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Abstract

In this paper, we study the problem of mobile data offloading for a network that contains
multiple mobile network operators (MNOs), multiple WiFi or femtocell access points (APs)
and multiple mobile users (MUs). MNOs offload their subscribed MUs’ data traffic by
leasing the unused Internet connection bandwidth of third party APs. We propose a
combinatorial auction-based two-stage matching mechanism comprised of MU-AP matching
and AP-MNO matching. The MU-AP matching is designed to match the MUs to APs in
order to maximize the total offloading data traffic and achieve better MU satisfaction.
Conversely, for AP-MNO matching, MNOs compete for APs’ service using the Nash
bargaining solution (NBS) and the Vickrey auction theories and, in turn, APs will receive
monetary compensation. We demonstrated that the proposed mechanism converges to a
distributed stable matching result. Numerical results demonstrate that the proposed algorithm
well capture the tradeoff among the total data traffic, social welfare and the QoS of MUs
compared to other schemes. Moreover, the proposed mechanism can considerably offload
the total data traffic and improve the network social welfare with less computation
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complexity and communication overhead.
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1. Introduction

As forecasted in Cisco’s report, overall mobile data traffic is expected to reach 30.6

exabytes per month by 2020, for an eightfold increase over 2015 [1]. Consequently, mobile
network operators (MNOs) have to increase their network capacities to address the explosive
data traffic by upgrading the infrastructure including actions such as building new base
stations or upgrading to 5G, which can be either too expensive or too time-consuming.
Therefore, MNOs need to find novel methods to address this current urgent problem, and
mobile data offloading appears to be an effective method by utilizing WiFi, femtocell or
other access points to offload part of the data traffic generated by mobile users (MUSs) in the
cellular network. Mobile edge computing(MEC) can play a role in real-time computing
services in limited areas [2-3]. MECs are deployed in the base station or at an aggregation
point that is close to users in a specific limited area, and neighboring MECs within in the
radio transfer will form a clustering MECs. In [4], A traffic counter for every MEC was used
to calculate the generated traffic data by end users and check the MEC status in real time.
One MEC checks the resource status to determine if it is overloaded. If overloaded, the MEC
will send a notification message to the MEC cluster to prepare for the offloading procedure.

The auction mechanism has been widely applied in resource allocation in cognitive radio
networks [5-8], which is an effective way to solve the issue of how much to provide and how
much to pay between demanders and suppliers. However, researchers have not paid much
attention to using the auction mechanism to address the incentive issue of AP owners’
service for MNOs on mobile data offloading. A distributed market framework to incentivize
the offloading services of APs was developed in [9], which formulates a multileader
multifollower Stackelberg game to model the interactions between MNOs and APs. In [10],
a perfect competition market with more than one MNO and a monopoly market with only
one MNO were considered and compared by using the non-cooperative game theory, and
further studied the impact of price participation and competition on the market outcome. In
[11], an iterative double auction while in an incomplete information market was proposed to
derive the optimal amount of offloading data traffic that each AP should admit and payment
that each operator should provide to maximize the social welfare. Additionally, a reverse
auction mechanism was introduced for mobile data offloading in [12-14], which is only fit
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for one MNO and multiple APs. In [15], the authors formulate a distributed stable matching
approach algorithm for an uplink communication network comprised of MUs, multiple
femtocell access points and multiple MNOs. MUs were pre-allocated to femtocell access
points through a matching algorithm, and MNOs through complete information competing
win the offloading service of an AP thus serving the subscribed MUs of the winner MNO.

The wireless resource allocation problem can be posed as a matching problem between
resources and users. Recently, matching theory has emerged as a useful analytic tool to study
wireless resource allocation which can overcome some limitation of game theory and
optimization, efficiently solving the optimization problem [16-18], depending on the
individual information and the preference of the players on each side.

In this paper, we propose a two-stage matching algorithm combining the MU-AP matching
mechanism and the AP-MNO matching game in which we not only research the relationship
between APs and MNOs but also consider the QoS and demand of mobile users. In the
MU-AP matching algorithm, we match the MUs with APs to maximize the total offloading
traffic from APs as well as guarantee the QoS of users. Meanwhile, MNOs could estimate
the probable payments to APs based on the total potential offloading traffic. Next, in the
AP-MNO matching algorithm, this paper considers an incomplete information market where
MNOs bid depending on the traffic amount generated by their respective customers for the
service of the APs through a Nash bargaining solution (NBS) with only one MNO and a
Vickrey auction with multiple MNOs. The main contribution of this paper can be
summarized as follows:

a) This paper considers an incomplete information market to incentivize MNOs and APs to
offload. This paper assumes each AP only provides service for one MNO at each time period,
and each MNO can lease multiple APs for offloading.

b) The proposed scheme has low computational complexity and induces small
communication overheads. This paper applies the matching theory to solve the centralized
optimization problem. The MU-AP matching pre-allocates mobile users to APs to build
possible communication connections. Then, MNOs will bid according to the traffic that each
AP could offload, which ensures the final results benefit both MNOs and APs in the
AP-MNO matching scenario.

¢) Moreover, this paper also researches the effect of the radius range of the cell, which
MNOs can exploit to achieve the largest social welfare profits.

The paper is structured as follows: Section 2 presents the system model considered in our
work and formulates the optimization problem. The proposed algorithm is shown and
analyzed in Section 3, and simulation results are provided in Section 4. The whole work is
summarized in Section 5.
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Fig. 1. Network scenario considered in this work.

2. System Model

This paper considers a Heterogeneous Mobile Network (HMN), as depicted in Fig. 1, with
multiple MNOs M = {1, ...m} and multiple APs A = {1, ...,n}. Each AP can be a WiFi
or other access point connected to the Internet and that is owned by third parties operating in
a separate frequency band, which therefore does not interfere with the cellular network. Each
BS serves a set of mobile users (MUs) X; subscribed to the corresponding MNO; which
the BS belongs to. MUs are randomly distributed within the coverage of the BSs and have
ample traffic to send. Each user might be covered by more than one AP or be covered by no
APs. This paper assumes time is slotted and only research the network at each period of time,
and within each time slot the MUs’ locations and traffic remain fixed. We list several
parameters used in this paper in Table 1.

Table 1. Basic Notation used in the Paper

Notation Description
M Set of MNOs, |M| =m
A Setof APs, |A|=n
X; Set of MUs subscribed to MNO;
j{ij Set of MUs subscribed to MNO; in the coverage of AP,
A; Setof MNO;'s MUs connected to AP;
A; Set of APs matched to MNO;
G Unused capacity of AP owner j
dy Bandwidth demand of MU,
Dij Price paid to AP; by MNO;
b;; Bid offered by MNO; to AP;
Tij Maximum transmission rate of the wireless link between MU, and
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AP;
J
Okj Channel utilization of AP; to satisfy the bandwidth demand of MU,
Xij Binary variable that indicates if MNO; owns the service of AP;

This paper considers each AP owner j has an unused capacity of C; that he is willing to
lease for the MNO in exchange for monetary compensation. At each time period, each AP j
will serve several numbers of MUs belonging to the identical MNO i, denoted by 4¢, and
the number depends on the total traffic that MUs would like to send. A; denotes the set of
APs that are matched to MNO;.

In our model, the BS's offloading benefit not only depends on the total traffic but also the
location of the AP. Obviously, MUs which are located at the boundary coverage of the
cellular signal will experience bad communication channel conditions, thus requiring more
power to transmit. Therefore, APs located farther than those from the BS might bring higher
profits for MNOs.

In the following subsections, we formulate the utilities of MUs, APs and MNOs.

A. Utility function of MUs
The aim of MUs is to enhance their QoS, and thus they select the best APs that have the best
channel conditions. This paper only studies the MUs covered by the APs. Received signal
strength indication(RSSI) can provide a quick and accurate estimate of whether a link is of
very good quality (connected region). However, there is no standardized relationship of any
particular physical parameter to the RSSI reading. SNR is a better link quality estimator than
RSSI [19]. This paper denotes the Signal-to-noise ratio(SNR) as the utility, which is given
by

UMUk i % (1)
where s is the transmission power of MUy, gy is the channel gain between MU, and
AP;, a? is the power of the additive white Gaussian noise.

B. Utility function of APs

Given the amount of traffic d, of MU,,Vj € A,Vk € X;,Vi € M, then the vector of
channel utilizations is 0y = [0k1, Okz, -, Ok1], Where [ represents the number of APs of
which MU, is within the coverage. Channel utilizations are computed in [14] by

dg
= )
where 7y is the maximum achievable transmission rate of the wireless channel between
MU and AP;. 1y can be easily obtained through a periodic scanning of the wireless
channels by all network devices. The element o, ; represents the channel utilization of AP;

when it is used to offload the data traffic demand d,.

ij
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In MU-AP matching, APs aim to offload as much traffic as possible under the constraints of
its capacity and channel utilization. Note that when the element d;, is fixed, the higher the
element 7 ; is, the lower oy; is. Therefore, the AP's utility function in MU-AP matching
is given by

Uapyj = Tij 3)

In AP-MNO matching, APs are willing to gain more economic benefit from offloading, thus

Uap;; = Dij — Wij (Ekeﬂ;ﬁ dy). (4)
While the utility function Uap,; is composed of receipts and expenditures, the receipt

includes the payment p;; from MNO; based on the amount of offloaded data ), . ;i dy,
]

and the expenditure is AP;'s offloading service cost. W;;(X,c.:dx) denotes the cost
J

incurred by  AP; for serving MNO;.

C. Utility function of MNOs
The utility function of MNO;, Vi € M is composed of offloading benefit and its payment to
AP;,Vj € A thus

Umno,; = Vij (Ekeﬂ;ﬁ di)-pij (5)

where V;;(-) denotes the MNO; profit gain when offloading traffic to AP;, which is equal
to MNO;'s cost reduction compared with when MNO; serves this traffic itself. V;;(-) has
been proven to be a concave function of the total offloading amount in [11]. And p;; is the
payment of MNO; to AP;.

D. Problem formulation

This paper defines the social welfare as the sum of the utilities of all MNOs and APs in the
network, and the objective of our problem is to maximize the network’s social welfare and
find the proper payment P, where P is a |M| X |A| matrix. Next, the optimization
problem can be stated as follows:

S* =X1:II;laX 2 2 xl‘j (UMNOL']' + UAPU)

iEM jEA

=zzxij|/vij de —w; de>

IEM jEA \ kecﬂj- keAL

(6)
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YiemXxij <1 Vi€A (7)
ZkeﬂjdkaUC] VlEM,V]Ecﬂ (8)
Zkeﬂjijstl VlEM,V]Ecﬂ (9)
xij = {0,1} Vi € ]V[, V] eEA (10)

In the objective function (6), Xicnr X je.a XijVij (Zkeﬂ; dk) represents the total reduction
]

cost when MNOs serve their MUs directly, ¥ icar X jen Xij - Wij(Xpeqi dk) denotes the
J

offloading cost caused by APs. Constraint (7) ensures each AP only can be allocated to one
MNO. Constraints (8) and (9) ensure the maximum overall offloading traffic from an AP
cannot exceed its unused available bandwidth and prevent the allocation of all traffic demand
that cannot be satisfied by an AP. Constraints (10) ensures that x;; is a binary variable.
Clearly, the optimization function (6) is a binary linear programming problem, which is
NP-hard. We can observe that payments do not influence the social welfare, but it is
necessary for us to seek a more appropriate payment rule, incentivizing their participation on
offloading. This paper introduces the NBS and Vickrey auction to incentive APS'
participation and prevent MNOs from overpaying that they cannot make a profit.

3. Analysis of the Proposed Two-Stage Matching Algorithm

3.1 Matching Definitions

We note that the computational complexity of the centralized optimization problem in (6)
increases exponentially over the network size. Thus, this paper proposes a distributed
matching algorithm which can achieve sub-optimal performance but with less computation
complexity. The matching game is an important function of the market to solve two-sided
preference selection problems, which was introduced by Gale and Shapely, initially aimed at
solving the stable marriage problem [20].

This paper models the system composed of MUs, APs and MNOs as a two-stage matching
game, respectively are the MU-AP matching and the AP-MNO matching. The MU-AP
matching is defined as an assignment of MUs in X; to APs in A, and the AP-MNO
matching is an assignment of APs in A to MNOs in M.

Definition 1. A many-to-one matching u; is a mapping from the set of ¥; U A into the
subsets of K; U A such that [21]:

1) |pq (k)| ={0,1}, for every MU k € K;;

2) |1 (DI < Qj(k), forevery AP j € A,

3) uy(k) =j ifandonly if k isin u,(j).
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Definition 2. A many-to-one matching u, is a mapping from the set of A UM into the
subsets of A UM such that

1) |u,(j)| =1, forevery AP j € A,

2) |u, (@) < q;, for every MNO i € M;

3) u(j) =i ifandonlyif j isin pu,(i);

where Q;(k) is the number of MUs that can be connected to AP;, q; denotes the number of
APs serving MNO;. This paper defines a preference relation > over the set of MU(AP):
1 (MU) > p3 (MU) (u,(AP) > u5(AP)) to denote that MU(AP) prefers its matched
AP(MNO) obtained by matching pu, (u,) over its matched AP(MNO) obtained by matching

Ha (12).
3.2 Payment Rule

This paper uses auction theory to solve the second matching problem of which set of
temporarily matched MUs will be served by each AP. Clearly, there are n auctions with n
APs. Each AP only serves one MNO, thus offloading their MUs' data traffic. This paper

considers an incomplete information market where MNOs bid for the service of APs,

This paper defines b;; as the MNO;'s bidding price, a;; as the offloading cost of AP;
and v;; as the valuation of APj’s offloading service to MNO;, namely, the offloading gain
Vij () in this paper.

First this paper considers a special scenario where there is only one MNO competing for a
certain AP, which means only the MNO's MUs are in the coverage of the AP at the time slot.
This paper formulates the auction as a basic two-person, one-to-one bargaining scenario.
Nash in [22] proved that there is a unique bargaining solution, the Nash bargaining solution
(NBS) which satisfies the four axioms: Pareto efficiency, symmetry, invariance to affine
transformations and independence of irrelevant alternatives.

This paper assumes MNO;and AP; as two players, the utilities (Uyyo,, Uzp;) is an NBS by
solving the

n;gx UMNOij(bij) . UAPij(bij) (1)
S.t. UMNOij(bij) =0, UAPij(bij) >0 (12)

which equivalently formulation is
max (vi; — byj) - (bij — aij) (13)
ij
s.t.(vij — bij) =2 0,(b;j —a;;) =0 (14)

Clearly, the NBS (Uyno, UA*P]_) for the one-to-one bargaining is b;; = @
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Next, if there are at least two MNQOs competing for an AP, this paper introduces the Vickrey
auction, which is a type of sealed-bid auction where bidders submit bids without knowing
the bids of other participants submitted in the auction, and the highest bidder wins the
auction and only pays the second-highest bid [20]. The valuation of offloading revenue v;;
is only known by MNO,; itself, thus different bidders' estimating valuations are private
information. In our auction mechanism, this paper assumes all MNOs are rational, thus
v;j = b;j, Vi € M, Vj € A, and not colluding with each other.

Proposition 1: The Vickrey auction is Pareto-optimal and there is no further gain to be had
from improvement by changing the bidding. The Vickrey auction gives the bidders incentive
to submit their true value, guaranteeing the truthfulness of bidders.

Proof: this paper assumes that MNO;,Vi € M competes for a certain AP, it should satisfy
v; = b;. The payoff of MNO; is

v; —maxb,, if b; > maxb,
Z#1 Z#F1

Usnwo, = { (15)

0, otherwise

If max,.; b, > b;, MNO;will lose the auction, and the strategies have the equal payoff for
this case; if max,,; b, < b;, MNO; will win the auction and the strategies have the equal
payoff v; —max,.; b,; if b; < max,.; b, <v;, only when MNO,; bids truthfully will it
win the auction. Truthful bidding (b; = v;) increase the probability of winning the auction,
the payoff is always positive, equaling to v; — max,.; b,. However, when bid b; is lower
than max,,; b,, the payoff of MNO;is always zero. Truthful bidding dominates other
strategies, therefore it is optimal.

Since this paper introduces the NBS and Vickrey auction, the bid of MNO; proposing to AP;
is given by

i i
kEc/lj kEcﬁl]-

;(VU > i |-wy de> ifw =1

(15)
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Stage 1l The MU-AP

Step 1: Initialization ‘
Construct the preference list of MUs based on (1) PLiyy, , for k € X;,i € M;
Construct the preference list of APs based on (3) PLpp; for j € A,

Construct the list of unmatched MUs matchlist;, set
matchlist; = {MUy, ...,MU|%_,- Liem

Step 2: Find suitable MUs for each AP
While matchlist; # @ do
MUs propose to APs;
forall MU, € matchlist; do
if PLyyy, (k,j) =9 do
MU, is connected to its subscribed BS;
Remove MU, from matchlist;;
else
Propose to the first AP; in its preference list PL‘}V,Uk(k, 7
Remove AP; from PLyy, (k,));
end if
end for
APs make decisions;
forall AP; do

if ZkEcﬁl;ij >11 ZkEcA;'.dk > C] do
AP; keeps the most preferred Q;(k) MUs connected to it that satisfy
the condition ), . 4i o; < 1A X, ¢ 4i dix < Cj, and rejects
J ]
the rest;
Remove these Q;(k) MUs from matchlist;;
else
AP; keeps all of the proposed MUs connected to it;
Remove these MU, from matchlist;;
end if

end for
end while

where w is the number of MNOs bidding for AP;.

3.3 Implementation of the Proposed Algorithm

Based on the given analysis, below is a detailed description showing how the proposed
algorithm works in networks.

1) Stage 1: The MU-AP matching
In this instance, this paper defines two preference lists for MUs and APs. For each
MU k € ; will form a descending order preference list PL§WUk according to its utility (1)

over the potentially available APs Aj. Thus, PLiy, (k,j) = {APJ-}Ij‘fg'.
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Each AP also has a descending order preference list PLpp;(j k) in terms of its utility (3)

over the MUs that are located in the coverage of each AP. Thus, PLap; (i k) = {MUk}fi'.
The MU-AP matching is summarized in Stage 1, and it consists of two main phases. Step 1:
MUs propose to APs. In the iteration of proposal, MU, first chooses the best AP that
maximizes its utility and sends its offer to its preferred AP in its preference list PL‘}\,,UR (k, ),
then remove the AP from the preference list. Step 2: APs make decisions, since each AP has
an available capacity limitation and channel utilization limitation, the AP only chooses the
most preferred MUs in its preference list that satisfy the condition that the received MUs'
traffic demands do not exceed the AP's limitation. The proposing continues until either all
MUs were accepted or all APs are full. The resulting matching is a stable matching, which
does not admit any blocking pair [21]. At the end of the stage each AP has a set of
temporarily matched MUs corresponding to each MNO. However, MUs that were rejected to
connect with any of APs in A} as a result of limited capacities of APs. These rejected MUs
then keep connecting with their subscribed BSs.

Since the MU-AP matching occurs between MUs of different MNOs and APs, each AP has
m different lists of temporarily matched MUs. The AP-MNO matching will determine
which set of temporarily matched MUs will be served by each AP.

Stage 2 The AP-MNO matching

Step 1: Initialization
Each AP; send c/l]‘f provided from Stage 1 to all MNOs.
Construct the preference list of MNOs based on (5) MNOlist;, for Yi € M;
Construct the preference list of APs based on (4) APlist;, for Vj € A,;
Calculate the bid price vector b; based on (15), for Vi € M;
Step 2: Find suitable APs for MNOs
MNOs propose bids to APs
Each MNO;, Vi € M sends its bid b; tothe APs inits list MNOlist;;
APs make decisions;
if AP; € A receives no bid do
nothing;
else if AP; € A receives only one bid from MNO; do
if MNO; isinits list APlist;do
AP; is matched with MNO;;
else
AP; rejected the bid offer;
end if
else if
AP; receives the most preferred MNO; inits list APlist;, and rejects the
rest;
end if
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2) Stage 2: The AP-MNO matching

Next, in the AP-MNO matching, this paper will focus on the allocation of which AP will
offload data traffic for which MNO. We also define two preference lists separately for
MNOs and APs. For each MNO;,Vi € Mwill form a descending order preference list
MNOlist; over APs according to its utility (5). We need to note that an AP is not included
in the list MNOlist; when the AP potentially serves no MUs belonged to MNO;. Thus,
only APs that satisfy the condition Umno,; > 0 are in the list. In addition, AP;, Vj € A also
has a descending order preference list APlist; according to its utility (4) over MNOs.
Clearly, Upp,; > 0,ViEM should be satisfied in APlist;. Additionally, the first MNO in
the list APlist; maximizes the utility of AP;. The AP-MNO matching is summarized in
Stage 2. First MNO;, Vi € M will be informed of other competitors and the set of its MUs
that will potentially be served by each AP. Then MNO;, Vi € M will construct its preference
list MNOlist; and calculate the bid vector b;{b;;, Vj € MNOlist;}, then propose its bids to
APs that are in the list MNOlist;. Next, each AP will form its preference list APlist;. When
AP;,Vj € A receives one bid, if the corresponding MNO is in its list APlist;, AP; is
matched with the MNO. If AP; receives more than one bid from MNOs, it receives the most
preferred MNO in its preference list and rejects the rest. At last, if AP; is matched with
MNO;, then AP; will serve AP]F' MUs and reject the rest. The rejected MUs will continue to
connect to their serving BSs.

3.4 Existence and optimality analysis

The following propositions were presented, and the following results are given as:
Proposition 2: The proposed algorithm produces a stable distributed matching.

Proof: We first illustrate that the MU-AP (AP-MNQO) matching is stable if it cannot be
improved by any individual MU-AP (AP-MNO) pair. When an MU is only covered by one
AP, its best selection is to propose to the AP. When MUs have substitutable preferences over
APs, the set of stable matching is always nonempty. Because MUs have substitutable
preferences in each subsequent step, each MU proposes to its most preferred set of APs that
do not contain any APs which have previously rejected it. Consider AP;,Vj € A not
matched to an MU k at p, such that j € (u,(k) Uj). At some step of the matching, k
proposed to AP; and was subsequently rejected, therefore AP; prefers u,(j) to k, and
is not improvable by the pair (j, k). Since j and k are arbitrary, and since yu; is not
improvable by any individual, u, is stable.

It is proven that either the NBS or Vickrey auction is Pareto-optimal [22-23], namely, there
is no further gain to be had from improvement in the allocation of MUS(APs). Therefore, the
AP-MNO matching is also stable. Finally, the proposed algorithm converges to a stable
distributed matching.
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4. Simulation

In this section, an uplink communication network was considered with m mobile network
operators, where each MNO owns a base station. This paper considers a single cell network
with a coverage radius R, the location of BS is uniformly distributed and located 25 m
away from the cell center. MUs and APs are randomly distributed in the cell. The
transmission coverage of each AP is less than 20 m. This paper sets all MUs' transmit
powers as identical, that is s, = 20mW and set the path loss exponent to 4 and the power
of the additive white Gaussian noise to —110 dBm, and G for all APs is identical to
20 Mbps.

In this paper, MUs' traffic demand d,, vk € X;, Vi € M is distributed uniformly in the
range [2,5] Mbps and the maximum achievable rate r;; between MUy, Vk € X; and their
surrounding AP;,Vj € A is distributed uniformly in the range [12,15] Mbps. To take into
consideration that the uncertain fluctuation of traffic and prevent throughput collapse caused
by the contention level, we increase the traffic d; slightly in the simulation phase and
discount the access bandwidth of all APs by 75%. Notably, our above assumptions do not
influence the proposed algorithm, which are general and can be used for any other network
scenario. Our model can also be used to consider other types of SBS or FAP by modifying
the expression (2). Our numerical results are performed based on over 1000 cycles of the
algorithm on average. The study can be easily extended to a large-scale network. The profit
gains of V(-),Vi € M,Vj € A and cost functions W;;(:),Vi € M,Vj € A in[l1] are

kAl
pi"(Z id )
W;j=01-e T\ SeeaH (17)

where 6;; = 0 represents the offloading efficiency of AP; for MNO;. As mentioned above,
APs which are located farther from the BS can provide more benefit. Therefore, this paper
assumes the offloading efficiency coefficient 6;; is proportional to the distance that is
between AP, and MNO;, thus 6;; =dis;j- [, where dis;; represents the distance
between AP; and MNO;. The larger the coefficient g is, the larger the offloading
efficiency 6;; is, which results a larger profit gains and doesn’t impact the system
performance. This paper sets f = 0.01. p;; = 0 captures the fact that each AP may incur
different cost by serving a different MNO. Parameter p;; was chosen within uniform
independent probabilities from interval [0.1,0.5].

Another four schemes were used in the simulation phase for comparison purposes, which,
respectively are the maximum social welfare(MSW) scheme, Maximum offloading data
traffic(MODT) scheme, the greedy reverse auction(GRA) scheme and the random scheme.
The MSW method clearly aims to obtain the maximum social welfare. In the MSW, the



2824 Wang et al.: Combinatorial Auction-Based Two-Stage Matching Mechanism for Mobile Data Offloading

system first compute the best traffic allocation to different MNOs neglecting the MUs, then
the AP serve several MNOs at the same time and offload the traffic of MUs subscribed to
different MNOs, which is the most difficult to implement. And the MODT scheme is a
centralized computation of the optimization problem (6), aims to achieve the most offloading
data traffic. The MSW and MODT schemes incur a lot of computation overheads due to their
centralized computation. Also, the GRA method proposed in [14] first forms a reverse
auction where APs propose bids to the MNO, the MNO selects the most preferred APs and
reject the rest, and pay APs based on a critical price, then the winning APs will serve its
MUs. Due to the GRA method only applies to the condition when there is one MNO, in this
paper, we added a step that APs proposed bids to multiple MNOs, when MNOs chose the
winning APs and decided the paid price to each AP, each AP then accepted the price which
maximize its utility and served for the corresponding MNO.
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Fig. 2. Performance metrics as a function of the number of MUs under five schemes with m=2 MNOs,
n=6APs, R=100 m.

Fig. 2 shows three performance metrics as a function of the number of MUs under five
schemes, in a network with m =2,n =6,R = 100 m and |X;| = |K;|. Fig. 2 shows the
MSW scheme can achieve the most social welfare and the MODT achieves the most traffic
offloading amount. And the proposed algorithm achieves a social welfare close to the
MODT scheme and a total offloading amount close to the MSW scheme. Notably, the
proposed algorithm achieves the best QoS compared to the other schemes. Fig. 2 shows that
the proposed algorithm achieve the best tradeoff among total offloading traffic, social
welfare and the QoS of MUs. The MSW can offload more traffic than the proposed
algorithm in low density of MUs and less than the proposed algorithm in high density of
MUs. This is because in low density of MUs, APs can serve different MNOs’ MUs at the
same time, thus offloading more traffic than the proposed algorithm. However, when the
APs reach a saturated condition in high density of MUs, the MSW aims at obtaining the
maximum social welfare neglecting the true traffic demand of MUs and QoS of MUs, which
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leads to less offloading traffic and worse QoS than the proposed algorithm. Compared to the
MODT scheme, with the increasing number of MUs, the gap between the MODT and the
proposed scheme gradually decreases. According to the proposed algorithm, APs choose
their most preferred MUs after MUs choose their most preferred APs, and results in
MUs-centric matching in low density of MUs which could not perform well. When the total
offloading data amount of each AP is far from reaching their capacities, the MUs-centric
matching algorithm cannot guarantee MUs' choices always choose the AP with the highest
offloading efficiency. As the number of MUs increases, the total offloading data amount
gradually reaches each AP's capacity, and APs have more choices to choose the best MUs to
maximize the offloading benefit. However, this MUSs' first-selection matching can guarantee
MUs' quality of services though at the cost of social welfare. Due to the large overhead and
high complexity computation of the MSW and MODT schemes, it is nearly impossible to
apply the algorithms to the large network with many APs and MUs. Moreover, the proposed
algorithm achieves better in any performance metric than the GRA and Random schemes.
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Fig. 3. Average social welfare of the network as a function of the number of MUs under three
schemes with m=2 MNOs, n=3 APs and n=6 APs, R=100 m.

In Fig. 3, figure (a) plots the social welfare as a function of the same MUs subscribed to each
MNOs while figure (b) fixes |%;| =70 and |X,| vaires. Figure (b) plots the social
welfare as a function of the number of MUs subscribed to MNO,. Compared to in figure (a),
the proposed algorithm in figure (b) only achieve higher social welfare when n=6 APs in low
density of MUs. Because the number of MUs subscribed to MNO; is fixed to 70 in figure
(b), the APs stayed in an unsaturated condition in low density of MUs in figure (a), thus
offloading less data traffic than in figure (b). However, when the number of APs n=3, the
social welfares both in figure (a) and (b) are nearly the same due to the APs stayed in an
saturated condition. We can conclude that the unequal number of MUs only affects the social
welfare when the number of MUs is low and the number of APs is high. We can also observe



2826 Wang et al.: Combinatorial Auction-Based Two-Stage Matching Mechanism for Mobile Data Offloading

that the social welfare in our proposed algorithms with six APs is nearly double the social
welfare with three APs because it can bring double the offloading data amount with six APs.
Additionally, the total social welfare increases quickly when the number of MUs is in the
range of [20,40]. However, the increase flattens off when the number exceeds 40. When the
number of MUs varies between [20,40], as the number of MUs increases, the offloading
traffic to APs has not yet reach a saturation condition. The offloading traffic to APs starts to
saturate when the number exceeds 40 MUs, resulting in a slow increase.
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Fig. 4 shows a three-dimensional plot where the average social welfare of the network for
m € {2,4,6} MNOs, n € [2,10] APs and R € [50,500] m with |X;| =70 MUs, Vi € M.
We can observe that the social welfare increases with an increase in the number of APs or
the number of MNOs when other variables remain constant. The increasing number of APs
can bring a higher offloading data amount and the increasing number of MNOs raises the
probability of offering higher bids thus leading to higher social welfare. In addition, Fig. 5
shows the side view from Fig. 4 while the number of APs is fixed to six. We observe that the
social welfare in Fig. 5 first goes up at the radius range [50,200] m and then falls beginning
at the radius range [200,250] m, since in the radius range [50,200] m the density of MUs is
high and thus APs' offloading abilities are in a saturated state. With an increase in the radius
range, the offloading efficiency increases while the APs' total offloading data amount
remains constant, which leads to the social welfare increasing. When the radius range
exceeds 200 m, the density of MUs drops and APs' offloading abilities are in an unsaturated
state, resulting in the lower density of MUs and the lower total offloading amount. Although
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the offloading efficiency increases, the social welfare falls. Fig. 5 indicates that the cell of its
radius also has a large amount of influence on the social welfare of the network.
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Fig. 6. Average number of iterations till convergence as the number of MUs and APs varies.

Fig. 6 shows the average number of iterations needed for convergence as |X;|,Vi € M and
n varies. Fig. 6 shows that, the average number of iterations increases very slowly as the
number of MUs and the number of APs increase. Even though for a large network with 180
MUs and 15 APs, it only needs around 9 iterations. In fact, Fig. 6 also shows that, as the
number of MUs becomes large relative to the number of APs, i.e., at |X;| > 100,Vi € M
for n=5 APs and |X;| > 120,vie M for n=10 APs, the average number of
iterations becomes almost constant. This is due to the fact that, as |X;|, Vi € M becomes
largely relative to n, it is likely that each AP’s preferred MUs would still submit their
applications at about the same iteration, hence, not requiring many extra rounds till
convergence. However, the MSW and MODT schemes’ computation complexity exponential
increases with the number of MUs and APs. Thus, Fig. 6 shows that the proposed algorithm
presents a reasonable convergence time and its complexity grows relatively slow with
|7¢;|, Vi € M and n.

4. Conclusions

This paper proposed a distributed two-stage matching algorithm that combines the matching
game and auction mechanism for mobile data offloading. The MU-AP matching assigns the
MUs to APs that are available to MUs, the AP-MNO matching determines the assignment of
APs to MNOs by using NBS and Vikrey auctions. The offloading problem was formulated
as a combinatorial auction and the payment rule was designed to guarantee both individual
rationality and truthfulness for realistic scenarios in which only part of the data traffic can be
offloaded. Numerical results demonstrate that the proposed algorithm well capture the total
data traffic, social welfare as well as the QoS of MUs, thus representing a promising solution
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to implement a trading marketplace for next-generation access networks composed of
heterogeneous systems. Moreover, we also researched the impact of the radius of the cell on
total social welfare, which is important for future research work.
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