appendix B and numerically demonstrated

in Section 6.2.
Please cite this article as: C. Yi et al., Priority-aware pricing-bas

networks, Computer Networks (2016), http://dx.doi.org/10.1016/
6. Simulation results

In this section, simulations are conducted to evaluat

the performance of the proposed pricing-based capacit

sharing scheme for beyond-WBAN communications. Th

convergence of the individual strategy making is first illus

trated. Then, the impacts of the penalty and the paymen

on strategy decisions are investigated. Finally, the superior

ity of the proposed scheme under medical emergencies i

demonstrated.

6.1. Simulation settings

Consider an eHealth system with K = 30 gateways shar

ing a capacity C = 1000 kbps (the average uplink trans

mission rate of 3G cellular networks [35]) in one tim

frame. In simulations, there are totally 10 priority levels

i.e., I = {1, 2, . . . , 10}, and the associated unit payment fo

each level is 0.1i + �p,∀i ∈ I, without loss of generality

where �p is a uniform base payment which varies from

0.1 to 0.5. For each gateway k, its benefit from the achieved

rate y is set as a non-decreasing, concave and bounded

function Gk(y) = αk(1 − exp(−βky)), where βk = 1/16 fo

all gateways, and αk is selected randomly in [50, 100]

which indicates the upper bound of the benefit for each in

dividual. Notice that, Gk(y) meets the required propertie

of WBAN applications since it increases with the transmis

sion rate, but such increasing trend becomes flatter as th

rate approaches to a certain limit. Similar observations can

also be obtained by applying any other functions follow

ing same properties. In addition, the penalty coefficient c

of each gateway is randomly chosen in [0, 3]. Accordin

to the adaption algorithm [34], each gateway starts with

an arbitrarily initial strategy and then updates its decision

at discrete time instances (i.e., iterations) to maximize it

utility. Suppose that the adaptive variables are the gate

ways’ estimations on the service satisfaction ratios of each

priority level. At iteration τ , each gateway k will calculat

its estimate θ̂ τ
k
(i) for priority level i ∈ I as

θ̂ τ
k (i) = θ̂ τ−1

k
(i) + ε(θτ−1(i) − θ̂ τ−1

k
(i)), ∀k ∈ K, (22

where ε is the adaption rate which is set to be 0.05

θτ−1(i) represents the actual satisfaction ratio for priorit

level i in the previous iteration, and is a common knowl

edge in the current iteration. Thus, each gateway k update

its decision in iteration τ based on its estimated vecto

(θ̂ τ
k
(1), θ̂ τ

k
(2), . . . , θ̂ τ

k
(10)). Without loss of generality, w

let θ̂0
k
(i) = 1,∀i ∈ I, k ∈ K, so that all gateways will star

from the lowest priority level (since it is cheapest). Th

technical proof for the convergence of this adaption algo

rithm can be found in Appendix B.

In the following, numerical results are shown based on

an average over 20 runs. Note that some parameters ma

vary according to evaluation scenarios.

6.2. Convergence of strategy decisions

Fig. 3 illustrates the convergence of gateways’ deci

sions on transmission priorities. For clarity, we only plo
ed capacity sharing scheme for beyond-wireless body area
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Fig. 3. The convergence of gateway

Fig. 4. The achieved rates of gatew

e variations of decisions made by 10 randomly se-

cted gateways. In this figure, it is shown that all gate-

ays initially start at the lowest transmission priority (i.e.,

riority level 1), update their decisions by increasing the

riorities, and eventually converge to either priority level

or 6. Obviously, this trend satisfies the Proposition 5.1

at only two adjacent priority levels will be used when

e system is stable. Moreover, we can also observe that

e curves in Fig. 3 are stepwise. This is because the gate-

ays with larger penalty coefficients will always adjust

eir decisions first, and then temporally stay at their cho-

n levels until the gateways with lower penalties update
lease cite this article as: C. Yi et al., Priority-aware pricing-based

etworks, Computer Networks (2016), http://dx.doi.org/10.1016/j.c
ions on transmission priorities.

h different penalty coefficients.

eir decisions to the same level. When the equilibrium is

ached, gateways with less important medical information

ill stop increasing their priorities from 5 to 6 (since a

igher priority results in a larger payment), and the gate-

ays with critical information will remain at priority level

(since there is no need to do any further increment).

Fig. 4 shows the convergence of the achieved data

tes by two gateways with the same benefit function (i.e.,

e same αk) but different penalty coefficients. In accor-

ance with Fig. 3, both curves are converged after 37 it-

rations. In addition, before the system becomes stable,

e achieved rates of gateways are highly fluctuating. The
capacity sharing scheme for beyond-wireless body area
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Fig. 5. The strategy decision of gateway k with different value of ck .

Fig. 6. The strategy decision of gateway k with different value of �p.
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reason is that the achieved rate is in fact determined b

the product of the demanded rate and the received satis

faction ratio. When gateways select relatively low priorit

levels, they will demand high transmission rates accordin

to (10). However, with the increasing number of gateway

choosing the same priority level, the satisfaction ratio de

creases so that the achieved rates will also decrease. In or

der to receive better services, gateways will then choos

higher transmission priorities till they reach the equilib

rium. Furthermore, Fig. 4 also shows that the gateway with

more important information (i.e., a larger ck) will finall
achieve a higher transmission rate.

Please cite this article as: C. Yi et al., Priority-aware pricing-bas

networks, Computer Networks (2016), http://dx.doi.org/10.1016/
6.3. Impacts of penalty and payment settings

Fig. 5 examines the impact of the penalty coefficien

ck on the strategy decision of gateway k. Obviously, th

transmission priority decided by gateway k has a sudden

change from a lower level to the higher one when ck in

creases. The explanation is as follows: when ck is smal

(which means that the medical information is not emer

gent), the payment dominates the cost so that gateway

is willing to suffer more QoS degradation by choosing

cheaper priority level. However, after ck increases over
threshold, the penalty will then dominate the cost so that 688

ed capacity sharing scheme for beyond-wireless body area
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Fig. 7. The overall performance of the total utility with different amount of gateways.

Fig. 8. The performance on PoA of different schemes.

gateway k changes its decision to the higher priority level689

in order to guarantee the service for critical data trans-690

mission. Besides, it is intuitive that the higher payment691

(i.e., larger �p) leads to a later change of strategy deci-692

si693

e694

in695

696

th697

sh698

g699

e700

g701

w702

th703

st704

its priority level when the variation of the payment is 705

marginal. 706

6.4. Performance improvement of the proposed scheme 707

708

sc 709

p 710

D 711

sc 712

o 713

b 714

g 715

g 716

717

P

n

on. Furthermore, this figure also demonstrates that the

quilibrium will be in lower priority levels when payments

crease.

In Fig. 6, the relationship between the payment and

e decision of an individual gateway is investigated. It is

own that the level of transmission priority selected by

ateway k will decrease with the increase of �p, which

xactly matches the results in Fig. 5. This is because when

ateways cannot afford the high payments, their decisions

ill automatically converge to lower priority levels. Note

at such decreasing trend is not continuous but rather

epwise. It is intuitive since the gateway will not change
 g

lease cite this article as: C. Yi et al., Priority-aware pricing-based

etworks, Computer Networks (2016), http://dx.doi.org/10.1016/j.c
For comparison purpose, two existing allocation

hemes, i.e., non-priority scheme [36] and priority-based

roportional tuning [37], are simulated as benchmarks.

ifferent from our proposed scheme, the non-priority

heme fairly distributes the capacity among gateways

nly based on their different demands, and the priority-

ased proportional tuning allocates capacity for each

ateway proportionally according to the medical emer-

ency of its packets.

Fig. 7 reveals the total utility with different amount of
ateways in the system. When the system is underloaded 718
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Fig. 9. The comparison of gateway k’s utility with different schemes.
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Fig. 10. The comparison of gateway k’

(i.e., the case with 10 gateways) which means that th

total traffic demand from all gateways is less than th

available capacity, there is no difference between th

non-priority allocation scheme and the proposed schem

since the demands of all gateways will be completel

satisfied. However, when the system becomes overloaded

(i.e., the cases with 30 and 50 gateways), the pro

posed scheme achieves a much higher utility than th

non-priority scheme, and such superiority becomes mor

obvious when the number of gateways increases. This i

because the non-priority scheme cannot guarantee the ser

vice satisfaction for critical data transmission under traf

fic congestions, which results in a large penalty. However

our proposed scheme can effectively balance the utilit

gain and the penalty by differentiating the transmission
Please cite this article as: C. Yi et al., Priority-aware pricing-bas

networks, Computer Networks (2016), http://dx.doi.org/10.1016/
loss probability with different schemes.

priorities of gateways according to their heterogeneou

medical severities. The performance improvement of th

proposed scheme can also be verified by comparing th

Price of Anarchy (PoA) of different schemes as shown in

Fig. 8, where the PoA is defined as the ratio between th

total utility achieved by the optimal “centralized” solution

and the one obtained by the equilibrium of the game, i.e

(
∑

k∈K Uk)
OPT /(

∑
k∈K Uk(x∗

k
))Equilibrium. From this figure, w

can see that the PoA of the proposed scheme is alway

smaller than that of the non-priority scheme, and its val

ues are close to 1. This further demonstrates the superior

ity of our proposed scheme.

Fig. 9 compares the different allocation schemes in

terms of the utility of an individual gateway. It can be seen

from the figure that the curve of the non-priority schem
ed capacity sharing scheme for beyond-wireless body area
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declines significantly with the increase of the penalty co-749

efficient ck. While, the curve of the priority-based propor-750

tional tuning has a much slower decreasing trend because751

it employs the idea of relative priority [13] (which is pro-752

portional to the medical emergency). Note that the curve753

of the proposed scheme only decreases slightly and keeps754

stable for most range of ck. This is because in the pro-755

posed scheme, the gateway’s transmission will always be756

completely served if its medical information is consider-757

ably important (i.e., ck is sufficiently large), and thus does758

not experience any penalty. However, when ck is small, the759

non-priority scheme produces the highest utility since it760

ignores the medical-grade priority and grants the gateway761

a good service even though it is not important. In sum-762

mary, we can conclude that our proposed scheme outper-763

forms the other two schemes on gateways’ utilities under764

medical emergencies. In addition, Fig. 9 also indicates that765

the higher bound (i.e., αk) of benefit the gateway has, the766

more utility it can obtain.767

Fig. 10 shows the packet loss probability of a selected768

gateway with the change of its packets’ penalty coefficient769

ck. For the non-priority scheme, since the service satisfac-770

tion ratio is the same for all transmissions, the packet loss771

probability remains unchanged for packets with different772

medical severities. Though the priority-based proportional773

tuning differentiates the transmission services for packets774

based on their criticality, the important medical packets775

still suffer a chance of packet loss. On the contrary, the776

proposed scheme guarantees zero packet loss probabili-777

ties for emergent medical signal transmissions (with larger778

penalty coefficients) because of the achievement of the ab-779

solute priority rule.780

7. Conclusion781

In this paper, a pricing-based resource allocation782

scheme for eHealth systems has been proposed. To char-783

acterize the feature of medical-grade priority in beyond-784

WBAN communications, we introduce the concept of net-785

work economics in the capacity sharing among multiple786

on-body gateways. The utility functions of gateways are787

formulated, and the strategy decision process is built up as788

a non-atomic pricing game. Theoretical and simulation re-789

sults show that our proposed allocation scheme will pro-790

duce an efficient Wardrop equilibrium, and can improve791

th792

793

p794
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st796

d797

w798
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tr800
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Appendix A. Proof of Theorem 5.1 805

Proof. According to our assumption that r(p1) > C, and 806

r(p0) = 0 for p0 which exceeds the acceptance ranges of 807

all gateways, we are able to find a priority level i0 such 808

that r(pi0+1) ≤ C < r(pi0
). Again, let priority i∗ satisfy the 809

condition that θ (i, r∗) = 0,∀i < i∗ and θ (i, r∗) > 0, ∀i ≥ i∗. 810

From the definition, we can clearly observe that i0 and i∗ 811

are equivalent. 812

For notation simplicity, we define θk = θ (�k, r) as the 813

service satisfaction ratio for all gateways k ∈ K which se- 814

lects transmission priority �k. In this case, rk can be con- 815

sidered as a function of θ k as rk(θ k). With properties i) and 816

ii) in Proposition 5.1, we can derive the expression of rk(θ k) 817

as 818

rk(θk) = R′−1
k

(
pi∗ + ck

θk

)
, ∀θk ≥ min

{
ck + pi∗

ck + pi∗+1

}
.

Since pi∗+1 > pi∗ and ck > 0, we have 819

pi∗

pi∗+1

< min

{
ck + pi∗

ck + pi∗+1

,∀k ∈ K
}

.

Thus, rk(θ k) is continuous on θk ∈ (pi∗/pi∗+1, 1). According 820

to the function of θ k in (7), 821

f (θk) = C − ∑
k∈K rk(i∗ + 1, θk)∑
k∈K rk(i∗, θk)

, ∀k ∈ K,

is also continuous on (pi∗/pi∗+1, 1). We must be able to 822

find θ ∗
k
,∀k ∈ K, such that 823

f (θ ∗
k ) = C − ∑

k∈K rk(i∗ + 1, θ ∗
k
)∑

k∈K rk(i∗, θ ∗
k
)

= θ ∗
k .

It is not difficult to prove that (r1(θ
∗
1
), r2(θ

∗
1
), . . . , 824

rK (θ ∗
1
)) satisfies all properties in Proposition 5.1. Therefore, 825

the game has at least one equilibrium. � 826

Appendix B. Proof of convergence 827

Proof. The employed dynamic adaption algorithm (22) ac- 828

tually follows the tâtonnement process [38] for adjusting 829

the estimated service satisfaction ratio to obtain the equi- 830

librium. The corresponding decision of each gateway k will 831

be updated, depending on whether its utility can be fur- 832

ther increased or not, until the equilibrium priority level 833

has been reached. Let θ̂ s
k
(i) denote the stable estimation 834

fo 835

836

ch 837

ti 838

∂

w 839

if 840

l
τ

w 841

e 842

ti 843

g

P

n

e utilities of gateways under medical emergencies.

In our future works, we will consider to extend the

ricing scheme to a more complex scenario where the unit

rices for traffics in different transmission priorities are

rategic decisions of the base station. In addition, in or-

er to prevent the untruthful behaviors from smart gate-

ays (i.e., misreporting their packet severities), the design

f incentive-compatible mechanisms for medical packet

ansmissions will also be discussed.
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With the iteration τ increasing, the estimated θ̂ τ
k
(i)

anges accordingly. Suppose that the rate of such varia-

on can be expressed as

θ̂ τ
k
(i)

∂τ
= g(θτ−1(i) − θ̂ τ−1

k
(i)) = g(δ(θ̂ τ

k (i))),

here g′ ≥ 0 and δ(θ̂ τ
k
(i)) = θτ−1(i) − θ̂ τ−1

k
(i). Intuitively,

such tâtonnement process is successful, we should have

im→∞ θ̂ τ
k (i) = θ̂ s

k(i),

hich indicates that the adaption will converge to the

quilibrium. To prove this, we can first expand the func-

on g(δ(θ̂k(i))) by Taylor series as

(δ(θ̂ τ (i)))=g(δ(θ̂ s(i)))+g′δ′(θ̂ s(i))(θ̂ τ (i)−θ̂ s(i))+· · ·
k k k k k

capacity sharing scheme for beyond-wireless body area

omnet.2016.01.010

http://dx.doi.org/10.13039/501100000038
http://dx.doi.org/10.1016/j.comnet.2016.01.010


14 C. Yi et al. / Computer Networks xxx (2016) xxx–xxx

ARTICLE IN PRESS
JID: COMPNW [m3Gdc;February 8, 2016;6:37]

844

-845

846

847

848

849

t850

s851

)852

-853

e854

855

e856

857

858

-859
860

-861
862

d863
-864
)865

866
-867
8868

869
-870

871
y872
0873

874
r,875
r.876

877
-878
s879
)880

881
r882
-883

884
n885
)886

887
y888
s,889

890
-891

892
l-893
–894

895
-

Q3
896

h897
/898

899
s900
.901

902
-903
E904

905
-906

907
e908
E909

910

s. 911
912

h 913
- 914

915
l 916
: 917
- 918
d 919

920
- 921
- 922

923
e 924
3 925

926
s 927
- 928
. 929

930
d 931
5 932

933
n 934
E 935

936
- 937
e 938
– 939

940
- 941
f 942
– 943

944
: 945
: 946
a 947
, 948

949
: 950
– 951

952
r 953

954
s, 955

956
c 957
) 958

959
t 960
) 961

962
d 963
– 964

965
o 966
, 967

968
r 969
E 970

971
972

i- 973
974

- 975
- 976
e 977
c 978
e 979
, 980
. 981

g 982
a 983
s 984
- 985
- 986
d 987

988
where the higher orders are negligible.

Since δ(θ̂ s
k
(i)) = 0 by the definition of the adaption pro

cess, the above series can be rewritten as

g(δ(θ̂ τ
k (i))) = g′δ′(θ̂ τ

k (i) − θ̂ s
k(i)).

The solution of the above equation can be then derived

as

θ̂ τ
k (i) = θ̂ s

k(i) + (θ̂0
k (i) − θ̂ s

k(i))e(g′δ′)τ ,

where θ̂0
k
(i) is the initial estimation.

Apparently, the assertion of convergence requires tha

e(g′δ′)τ → 0 as τ → ∞. Since g′ ≥ 0, our remaining job i

to prove that δ′ < 0. Recall that the initial value of θ̂0
k
(i

is set as 1, and the strategy decision is a hill climbing pro

cess [39]. Thus, δ is always decreasing with the increas

of τ , i.e., δ′ < 0. Therefore, in conclusion, the system with

this dynamic adaption algorithm will converge to a stabl

equilibrium. �
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