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Abstract—Crowdsourced mobile network access (CMNA), in
which mobile users can share their Internet access with others, is
a promising paradigm for addressing users’ increasing needs for
ubiquitous connectivity and alleviating cellular network conges-
tion. In this paper, we study the operator-assisted CMNA model,
in which a mobile virtual network operator (MVNO) incentivizes
its subscribers to operate as mobile WiFi hotspots (hosts) through
reimbursement and gets revenue from the relayed traffic. Despite
of the promising performance, practical strategies for MVNO
and hosts have not been studied yet. Existing works usually
assume both MVNO and hosts can obtain complete information,
and ignore the accompanied overhead in backhaul and privacy
threats to users. Such assumptions are unrealistic in practice.
To address this issue, we first systematically characterize the
revenue loss for both MVNO and hosts with incomplete market
information. Based on the analysis, we propose a novel partial
cooperation strategy (PCS) to enable appropriate information
exchange between MVNO and hosts with little overhead. With
adaptive reimbursement and subtle information control, our PCS
efficiently improves MVNO’s revenue at equilibrium, and also
satisfies the hosts’ rationality. Through extensive evaluation on
data from the real world, we demonstrate our PCS can improve
MVNO’s revenue by 23% at equilibrium, compared with the
results without PCS.

I. INTRODUCTION

Due to the fast development of communication techniques
and mobile applications, cellular networks are entering the
epoch of data explosion [1]. Though billions of dollars has
been invested on infrastructure update, the capacity of cellular
infrastructures such as base stations, is still inadequate to
hold all users’ communication needs, especially when the
number of mobile users is continuously increasing. In this
context, crowdsourced mobile network access (CMNA) [2],
where mobile users can share their Internet access with others,
offers a low cost solution to alleviate network congestion and
satisfy users’ communication needs.

In this paper, we consider a prominent commercial CMNA
model, the operator-assisted CMNA model [3], [4]. In this
model, a mobile virtual network operator (MVNO) incen-
tivizes its subscribers to operate as mobile WiFi hotspots
through reimbursement and gets revenue from the relayed
traffic. Unlike traditional mobile network operators (MNOs),
MVNO is a special wireless service provider. On one hand, it
does not own radio spectrum and/or wireless network infras-
tructure, but leases these resources from MNOs at wholesale
prices. On the other hand, it benefits from providing services to
its own subscribers at retailing prices. As illustrated in Fig.1,
the MVNO buys the data resource from an MNO and charges
its subscriber, marked with red, a fee for data usage. The
uniqueness of the model is that MVNO allows its subscriber
to operate as a WiFi AP, or MiFi (called host). The host can
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Fig. 1: The CMNA model. MVNO incentivizes its subscriber,
marked with red, to provide WiFi connections and gets revenue
from the relayed traffic.

provide network access to other mobile users (called clients),
who are not MVNO’s subscribers but within the vicinity.
When providing WiFi access to clients, the host only shares
its cellular connection of the device and does not pay for the
clients’ data. To incentivize hosts to share their network access,
MVNO will return some revenue to hosts, e.g., reimbursing
hosts some free data quota for the traffic they relay [4].

In a nutshell, the operator-assisted CMNA model mentioned
above innovates a revolutionary network access paradigm.
First, operators including both MNO and MVNO can benefit
from this model. For MNO, the network congestion can be
significantly decreased [5], which leads to lower infrastructure
maintenance and update cost [6]. MVNO can also attract
data traffic from clients and dynamically extend its active
customer group. Second, clients can also use the network
more efficiently in terms of energy or data fee [3], [7]. Third,
the hosts also have incentives to participate in the market
since they can receive some revenue, e.g., free data quota
or monetary revenue, according to their contributions. They
only need to pay for the data they actually consume, while
not for the data they forward, which will be paid by clients
themselves. This simplifies the economic interactions between
the hosts and clients and thus, facilitates the adoption of this
model in practice.

Different from existing models of MNOs, the core partici-
pants in the operator-assisted CMNA model, i.e. MVNO and
hosts, can dynamically adjust their strategies, i.e. reimburse-
ment (MVNO) and whether to provide relay services (hosts),
based on their own needs. Those features lead to an interactive
marketing scenario and make it difficult for MVNO and hosts
to determine the optimal strategies in practice. Most of the
previous studies assume each participant can obtain complete
market information to determine the optimal strategy [2]–[4],
[8], [9] . However, this assumption is often impractical in
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the real world. First, it requires significant modifications in
backhaul, e.g., adding independent Gateway GPRS Support N-
ode (GGSN) to filter the packets. Second, sharing information
with third parties, e.g., MVNOs, may also leak users’ privacy
and thus, cannot be afforded by MNOs. Given information
asymmetry between MVNO and host, it would be hard to
maximize their benefits simultaneously. This issue, however,
is ignored in previous studies. Further, the strategies of MVNO
and hosts are mutually impacted. None of existing studies have
considered the dynamic interactions between MVNO and hosts
and thus, cannot provide the optimal strategies for them.

To address those issues, we aim at designing a practical
mechanism to maximize MVNO’s revenue, while also satis-
fying the hosts’ rationality. In practice, such a design faces
several challenges. First, the information asymmetry makes it
difficult to determine the accurate revenue for both MVNO
and hosts. On one hand, the unknown strategies of hosts and
other information, e.g., the covered clients, prevent MVNO
from determining the accurate revenue. On the other hand, a
host is also difficult to determine its optimal strategy because
it is affected by the (unknown) contending hosts, clients and
MVNO’s reimbursement. Second, the behaviors of MVNO and
hosts impact each other and change dynamically, which make
the revenue evolution sophisticated to analyze.

In order to tackle those challenges, we adopt a game-
theoretic analysis and model the interactions between MVNO
and hosts as a two-stage Bayesian game. Through systematical
characterization, we demonstrate that MVNO’s revenue suffers
a loss due to information asymmetry and thus, can be further
improved. Following the analysis, we introduce a novel partial
cooperation strategy (PCS). In PCS, the core participants,
i.e. MVNO and hosts, can exchange some useful information
to improve their strategies. By subtle control, the exchanged
information promotes the system to equilibrium and the par-
ticipants’ privacy is also preserved. Accordingly, the MVNO’s
revenue is shown to be higher than that without PCS. Com-
pared with traditional strategies [2], [4], [8], [10], our PCS
does not require complete information of all participants, and
incurs much less overhead in achieving system equilibrium.
Moreover, our model, PCS and equilibrium analysis capture a
variety of practical issues, including dynamic personal prefer-
ence of hosts to provide relay services, the energy consumption
patterns of hosts and the potential contention between hosts.
This is of paramount importance for the expansion of this
commercial model in the future.

To summarize, our contributions are highlighted as follows:
∙ We introduce a practical framework for the operator-

assisted CMNA model and characterize the equilibrium
strategies for MVNO and hosts with information asym-
metry. To the best of our knowledge, this is the first work
to address such a practical yet important issue in the
operator-assisted CMNA model.

∙ We show that the equilibrium strategy with informa-
tion asymmetry may lead to the suboptimal revenue.
Hence, we design a partial cooperation strategy (PCS)
for MVNO and hosts to optimize their strategies. By ap-
propriate information exchange, the revenue for MVNO
can be efficiently improved, while the hosts’ rationality
is also satisfied.

∙ We perform extensive evaluation on real data traces. The
results demonstrate PCS can efficiently improve MVNO’s

revenue by 23% under different conditions, compared
with the results without PCS.

The rest of the paper is organized as follows: we first discuss
related work in Section 2. Then we present the system models
and problem definitions in Section 3. Then we analyze the
equilibrium strategies for MVNO and hosts with informa-
tion asymmetry and demonstrate its drawbacks in Section 4.
Following the analysis, we propose our PCS mechanism and
corresponding equilibrium strategies in Section 5. We present
the evaluation in Section 6 and conclude our work in Section
7.

II. RELATED WORK

Crowdsourced mobile network access, or user-provided
connectivity, enables more flexible and ubiquitous Internet
access among mobile users and is becoming a hotspot in the
research community. In this section, we first introduce current
organizations of CMNA model and then, discuss related issues
about its incentive design.

Organization of CMNA. In current CMNA models, there
are two organizations: multi-hop and two-hop. A representa-
tive instance of the former model is the OpenGarden Project1,
where each user (device) may act as a client node (consuming
data), a relay node (relaying data to other nodes), or a gateway
node (connecting the mesh overlay with the Internet through a
WiFi or a cellular connection). However, the routing protocol
is hard to design for such a dynamic network, which limits
its applications. On the other hand, two-hop CMNA model is
more lightweight and practical. In this model, a mobile user
can directly connect to cellular network or through the relay
services provided by others. This setting simplifies the routing
decisions of users, which is adopted in our analysis.

Incentives of CMNA. Several studies [2], [4], [8], [11]–
[14] have been conducted in designing incentives of CMNA
model. Lu et al. [8] focus on the crowdsourced mobile data
offloading scenario and propose the novel concept of perceived
valuation to achieve precise valuation. Manshaei et al. [3]
study the the dynamics of CMNA model by using a simple
analytical model. They show that the subscription fee, link
quality and the user preferences are important impacting
factors for the evolution of CMNA model. Iosifidis et al.
[2] design a virtual currency system for user cooperation in
CMNA model. Gao et al. [4] design a hybrid pricing strategy
for users based on complete system information. However,
those works either incur heavy economic interactions between
users or set impractical assumptions, such as requiring all
information about each participant [2], [4]. In following, we
will propose a practical cooperation strategy in the CMNA
model and demonstrate its advantage through systematical
characterization.

III. MODELS AND DEFINITIONS

A. System models

We consider an operator-assisted CMNA model in an area
𝑆, which consists of one mobile virtual network operator
(MVNO), a set of hosts (MVNO subscribers), and a set
of clients (alien subscribers). For hosts, their data usage is
directly charged by MVNO. While for clients, their data usage
is charged by MVNO only if they access the Internet through

1http://opengarden.com/



TABLE I: Notations

Parameter Description
𝑇 The slotted time model
𝜆ℎ(𝑖) The density of hosts in i-th slot
𝜆𝑐(𝑖) The density of clients in i-th slot
𝑝0 The wholesale price per byte
𝑝 The retailing price per byte
𝜃𝑖(𝑡) The reimbursement for host 𝑖 at slot 𝑡
𝑔𝑖 The weight of host 𝑖 on energy consumption
𝐷(𝑡) The total relayed traffic from clients
𝑁𝑟

𝑖 (𝑡) The number of mobile users within 𝑟
𝑑(𝑡) The cellular link capacity of a host
𝑥𝑖(𝑡) The communication needs of client 𝑖
𝑒𝑡 The per-byte transmission energy cost
𝑒0 The per-slot basic energy cost of a host
𝐽𝑀 The revenue function for the MVNO
𝐽𝑖 The revenue function for host 𝑖
Φ𝐴(𝑥) The probability of PPP at 𝑥 with mean 𝐴
𝐵(𝑛, 𝑝) Binomial distribution at 𝑛 with parameter 𝑝

hosts’ relay services. In our model, we use the pricing scheme
from a practical commercial model2, where the price charged
by MVNO is the same with that through cellular networks,
i.e. MVNO charges no extra fee on clients, considering the
fairness of the market. We assume a client can connect to any
host within its vicinity. A brief summary of notations is listed
in Table.I.

We consider a slotted time model 𝑇 = {1, 2, ...} and a
periodic mobility model [15] for hosts and clients. Namely,
each host and client remain stationary within one slot but
may move to another location in the next slot. Under this
condition, MVNO updates the reimbursement plan in every
slot. Without loss of generality, we denote 𝑁ℎ(𝑡) as the
number of hosts, which is only known by MVNO. According
to the measurements in [8], the distribution of mobile users
can be characterized by a Poisson Point Process (PPP) Φ. We
use 𝜆ℎ(𝑡) and 𝜆𝑐(𝑡) to denote the mean density for hosts and
clients. We should note that our analysis can also be applied
to other distributions.

B. The MVNO model

The MVNO pays the MNO, e.g., AT&T, at a price 𝑝0 per
byte. On the other hand, the MVNO charges its hosts and
clients at a retailing price 𝑝 per byte. We should note that
other dynamic pricing strategies, e.g., time-dependent pricing
policy [6], can also be applied in our model.

The MVNO offers some free data quota to the hosts, as the
reimbursement for their engagement in CMNA. Without loss
of generality, we denote 𝜃𝑖(𝑡) as the reimbursement plan for
host 𝑖, such that he gets 𝜃𝑖(𝑡) ⋅ 𝑥 free data quota if he relays
𝑥 bytes from clients.

The main extra revenue for MVNO is from clients. If we
denote 𝐷𝑖(𝑡) as the amount of relayed traffic from host 𝑖, then
MVNO’s revenue 𝐽𝑀 (𝑡) can be calculated as:

𝐽𝑀 (𝑡) = 𝑝 ⋅
∑
𝑖

𝐷𝑖(𝑡)

︸ ︷︷ ︸
𝑖𝑛𝑐𝑜𝑚𝑒

−
∑
𝑖

(1 + 𝜃𝑖(𝑡)) ⋅𝐷𝑖(𝑡) ⋅ 𝑝0
︸ ︷︷ ︸

𝑐𝑜𝑠𝑡

(1)

2https://yourkarma.com/
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Fig. 2: Illustration of the host model.

C. The host model

We consider a prominent host model shown in Fig.2. On one
hand, host’s MiFi provides WiFi relay service to clients and
itself through an independent cellular link to the base stations.
On the other hand, the host can also connect to the Internet
through the cellular link of his phone. Given sufficient works
in mobile data offloading [16]–[18], we consider host’s own
network requirement can be always satisfied and will not affect
the relay service of its MiFi under this condition.

Then we specify the model parameters for the host model.
We denote 𝑟 as the radius of WiFi communication range
for each host. Based on the definition, we denote 𝑁𝑟

𝑖 (𝑡)
and 𝑁2𝑟

𝑖 (𝑡) as the number of mobile users (including hosts
and clients) within 𝑟 and 2𝑟, which can be obtained through
neighbor discovery or other modern techniques. For analytical
tractability, we consider each host within 2𝑟 can contend for
clients in 𝑁𝑟

𝑖 (𝑡).
Based on the aforementioned assumptions, the revenue of

host 𝑖 depends on his choice: whether to provide relay service.
Accordingly, it can be represented as a 0-1 strategy set: we use
Θ𝑖(𝑡) ∈ {0, 1} to denote this strategy set, where Θ𝑖(𝑡) = 1
means he chooses to provide relay service, while Θ𝑖(𝑡) = 0
otherwise. In comparison with previous hybrid setting, the 0-1
strategy setting copes with the fact that the offloaded traffic
is often not known by hosts. In addition, it also incurs less
overhead for hosts to subscribe to MVNO. Those features
make it more feasible to be implemented in practice.

1. Providing relay service. Under this choice, the impact
comes from two parts: the income of the free data quota
provided by MVNO (positive), and extra cost in providing
relay services (negative). For positive revenue, the monetary
benefit is calculated as 𝑝⋅𝜃𝑖(𝑡)⋅𝑥, where the amount of relayed
traffic is 𝑥 and the reimbursement plan is 𝜃𝑖(𝑡). For negative
revenue, we focus on the extra energy cost in providing relay
service through his mobile AP.

We use the linear energy consumption model in [7] in which
the energy consumption of relaying 𝑥 bytes in one slot is
𝑒𝑡 ⋅ 𝑥 + 𝑒0, where 𝑒0 denotes the basic energy consumption
and 𝑒𝑡 denotes per-byte transmission cost in providing relay
service. Notice that different hosts may hold different weight
on the same amount of energy consumption. Considering
this diversity, we denote 𝑔𝑖 as host 𝑖’s weight on energy
consumption [2], [4]. Without loss of generality, we assume
each 𝑔𝑖 is drawn from [𝑔, 𝑔] according to an atomless, right-
continuous cumulative distribution function 𝐹 [10].

If the amount of relayed traffic for host 𝑖 at 𝑡 is 𝐷𝑖(𝑡), the



revenue 𝐽𝑖(Θ𝑖(𝑡)) can be expressed as follows:

𝐽𝑖(Θ(𝑡))=𝑝 ⋅ 𝜃𝑖(𝑡)⋅𝐷𝑖(𝑡)︸ ︷︷ ︸
𝑖𝑛𝑐𝑜𝑚𝑒

−𝑔𝑖 ⋅ (𝑒𝑡 ⋅𝐷𝑖(𝑡)+𝑒0)︸ ︷︷ ︸
𝑐𝑜𝑠𝑡

(2)

Note that the cellular link capacity of mobile AP for each
host is also limited. We denote the limitation as 𝑑(𝑡) in slot 𝑡.
Accordingly, 𝐷𝑖(𝑡) should satisfy: 𝐷𝑖(𝑡) ≤ 𝑑(𝑡). In addition,
the capacity 𝑑(𝑡) may vary over different time slots. For
example, when the cellular network is heavily loaded (e.g., in
a densely populated area), the capacity for each host may be
small. If a host receives too many connection requests, some
(random) requests will be denied.

2. Not providing relay service. Under this choice, host 𝑖
obtains no free data quota and incurs no extra cost. Accord-
ingly, we set 𝐽𝑖(Θ𝑖(𝑡)) = 0 under this condition.

D. The client model

In time slot 𝑡, we consider each client 𝑖 has 𝑥𝑖(𝑡) commu-
nication needs, depending on the Apps it uses [19]. Following
the previous setting, we use a Poisson distribution to denote
𝑥𝑖(𝑡) with parameter 𝜇.

Since the power consumption of cellular connections is
usually higher than that of WiFi connections [4], each client
will first try to connect to a host for more energy efficient
network access at the start of each slot. If the client’s con-
nection request is satisfied, 𝑥𝑖(𝑡) bytes will be transmitted
through WiFi connection and charged by MVNO with price
𝑝. Otherwise, e.g., the connection request is denied by a host,
the MVNO cannot charge the client.

E. Problem definition

Our objective is to design an incentive mechanism, such
that (1) the expected revenue function 𝐽𝑀 (𝑡) is maximized at
equilibrium and, (2) individual rationality is satisfied, i.e. the
expected revenue function of any host 𝑖 is nonnegative if it
chooses to provide relay service. Considering the information
asymmetry between hosts and MVNO, we model the interac-
tion between hosts and MVNO as a two-stage Bayesian game:
at stage I, MVNO determines the reimbursement plan for each
host. Accordingly, each host determine its strategy at stage II
based on its reimbursement. In order to characterize the game
equilibriums, we resort to backward induction [20]. Namely,
we first determine the equilibrium strategy for each host at
stage II. Then we derive the optimal reimbursement plan of
MVNO at stage I.

IV. EQUILIBRIUM ANALYSIS WITH INFORMATION
ASYMMETRY

First, we analyze the equilibrium strategies with information
asymmetry, which exists in current operator-assisted CMNA
models [3], [4]. In such a scenario, MVNO offers a homoge-
neous reimbursement 𝜃(𝑡) = 𝜃𝑖(𝑡) to each host 𝑖. For conve-
nience of illustration, we denote 𝐽𝑜

𝑀 (𝑡) as MVNO’s revenue
in this scenario. As aforementioned, we first characterize the
equilibrium strategies for hosts. Then we derive the optimal
reimbursement 𝜃(𝑡) for MVNO.

A. Stage II: equilibrium analysis for hosts

Characterizing the equilibrium strategies for a host involves
expressing his revenue expectation when he chooses to provide
relay service. Without loss of generality, we focus on the
strategy of host 𝑖 in time slot 𝑡. Based on the model descrip-
tions in Section.II, we can know that 𝐽𝑖(Θ𝑖(𝑡)) is not only
affected by reimbursement plan 𝜃𝑖(𝑡) = 𝜃(𝑡) (directly), but
also by the strategies of other hosts (indirectly). For example,
its relayed traffic may be decreased with more contending
hosts in 𝑁2𝑟

𝑖 (𝑡).
However, prior knowledge about other hosts’ strategies are

usually unknown because each host 𝑖 preserves some private
information, i.e. 𝑔𝑖. This fact, together with undetermined
number of contending hosts, motivate us to model the inter-
actions among hosts at stage II as a Bayesian Game (BG).
Accordingly, we can define the game equilibrium as follows:

Definition 4.1: A strategy profile Θ∗ is a Bayesian Nash
Equilibrium if ∀Θ𝑖(𝑡)

∗ ∈ Θ(𝑡)∗, the following inequality
holds:

E[𝐽𝑖(Θ𝑖(𝑡)
∗∣Θ−𝑖(𝑡)

∗)] ≥ E[𝐽𝑖(Θ𝑖(𝑡)∣Θ−𝑖(𝑡)
∗)], ∀Θ𝑖(𝑡) (3)

where Θ−𝑖(𝑡)
∗ ≜ Θ∗/Θ𝑖(𝑡)

∗.
Then, we have the following theorem:

Theorem 4.1: There exists a pure Bayesian Nash equilibri-
um at Stage II.

In the sequel, we use “equilibrium” to denote Bayesian Nash
equilibrium. Also, we focus on the symmetric equilibrium in
which all hosts take the same strategic function3 at equilibri-
um.

Since E[𝐽𝑖(Θ𝑖(𝑡))] = 0 when Θ𝑖(𝑡) = 0, analyzing the
equilibrium is equivalent to checking the value of E[𝐽𝑖(Θ𝑖(𝑡))]
when Θ𝑖(𝑡) = 1. Obviously, when E[𝐽𝑖(Θ𝑖(𝑡))] > 0, the
condition of equilibrium is obtained given Definition.4.1.
Since the revenue function 𝐽𝑖(𝑡) monotonously decreases with
𝑔𝑖, we can then use Maximize A Posterior (MAP) to determine
the equilibrium: if “providing relay service” is the optimal
strategy for host 𝑖, then other contending hosts with smaller
𝑔𝑖 should take the same action. Accordingly, we have:

Theorem 4.2: (Equilibrium condition) Without information
exchange, the equilibrium strategy for host 𝑖 Θ𝑖(𝑡)

∗ equals to
1 only if 𝑔𝑖 satisfies the following equation:

𝑔𝑖 <
𝑝 ⋅ 𝜃(𝑡) ⋅ Eℎ[𝐷𝑖(𝑡)]

𝑒𝑡 ⋅ Eℎ[𝐷𝑖(𝑡)] + 𝑒0
(4)

Eℎ[𝐷𝑖(𝑡)] denotes the expected relayed traffic from host 𝑖’s
view, i.e.:

Eℎ[𝐷𝑖(𝑡)] =

𝑁2𝑟
𝑖 (𝑡)∑

𝑛ℎ=0

Φ4𝜋𝑟2𝜆ℎ(𝑡)(𝑛ℎ + 1)

𝑛ℎ∑
𝑛=0

𝐵(𝑛, 𝐹 (𝑔𝑖))×

[𝑒−
𝜇(4𝑁𝑟

𝑖 (𝑡)−𝑛ℎ)

4𝑛+4 + 𝑑(𝑡) +𝒬𝑡(
𝜇(4𝑁𝑟

𝑖 (𝑡)− 𝑛ℎ)

4𝑛+ 4
)]

(5)
in which 𝒬𝑡(⋅) is a polynome on regularized gamma function
𝑄(𝑑(𝑡),𝑚𝜇): 𝒬𝑡(𝑚) = 𝑚𝜇𝑄(𝑑(𝑡),𝑚𝜇) − 𝑑(𝑡)𝑄(𝑑(𝑡) +
1,𝑚𝜇).

3In Bayesian games, a strategic function maps type space, e.g., weight, to
action/strategy space.



Algorithm 1: Maximizing MVNO’s revenue with infor-
mation asymmetry

Input: The number of clients 𝜆𝑐(𝑡), the number of hosts 𝜆ℎ(𝑡);
Output: Reimbursement 𝜃(𝑡)∗;

1 Initialization:
2 𝜃(𝑡)0 = 𝑝

𝑝0
− 1; // Set the initial reimbursement

3 Δ𝜃1 = 𝜉+𝜂
1+𝜂

; // Set the initial stepsize
4 E[𝐽𝑜

𝑀 (𝑡)]0 = 0;
5 Loop:
6 𝑖 = 2;
7 while TRUE do
8 𝜃(𝑡)𝑖 = 𝜃(𝑡)𝑖−1 −Δ𝜃𝑖;
9 E[𝐷(𝑡)] =Eq.7;

10 E[𝐽𝑜
𝑀 (𝑡)]𝑖 = (1− 𝜃(𝑡)𝑖) ⋅ (𝑝− 𝑝0) ⋅ E[𝐷(𝑡)];

11 if E[𝐽𝑜
𝑀 (𝑡)]𝑖 ∕= E[𝐽𝑜

𝑀 (𝑡)]𝑖−1 then

12 Δ𝜃𝑖 =
𝜉+𝜂
𝑖+𝜂

⋅ ∣E[𝐽𝑜
𝑀 (𝑡)]𝑖−E[𝐽𝑜

𝑀 (𝑡)]𝑖−1∣
E[𝐽𝑜

𝑀
(𝑡)]𝑖−E[𝐽𝑜

𝑀
(𝑡)]𝑖−1

;

13 else
14 Return 𝜃(𝑡)∗ = 𝜃(𝑡)𝑖;

15 𝑖 = 𝑖+ 1;

B. Stage I: equilibrium analysis for MVNO

At stage I, we consider the scenario where each host takes
its equilibrium strategy. Under this condition, MVNO deter-
mines its optimal reimbursement 𝜃(𝑡) such that the expectation
of its revenue is maximized, i.e.

max E[𝐽𝑜
𝑀 (𝑡)] 𝑠.𝑡. 𝜃(𝑡) > 0 (6)

Then we can readily have the following lemma:
Lemma 4.1: Given the equilibrium condition at stage II,

there exists a unique 𝜃(𝑡) such that E[𝐽𝑜
𝑀 (𝜃(𝑡))] is maximized

at stage I.
In order to derive the optimal 𝜃(𝑡), the key is to ob-

tain E[𝐷(𝑡)]. Following the analysis in previous subsection,
E[𝐷(𝑡)] can be calculated using the following equation:

E[𝐷(𝑡)] =
∑
𝑖

E𝑀 [𝐷𝑖(𝑡)]

= 𝐹 (𝑔𝜃) ⋅𝑁ℎ(𝑡) ⋅ E𝑀 [𝐷𝑖(𝑡)]

(7)

where 𝐹 (𝑔𝜃) denotes the probability that host 𝑖 provides relay
service and E𝑀 [𝐷𝑖(𝑡)] denotes the expected relayed traffic of
a host from MVNO’s view:

E𝑀 [𝐷𝑖(𝑡)] =

𝑁ℎ(𝑡)∑
𝑛ℎ=0

Φ4𝜋𝑟2𝜆ℎ(𝑡)(𝑛ℎ + 1)

𝑛ℎ∑
𝑛=0

𝐵(𝑛, 𝐹 (𝑔𝜃))×

[𝑒−
𝜇𝜋𝑟2𝜆𝑐(𝑡)

𝑛+1 + 𝑑(𝑡) +𝒬𝑡(
𝜇𝜋𝑟2𝜆𝑐(𝑡)

𝑛+ 1
)]

and 𝑔𝜃 denotes the corresponding equilibrium weight, i.e.

𝑔𝜃 =
𝑝 ⋅ 𝜃(𝑡) ⋅ E𝑀 [𝐷𝑖(𝑡)]

𝑒𝑡 ⋅ E𝑀 [𝐷𝑖(𝑡)] + 𝑒0
(8)

Given the form of E𝑀 [𝐷𝑖(𝑡)], it may be difficult to derive
the optimal 𝜃(𝑡) by differentiation. However, we notice that
𝐽𝑜
𝑀 (𝜃(𝑡)) is concave based on Lemma.4.1. Hence, we propose

a gradient descent search algorithm to derive the optimal 𝜃(𝑡),
whose details are illustrated in Algorithm.1. Typically, we set
the starting reimbursement as 𝜃(𝑡)0 = 𝑝

𝑝0
− 1 and decrease

𝜃(𝑡)0 progressively until 𝐽𝑜
𝑀 (𝜃(𝑡)) cannot be maximized,

based on diminishing stepsize Δ𝜃𝑖:

Δ𝜃𝑖 =
𝜉 + 𝜂

𝑖+ 𝜂
, 0 < 𝜂 < 𝜉 ≤ 1, 𝑖 = 1, 2, ... (9)

where 𝑖 denotes 𝑖-th round and 𝜉 and 𝜂 are two controlling
parameters.

Lemma 4.2: The result of Algorithm.1 converges to the
optimal MVNO’s revenue at equilibrium.

Remark: In this section, we demonstrate the equilibrium
strategies for both MVNO and hosts based on probabilistic
analysis. However, we should notice that the equilibrium with
information asymmetry can be further improved. Considering
some impacting factors are not known by MVNO and hosts,
e.g., 𝑁2𝑟

𝑟 (𝑡) to MVNO and the number of contending hosts 𝑛ℎ
𝑖

to each host 𝑖, the estimation in the expected amount of relayed
traffic is not accurate for both MVNO and hosts. For each
host 𝑖, it has to consider all possible numbers of contending
hosts to guarantee 𝐽𝑖(Θ𝑖(𝑡)) > 0 when Θ𝑖(𝑡) = 1, while the
actual number of contending hosts is unique in a single slot.
The inaccurate estimation may lead to Θ𝑖(𝑡) = 0 when there
are few contending hosts or Θ𝑖(𝑡) = 1 when the number of
contending hosts is large. Both conditions lead to the revenue
loss for a host. On the other hand, MVNO’s reimbursement
𝜃(𝑡) may not match the actual needs of different hosts given
biased estimation. Given the diverse user distributions between
different hosts, i.e. 𝑁𝑟

𝑖 (𝑡), the equilibrium reimbursement
𝜃𝑖(𝑡) for each host is usually different. Accordingly, the
reimbursement 𝜃(𝑡) may not be adequate to recruit hosts with
large 𝑁𝑟

𝑖 (𝑡), while exceeding the equilibrium reimbursement
of those with smaller 𝑁𝑟

𝑖 (𝑡). This decreases the potential
clients and affects the extension of MVNO’s service. Thus,
the revenue loss from clients, as well as marginal aspects like
advertising, also exist in this scenario.

V. DESIGN AND ANALYSIS OF partial cooperation strategy
(PCS)

To improve the equilibrium strategies with information
asymmetry, the key is to eliminate the bias in estimating the
expected amount of relayed traffic. In order to achieve this
goal, we introduce a partial cooperation strategy (PCS) to
enable appropriate information exchange between MVNO and
hosts, as the means to improve their estimation accuracy. The
workflow of PCS is shown in Fig.3.

A. Design of PCS

In PCS, MVNO and hosts exchange some statistical infor-
mation with each other at the start of each slot:

∙ Hosts to MVNO: each host 𝑖 reports {𝑁𝑟
𝑖 (𝑡), 𝑁

2𝑟
𝑖 (𝑡)} and

its location to MVNO. By gathering those information,
MVNO can determine how many clients exist within
a host’s vicinity so that it can tune the reimbursement
accordingly.

∙ MVNO to hosts: MVNO reponds the exact number of
contending hosts 𝑛ℎ

𝑖 in 𝑁2𝑟
𝑖 (𝑡) to each host 𝑖. For host

𝑖, 𝑛ℎ
𝑖 will be used to determine whether to provide relay

services.
Notice that under this condition, the information exchange
is asymmetric: the location of a host is not broadcast by
MVNO. Therefore, each host’s privacy can be well preserved.
In addition, the truthfulness of hosts, i.e. reporting true 𝑁𝑟

𝑖 (𝑡)
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Fig. 3: The design of PCS mechanism. Each host 𝑖 reports
its neighbors 𝑁𝑟

𝑖 (𝑡), 𝑁
2𝑟
𝑖 (𝑡) and its location to MVNO, while

MVNO responds the number of potential contending hosts 𝑛ℎ
𝑖

to each host 𝑖.

and 𝑁2𝑟
𝑖 (𝑡), can also be guaranteed. Based on KS test, MVNO

can examine whether the amount of relayed traffic follows
the Poisson distribution with the mean (𝑁𝑟

𝑖 (𝑡)−𝑛ℎ
𝑖 )𝜇, where

𝑁𝑟
𝑖 (𝑡) − 𝑛ℎ

𝑖 is the number of in-vicinity clients. If the result
is “reject”, MVNO can eliminate the participation of the host.
Moreover, the communication overhead is also negligible to
hosts since only several numbers are exchanged with MVNO.
Hence, those features imply it is practical in the real world.

B. Analysis of PCS

Similar to the previous section, we utilize backward induc-
tion to characterize the equilibriums in this scenario.

1) Stage II: equilibrium analysis for hosts: In this scenario,
host 𝑖 can obtain the exact number of other hosts within 2𝑟.
Then we have the following theorem:

Theorem 5.1: (Equilibrium condition) With PCS, the equi-
librium strategy for host 𝑖 Θ𝑖(𝑡)

∗ equals to 1 only if 𝑔𝑖 satisfies
the following equation:

𝑔𝑖 <
𝑝 ⋅ 𝜃𝑖(𝑡) ⋅ Eℎ[𝐷𝑖(𝑡)]

𝑒𝑡 ⋅ Eℎ[𝐷𝑖(𝑡)] + 𝑒0
(10)

Eℎ[𝐷𝑖(𝑡)] denotes the expected amount of relayed traffic, i.e.:

Eℎ[𝐷𝑖(𝑡)] =

𝑛ℎ
𝑖∑

𝑛=0

𝐵(𝑛, 𝐹 (𝑔𝑖))×

[𝑒−
𝜇(4𝑁𝑟

𝑖 (𝑡)−𝑛)

4𝑛+4 + 𝑑(𝑡) +𝒬𝑡(
𝜇(4𝑁𝑟

𝑖 (𝑡)− 𝑛)

4𝑛+ 4
)]

in which 𝒬𝑡(⋅) follows the definition in Theorem.4.2.
2) Stage I: equilibrium analysis for MVNO: For the ease

of distinction, we denote 𝐽𝑒
𝑀 (𝑡) as MVNO’s revenue in this

scenario. Since MVNO can obtain the accurate number of in-
vicinity clients for each host, our goal is to determine the
reimbursement array 𝜃 for each host 𝑖 such that:

max E[𝐽𝑒
𝑀 (𝑡)]=(𝑝− 𝑝0)⋅

∑
𝑖

E[𝐷𝑖(𝑡)]−
∑
𝑖

𝜃𝑖(𝑡)⋅E[𝐷𝑖(𝑡)]⋅𝑝0

𝑠.𝑡. 𝜃𝑖(𝑡) is optimal, ∀𝜃𝑖(𝑡) ∈ 𝜃
(11)

Without loss of generality, we denote E[𝑔] as the weight
expectation, then the optimal 𝜃𝑖(𝑡) can be calculated as fol-
lows:

𝜃𝑖(𝑡) =
E[𝑔] ⋅ (𝑒𝑡 ⋅ E𝑀 [𝐷𝑖(𝑡)] + 𝑒0)

𝑝 ⋅ E𝑀 [𝐷𝑖(𝑡)]
(12)

In the scenario, MVNO can obtain accurate distribution of
hosts and clients based on PCS. Hence, we have: E𝑀 [𝐷𝑖(𝑡)] =
Eℎ[𝐷𝑖(𝑡)].

Based on the traffic pattern of clients mentioned in Sec-
tion.II, the expected amount of traffic increases when more
clients are covered. Then, solving Eq.11 is equivalent to:
finding the set of hosts with minimum cost such that all clients
are covered, given the capacity constraint 𝑑(𝑡). Then we have
the following theorem:

Theorem 5.2: Maximizing MVNO’s revenue (Eq.11) is NP-
complete.

Considering this feature of the problem, we propose a
heuristic algorithm towards maximizing the expectation of
MVNO’s revenue, whose details are illustrated in Algorithm.2.
Basically, our algorithm consists of three phases:

1) Phase 1: finding the primary host set. We resort to the
cost-effectiveness updating algorithm in [21] to deter-
mine the primary host set to cover 𝒞. Namely, we select
the host with the minimum cost of covering one client
in each loop, until all clients are covered or all hosts are
checked. Under this condition, the capacity constraint is
not considered.

2) Phase 2: calculating the uncovered client set. With
respect to the step 1, we simulate the host selection of
clients in 𝑠𝑖 for each host 𝑖, given the capacity constraint
𝑑(𝑡). We repeat this step for 𝑛 rounds and determine the
expected uncovered clients for each host 𝑖, i.e. E[𝒞𝑖].
By default, we considered a client is uncovered if the
probability of unsuccessful connection is larger than 0.5.

3) Phase 3: updating the primary host set. If there exist
uncovered clients and unselected hosts, we return to the
phase 1 and repeat the process, until the traffic from all
clients can be relayed or E[𝐽𝑒

𝑀 (𝑡)] cannot be increased.
After finishing those three phases, Algorithm.2 outputs the

array 𝜃 to guide MVNO’s reimbursement on different hosts.
Since all the operations in Algorithm.2 can be done offline,
MVNO can thus quickly tune its reimbursement for each host
dynamically under different conditions, without the need for
trials. Moreover, the algorithm is also scalable on different
MVNO’s requirements. For example, different MVNOs can
apply different host selection models to generate 𝑠𝑖 for each
host 𝑖 and different possibility thresholds to determine E[𝒞𝑖].
In addition, they can also apply different simulation rounds 𝑛
to control the result accuracy.

Remark: By introducing PCS, the bias in the traffic
estimation for MVNO and hosts can be eliminated. The
accurate estimation has positive impacts on both MVNO and
hosts. On one hand, the expectation of relayed traffic can be
determined more accurately for each host 𝑖, since the number
of contending hosts in 𝑁2𝑟

𝑖 (𝑡) is known. Hence, it can tune the
strategy more precisely according to the reimbursement 𝜃𝑖(𝑡).
On the other hand, MVNO can also estimate the expected
amount of traffic provided by each host more accurately.
This enables it to personalize the reimbursement 𝜃𝑖(𝑡) based
on the client distribution of each host. For example, it can
focus on reimbursing hosts with high client densities to obtain
high revenue, while saving monetary cost on hosts with low
client densities. Therefore, the overall revenue E[𝐽𝑒

𝑀 (𝑡)] at
equilibrium can be further improved.

In addition, we should notice that our PCS does not
affect normal interactions between hosts and MVNO. First,
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Fig. 4: The per-slot MVNO’s average revenue of three mechanisms on three datasets.

Algorithm 2: Maximizing MVNO’s revenue with PCS
Input: Client set of each host 𝑖 𝑠𝑖, cost of each host 𝑖 𝑐𝑖, client set 𝒞;
Output: Reimbursement array 𝜃 = {𝜃1(𝑡), ..., 𝜃𝑘(𝑡)};

1 Phase 1: finding the primary host set
2 𝑆 = 𝜃 = ∅;
3 while ∣𝑆∣ ∕= ∣𝒞∣ or not all hosts have been checked do
4 Calculate the cost effectiveness 𝛼𝑖 =

𝑐𝑖
∣𝑆/𝑠𝑖∣ for each host 𝑖;

5 𝑠𝑖 = {𝑠𝑖∣𝑖 = argmin𝑖{𝛼𝑖}};
6 if 𝜃𝑖 <

𝑝
𝑝0

− 1 then
7 Update 𝑆 = 𝑆 ∪ 𝑠𝑖;
8 Update 𝜃 = 𝜃 ∪ 𝜃𝑖(𝑡);

9 Phase 2: calculating the uncovered client set
10 while repeating for 𝑛 rounds do
11 Calculating 𝒞𝑖 for each host 𝑖 given capacity 𝑑(𝑡);

12 Update the remaining client set as 𝒞 = 𝒞 −∪
E[𝒞𝑖];

13 Phase 3: Updating the primary host set
14 while 𝒞 > 0 and there exist hosts that can cover 𝒞 do
15 Repeat Phase 1&2 with 𝒞;

16 Return 𝜃;

no location information is exchanged between hosts. This
preserves the privacy of hosts and provides incentives for them
to participate in the PCS. Second, the weight information is
not leaked to neither MVNO nor other hosts. Accordingly,
the fairness of the market is still guaranteed such that no one
can get extra revenue based on others’ information. Therefore,
those features indicate our PCS is practical in the operator-
assisted CMNA model.

VI. EVALUATION

We consider a practical system setup based on real traces
and demonstrate the comparison experiments in certain rep-
resentative scenarios. The system parameters follows related
experimental studies [7], [22].

A. Experimental setup

Our experiments are built on four datasets:
∙ RealityMining [23]. The dataset contains the location data

of 100 subjects at a MIT building over the course of the
2004-2005 academic year.

∙ NCSU Mobility [24]. The dataset contains the mobility
traces of 35 people in NCSU over one hour.

∙ LifeMap [25]. The dataset contains the mobility data of
12 people over four months at Yonsei University in Seoul.

∙ One-week trace from eight base stations located in a
major city. The trace records the information of link
quality, user density, conversations, application usage and

data transmission for about 1000 users with over one
million sessions. We use this dataset to set parameters
for hosts and clients under different conditions.

In the experiments, the default slot length is set to 1min. We
denote every person in the first three datasets as a potential
host and generate clients within its vicinity according to the
user distribution of the fourth dataset. The default coverage
radius 𝑟 of a host is set to 30 meters, and its link capacity
is set to 30MB/min according to the fourth dataset. While for
each client, we use a Poisson distribution to characterize its
communication needs in terms of KBytes, whose expectation
𝜇 is 2000KB according to the forth dataset. We adopt the
linear energy consumption model in [7] for each host, whose
parameters are derived from [2], [22], i.e. 𝑒𝑡 = 3.2𝐽/𝑀𝐵
and 𝑒0 = 20𝐽 . By default, we use a uniform distribution to
denote 𝐹 (𝑔𝑖) on [10−4, 5 × 10−4]. We consider each client
can perform perfect CSMA control and there exists a perfect
scheduling protocol on each host, such that the communication
need of a client can be satisfied if it does not exceed the host’s
link capacity.

In addition, we should note that the data usage price, which
affects MVNO’s revenue, depends on the country. In a recent
study, ITU reports an average price of 0.021$/𝑀𝑏𝑖𝑡 in US,
0.006$/𝑀𝑏𝑖𝑡 in China, and 0.002$/𝑀𝑏𝑖𝑡 in UK [26]. Accord-
ing to these findings, we set the prices 𝑝 = 0.003$/𝑀𝑏𝑖𝑡 and
𝑝0 = 0.001$/𝑀𝑏𝑖𝑡 by default.

In the first three datasets, we conduct comparison exper-
iments of three mechanisms: heterogeneous reimbursement
(PCS), homogeneous reimbursement (w/o PCS) and the op-
timal reimbursement. Each test will be repeated 50 times to
eliminate the random error.

B. Results

1) MVNO’s revenue and reimbursement: First, we compare
the per-slot MVNO’s average revenue of three mechanisms.
As shown in Fig.4, our PCS improves the per-slot MVNO’s
average revenue by 23%, compared with that of w/o PCS. In
addition, we also notice that the gap between PCS and the
optimal revenue is only around 10%. The main reason is that
by introducing PCS, the accurate number of other contending
hosts within vicinity can be known by each host, while the
potential revenue provided by a host can also be estimated
by MVNO. Therefore, MVNO and hosts can determine their
strategies more accurately. On the other hand, we also notice
that the gap between PCS and w/o PCS varies a lot in different
datasets. In RealityMining and LifeMap datasets, the average
gap between PCS and w/o PCS is 29.1% while in NCSU
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Fig. 5: Comparison of reimbursement ratio 𝜃(𝑡) between w/o PCS, PCS and optimal (avg). The error bar of PCS depicts the
reimbursement range for different hosts.
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Fig. 6: The number of (average) contend-
ing hosts with different host density.
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Fig. 7: The per-slot MVNO’s revenue
(PCS) under different client density.
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Fig. 8: The per-slot MVNO’s revenue
(PCS) under different hosts’ capacity.

Mobility dataset, the gap is only 7.2%. To analyze the reason
behind this phenomenon, we plot the number of (average)
contending hosts in three datasets in Fig.6. As illustrated,
we notice the number in the NCSU Mobility dataset is much
higher than those in other two datasets. The high density of
hosts indicates similar client distributions between them. As
a result, the revenue provided by PCS is close to that of w/o
PCS.

Further, we evaluate the reimbursement plan 𝜃(𝑡) in those
datasets. First, as shown in Fig.5, our PCS mechanism reduces
MVNO’s reimbursement plan 𝜃(𝑡) by 14.1% in average.
By designing reimbursement plans according to the reported
information, the diversity of hosts is considered and thus,
brings more revenue to MVNO while still providing incentives
to hosts in this model. Similar to the previous experiments,
we also notice that our PCS performs better when there are
fewer contending hosts. For example, the reduce of 𝜃(𝑡) in
RealityMining dataset can be as much as 20.2%, while the
reduce in NCSU Mobility dataset is only about 4-5%. In
addition, we also notice even in crowded environment, maxi-
mum 𝜃(𝑡) is only about 0.05. Given the difference between
retailing price and wholesale price mentioned before, this
indicates a 20x potential return since MVNO only needs to
contribute around 5% of his budget for attracting more clients.
Clearly, this result supports the application of this model and
provides straightforward instructions of setting reimbursement
plan for MVNOs. To the best of our knowledge, this is the
first quantification on the impacts of reimbursement plans of
this model.

2) Impacts from hosts and clients: In this subsection, we
examine the impacts of the density of clients on per-slot
MVNO’s revenue (provided by PCS). As shown in Fig.7,
we notice that MVNO’s revenue is generally increased. By

increasing the maximum number of in-vicinity clients from
5 to 25, MVNO’s revenue is increased by 3.72(2.9x) in
the RealityMining dataset, 0.51(1.9x) in the NCSU Mobility
dataset, and 0.45(2.7x) in the LifeMap dataset. In addition, we
also notice that the increasing trend in the RealityMining and
LifeMap dataset is slowed down when the number exceeds
15. This is because in those two datasets, the clients within a
host’s vicinity usually meet only one host, since the number
of contending hosts is near zero in those two datasets (Fig.6).
As a result, when the expected number of in-vicinity clients
exceeds the serving capacity of a host, i.e., 15, more connec-
tion requests are likely to be declined, which slows down the
increasing trend. However, this phenomenon is not observed
in the NCSU Mobility dataset, since a client usually meets
more than 1 hosts. In a word, the results imply the relation
between MVNO’s revenue and client density is not as simple
as linear. Other factors, like the distribution of hosts, also have
an important impact on MVNO’s revenue.

In addition, we also examine the impacts of hosts’ capacity
on MVNO’s revenue. We set the portion of hosts as 1 and
vary their capacity from 10MB to 30MB per slot. As shown
in Fig.8, we notice that MVNO’s revenue is increased by
3.27(3.3x) in the RealityMining dataset, 0.55(1.8x) in the
NCSU Mobility dataset, and 0.25(1.7x) in the LifeMap dataset
when the link capacity increases from 10MB to 30MB. The
results imply that focusing on recruiting the host with good
link quality can offer higher revenue to MVNO, which matches
the analysis of equilibrium improvement of PCS.

3) Impacts on cells: Last but not the least, we also ana-
lyze the network load change with our PCS in those three
datasets. According to [5], the cellular network load is usually
affected by the total amount of traffic and the number of
concurrent connections. In our scenario, the total amount of
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Fig. 9: Network load decrease analysis (PCS).

traffic remains unchanged since a client will turn to cellular
networks if his connection request is declined by a host. As a
result, the number of concurrent connections becomes the main
impacting factor, which forms our focus. First we examine the
impacts of host density on the network load change. As shown
in Fig.9a, we observe a sharp decrease of the network load in
all those three datasets. The network load is decreased by 50%
percent when 50% hosts in RealityMining dataset, 30% hosts
in NCSU dataset, and 70% hosts in LifeMap dataset, provide
relay services. Second, we also examine the impacts of host
capacity on network load change, which is shown in Fig.9b.
By varying from 10MB to 30MB, we observe a decrease
of 49% in RealityMining dataset, 63% in NCSU Mobility
dataset, and 54% in LifeMap dataset. Since the infrastructure
maintenance and update takes a large portion of monetary
cost on MNOs, our results indicate allowing operator-assisted
CMNA model (PCS) can efficiently decrease the network load
and thus, save the monetary cost on MNOs, which is worthy
of popularization.

4) Summary: In words, the experimental results show that
our PCS coordinates MVNO’s adaptive reimbursement with
hosts’ environments and thus, improves MVNO’s revenue at
equilibrium. Additionally, our quantitative analysis in reim-
bursement demonstrates MVNO can get significant revenue
back by contributing a small portion (∼5%) of his budget.
This result supports the application of this model, and provides
easy-to-use instructions in setting reimbursement. Last but not
the least, the results on cells indicate that CMNA model with
our PCS could be an effective supplement to modern mobile
networks for decreasing network load.

VII. CONCLUSION

The operator-assisted CMNA model innovates a revolution-
ary paradigm for mobile Internet access, whose market has not
yet been fully exploited. To facilitate its application in the real
world, we analyze the equilibrium strategies of two core partic-
ipants, i.e. MVNO and hosts, in current model and demonstrate
its deficiency under information asymmetry. Based on the
analysis, we propose a partial cooperation strategy (PCS)
to enable appropriate information exchange for optimizing
the equilibrium strategies for both MVNO and hosts. The
extensive trace-driven numerical studies demonstrate MVNO’s
revenue can be improved by 23% in average, compared with
the revenue without PCS.

VIII. ACKNOWLEDGEMENTS

The research was support in part by grants from NSFC
under grant 61572277, 61532012, a grant from NSFC-RGC
(China-HK) under the contract 61361166009, National Natural

Science Fund for Excellent Young Scientist No. 61422207,
RGC under the contracts 615613, 16211715, C7036-15G
(CRF), and a grant from NSF (China) under the contract
U1301253.

REFERENCES

[1] “Vni mobile forecast highlights, 2014 to 2019,” Cisco, Tech. Rep., 2014.
[2] G. Iosifidis, L. Gao, J. Huang, and L. Tassiulas, “Enabling crowd-

sourced mobile internet access,” in Proceedings of IEEE INFOCOM,
2014, pp. 451–459.

[3] M. H. Manshaei, J. Freudiger, M. Félegyházi, P. Marbach, and J.-P.
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