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Figure 3.   Smartphones Lead Traffic Growth 

 

 

The increasing number of wireless devices that are accessing mobile networks worldwide is one of the primary 

contributors to traffic growth. Each year several new devices in different form factors and increased capabilities 

and intelligence are being introduced in the market. By 2017, there will be 8.6 billion handheld or personal mobile-

ready devices and 1.7 billion machine-to-machine connections (e.g., GPS systems in cars, asset tracking systems 

in shipping and manufacturing sectors, or medical applications making patient records and health status more 

readily available, et al.). Regionally, North America and Western Europe are going to have the fastest growth in 

mobile devices and connections with 13 percent and 10 percent CAGR from 2012 to 2017 respectively. 

While non-smartphones have the largest share of all mobile devices and connections, after 2015 the number of 

overall non-smartphones in use will start declining for the first time (Figure 4). While Asia-Pacific and Middle East 

and Africa will still show a low single digit growth for non-smartphones, all other regions will experience a decline. 

The highest decline will be experienced by North America (negative CAGR of 37 percent) and Western Europe 

(negative CAGR of 17 percent). 

Fig. Global Mobile Data Traffic, 2012 to 2017 (from Cisco VNI)

Mobile data traffic explosive growth: 66% annual grow rate
I Reaching 11.2 exabytes per month by 2017, a 13-fold increase over

2012 or a 46-fold increase over 2010.
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Background

The Femto Forum: Femtocells — Natural Solution for Offload 
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Figure 3: Historical Increases in Spectral Efficiency
16

 

 

 
 

If available spectrum is increasing at 8% per year and the number of cell sites is 

increasing at 7% per year and technology performance is improving at 12% per year 

then operators can expect their network capacities to increase – on average – at 29% 

per year (1.08 x 1.07 x 1.12). If network capacity is growing at 29% per year and demand 

is growing currently at 108% per year, then there is a significant gap, which begs for 

further innovation.  

 

What other options exist? One possibility is architectural innovation. What if the 

definition of a “cell site” were radically changed, in such a way that the number of 

“sites” dramatically increased and the cost per unit of capacity (after adjusting for the 

inevitable lower utilisation of smaller sites) significantly decreased? Similar innovation 

has occurred before in the cellular industry. Decades ago omni-directional sites were 

sectorised. Operators began adding “down tilt” to their urban site designs. Operators 

began introducing underlay and overlay sites.  

 

The architects of GSM put in place a hierarchical cell structure, allowing macro, micro, 

and picocells to hand up or down a hierarchical chain of command to one another, so as 

to best serve the customer and most effectively carry traffic. Technologists and 

infrastructure manufacturers developed smart antenna solutions that extend coverage 

and increase capacity. Marty Cooper, developer of the Motorola Dyna-Tac, the first 

handheld cellular phone, observed that the number of radio conversations that are 

theoretically possible per square mile in all spectrum has doubled every two and half 

years for the past 104 years
17

. Femtocells represent the next step in a long history of 

architectural innovation. 

 

Fig. Historical Increases in Spectral Efficiency (from Femtoforum)

Network capacity slow growth: less than 29% annual grow rate
I Available spectrum band growth: 8% per year
I Cell site increase: 7% per year
I Spectrum efficiency growth: less than 12% per year from 2007 to 2013

108% · 107% · 112% = 129%
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Background

Network capacity growth vs Data traffic growth

29% vs 66%

Network capacity growth  vs Data traffic growth

29%    vs 66%

Background

Lin Gao (NCEL, IE@CUHK) May 2012           1/13 Mobile Data Offloading

Network Capacity                                                 Data TrafficFig. Slow network capacity growth and Fast data traffic growth

Traditional network expansion methods
I Upgrading access technology (e.g., WCDMA → LTE → LTE-A)
I Acquiring new spectrum license (e.g., TV white space)
I Developing high-frequency wireless technology (e.g., > 5GHz)
I Building more pico/micro/macro cell sites
I ...

However, all of these methods are costly and time-consuming.
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Mobile Data Offloading

A novel approach: Mobile Data Offloading
I Basic idea: Transfer the traffic of mobile cellular networks to

complementary networks, such as WiFi and femtocell networks.

Economics of Mobile Data Offloading
Lin Gao∗, George Iosifidis†, Jianwei Huang∗, and Leandros Tassiulas†

∗Dept. of Information Engineering, The Chinese University of Hong Kong, Hong Kong
†Dept. of Computer and Communication Engineering, University of Thessaly, and CERTH, Greece

Abstract— Mobile data offloading is a promising approach to
alleviate network congestion and enhance quality of service (QoS)
in mobile cellular networks. In this paper, we investigate the
economics of mobile data offloading through third-party WiFi or
femtocell access points (APs). Specifically, we consider a market-
based data offloading solution, where macrocellular base stations
(BSs) pay APs for offloading traffic. The key questions arising in
such a marketplace are following: (i) how much traffic should each
AP offload for each BS? and (ii) what is the corresponding payment
of each BS to each AP? We answer these questions by using the
non-cooperative game theory. In particular, we define a multi-
leader multi-follower data offloading game (DOFF), where BSs
(leaders) propose market prices, and accordingly APs (followers)
determine the traffic volumes they are willing to offload. We char-
acterize the subgame perfect equilibrium (SPE) of this game, and
further compare the SPE with two other classic market outcomes:
(i) the market balance (MB) in a perfect competition market
(i.e., without price participation), and (ii) the monopoly outcome
(MO) in a monopoly market (i.e., without price competition). Our
results analytically show that (i) the price participation (of BSs)
will drive market prices down, compared to those under the MB
outcome, and (ii) the price competition (among BSs) will drive
market prices up, compared to those under the MO outcome.

I. INTRODUCTION

We are witnessing an unprecedented worldwide growth of
mobile data traffic, which is expected to reach 10.8 exabytes
per month by 2016, an 18-fold increase over 2011 [1]. How-
ever, traditional network expansion methods by acquiring more
spectrum licenses, deploying new macrocells of small size, and
upgrading technologies (e.g., from WCDMA to LTE/LTE-A)
are costly and time-consuming [2]. Clearly, network operators
must find novel methods to resolve the mismatch between de-
mand and supply growth, and mobile data offloading appears
as one of the most attractive solutions.

Simply speaking, mobile data offloading is the use of com-
plementary network technologies, such as WiFi and femtocell,
for delivering data traffic originally targeted for cellular net-
works. A growing number of studies have been devoted to
the potential performance benefits of mobile data offloading
and the technologies to support it [3]–[12]. Specifically, the
benefit of macrocellular data offloading through WiFi networks
(called WiFi offloading) was studied and quantified using real
data traces in [3]–[6]. It is shown that in a typical urban
environment, WiFi can offload about 65% cellular traffic
and save 55% battery energy for mobile users (MUs) [3].

This work is supported by the General Research Funds (Project Number
CUHK 412710 and CUHK 412511) established under the University Grant
Committee of the Hong Kong Special Administrative Region, China. This
work is also supported by the EINS, the Network of Excellence in Internet
Science, through FP7-ICT grant 288021 from the European Commission. This
work is also supported by the “ARISTEIA” Action of the “OPERATIONAL
PROGRAMME EDUCATION AND LIFELONG LEARNING”, and is co-
funded by the European Social Fund (ESF) and National Resources.
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Fig. 1. An instance of the data offloading scenario with M = 3 macrocellular
BSs and N = 6 APs. Each AP can offload the macrocellular traffic generated
by those MUs within its coverage area. In this example, BS 1 offloads the
traffic of MU11 to AP 1, and the traffic of MU13 to AP 4; and BS 2 and BS
3 offload the traffic of MU23 and MU31 to AP 6, respectively.

This performance gain can be further enlarged with the use
of delaying transmission [3]–[5] and the prediction of WiFi
availability [6]. In addition to WiFi offloading, femtocells
are another primary option for macrocellular data offloading.
The potential benefits and costs of deploying femtocells were
surveyed in [7]–[9]. The authors in [10] and [11] investigated
the network operators’ profit gains from offering dual services
through both macrocells and femtocells. In [12], the authors
studied the network cost savings by femtocell networks. All of
these studies have reached consensus that offloading through
WiFi and femtocell networks is a cost-effective and energy-
prudent solution for network congestion.1

However, the above results focused on the technical aspect
of data offloading, without considering the economic incen-
tive for WiFi or femtocells access points (APs) to admit
macrocellular traffic (i.e., to operate in the so-called open
access mode [13]). This incentive issue is particularly im-
portant for the scenario where APs are privately owned by
third-party entities, who are expected to be reluctant to admit
non-registered users’ traffic without proper incentives. In [14]
and [15], the authors considered the incentive framework for
the so-called user-initiated data offloading, where MUs initiate
the offloading process (i.e., when and where to offload their
traffic), and hence MUs offer necessary incentives in order to
access to APs. In this paper, we consider the network-initiated
data offloading, where cellular networks initiate the offloading
process (of each MUs), and hence the network operators are
responsible of incentivizing APs. In our model, we assume
that MUs are either (i) compliant or properly incentivized,2

such that they will offload their traffic exactly as the networks
intended, or (ii) unaware of the offloading process at all, that

1As evidence, many network operators have already started to deploy their
own WiFi or femtocell networks for data offloading (e.g., AT&T [17]), or
initiate collaborations with other WiFi networks (as O2 did with BT [18]).

2For example, network operators can offer MUs certain rebate for compen-
sating their QoS degradations (e.g., delay) induced by the data offloading.

Example: MU11 →AP1, MU13 →AP4, MU23 →AP6, MU31 →AP6.
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Mobile Data Offloading

Two offloading schemes: (i) network-initiated vs (ii) user-initiated
I Depending on which side – mobile network operators (network side) or

mobile users (user side) – initiates the data offloading process.

In this paper, we consider the network-initiated offloading.
I MNOs initiates the data offloading process of every MU.
I MUs will always follow the instructions from the network side.
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Mobile Data Offloading

To improve availability (i.e., coverage area) of APs, MNOs can
I (i) deploy new APs in dense areas.

F Examples: AT&T and T-Mobile;
F However, the ubiquitous development of APs by MNOs themselves is

expensive.

I (ii) employ existing third-party APs in an on-demand manner.
F Examples: O2 and British Telecom;

In this paper, we consider the employ-based data offloading.
I APs are already out there, operated by personal customers, companies,

stors, and even other MNOs.
I Just lease them whenever you need them!
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Problem

Mobile Data Offloading Market
I MNOs offload the traffic of their MUs to the employed APs;
I APs ask for certain monetary compensation from MNOs.

The Key Problems

From the MNO’s Perspective: How much traffic should each BS
offload to each AP, and how much to pay?

From the AP owner’s Perspective: How much traffic should each AP
admit for each BS, and how much to charge?

Lin Gao (NCEL) Mobile Data Offloading May 2013 8 / 32
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System Model

A general model of multiple BSs and multiple APs
I M, {1, ...,M}: the set of BSs;
I I, {1, ..., I}: the set of involved APs.
I Every BS or AP has private information (information asymmetry).

Economics of Mobile Data Offloading
Lin Gao∗, George Iosifidis†, Jianwei Huang∗, and Leandros Tassiulas†

∗Dept. of Information Engineering, The Chinese University of Hong Kong, Hong Kong
†Dept. of Computer and Communication Engineering, University of Thessaly, and CERTH, Greece

Abstract— Mobile data offloading is a promising approach to
alleviate network congestion and enhance quality of service (QoS)
in mobile cellular networks. In this paper, we investigate the
economics of mobile data offloading through third-party WiFi or
femtocell access points (APs). Specifically, we consider a market-
based data offloading solution, where macrocellular base stations
(BSs) pay APs for offloading traffic. The key questions arising in
such a marketplace are following: (i) how much traffic should each
AP offload for each BS? and (ii) what is the corresponding payment
of each BS to each AP? We answer these questions by using the
non-cooperative game theory. In particular, we define a multi-
leader multi-follower data offloading game (DOFF), where BSs
(leaders) propose market prices, and accordingly APs (followers)
determine the traffic volumes they are willing to offload. We char-
acterize the subgame perfect equilibrium (SPE) of this game, and
further compare the SPE with two other classic market outcomes:
(i) the market balance (MB) in a perfect competition market
(i.e., without price participation), and (ii) the monopoly outcome
(MO) in a monopoly market (i.e., without price competition). Our
results analytically show that (i) the price participation (of BSs)
will drive market prices down, compared to those under the MB
outcome, and (ii) the price competition (among BSs) will drive
market prices up, compared to those under the MO outcome.

I. INTRODUCTION

We are witnessing an unprecedented worldwide growth of
mobile data traffic, which is expected to reach 10.8 exabytes
per month by 2016, an 18-fold increase over 2011 [1]. How-
ever, traditional network expansion methods by acquiring more
spectrum licenses, deploying new macrocells of small size, and
upgrading technologies (e.g., from WCDMA to LTE/LTE-A)
are costly and time-consuming [2]. Clearly, network operators
must find novel methods to resolve the mismatch between de-
mand and supply growth, and mobile data offloading appears
as one of the most attractive solutions.

Simply speaking, mobile data offloading is the use of com-
plementary network technologies, such as WiFi and femtocell,
for delivering data traffic originally targeted for cellular net-
works. A growing number of studies have been devoted to
the potential performance benefits of mobile data offloading
and the technologies to support it [3]–[12]. Specifically, the
benefit of macrocellular data offloading through WiFi networks
(called WiFi offloading) was studied and quantified using real
data traces in [3]–[6]. It is shown that in a typical urban
environment, WiFi can offload about 65% cellular traffic
and save 55% battery energy for mobile users (MUs) [3].

This work is supported by the General Research Funds (Project Number
CUHK 412710 and CUHK 412511) established under the University Grant
Committee of the Hong Kong Special Administrative Region, China. This
work is also supported by the EINS, the Network of Excellence in Internet
Science, through FP7-ICT grant 288021 from the European Commission. This
work is also supported by the “ARISTEIA” Action of the “OPERATIONAL
PROGRAMME EDUCATION AND LIFELONG LEARNING”, and is co-
funded by the European Social Fund (ESF) and National Resources.

BS3

BS1

BS2

AP4 MU13

AP6

AP2

AP5

AP1

AP3MU23
MU22

MU33

MU31

MU12

MU11

MU21
MU32

Fig. 1. An instance of the data offloading scenario with M = 3 macrocellular
BSs and N = 6 APs. Each AP can offload the macrocellular traffic generated
by those MUs within its coverage area. In this example, BS 1 offloads the
traffic of MU11 to AP 1, and the traffic of MU13 to AP 4; and BS 2 and BS
3 offload the traffic of MU23 and MU31 to AP 6, respectively.

This performance gain can be further enlarged with the use
of delaying transmission [3]–[5] and the prediction of WiFi
availability [6]. In addition to WiFi offloading, femtocells
are another primary option for macrocellular data offloading.
The potential benefits and costs of deploying femtocells were
surveyed in [7]–[9]. The authors in [10] and [11] investigated
the network operators’ profit gains from offering dual services
through both macrocells and femtocells. In [12], the authors
studied the network cost savings by femtocell networks. All of
these studies have reached consensus that offloading through
WiFi and femtocell networks is a cost-effective and energy-
prudent solution for network congestion.1

However, the above results focused on the technical aspect
of data offloading, without considering the economic incen-
tive for WiFi or femtocells access points (APs) to admit
macrocellular traffic (i.e., to operate in the so-called open
access mode [13]). This incentive issue is particularly im-
portant for the scenario where APs are privately owned by
third-party entities, who are expected to be reluctant to admit
non-registered users’ traffic without proper incentives. In [14]
and [15], the authors considered the incentive framework for
the so-called user-initiated data offloading, where MUs initiate
the offloading process (i.e., when and where to offload their
traffic), and hence MUs offer necessary incentives in order to
access to APs. In this paper, we consider the network-initiated
data offloading, where cellular networks initiate the offloading
process (of each MUs), and hence the network operators are
responsible of incentivizing APs. In our model, we assume
that MUs are either (i) compliant or properly incentivized,2

such that they will offload their traffic exactly as the networks
intended, or (ii) unaware of the offloading process at all, that

1As evidence, many network operators have already started to deploy their
own WiFi or femtocell networks for data offloading (e.g., AT&T [17]), or
initiate collaborations with other WiFi networks (as O2 did with BT [18]).

2For example, network operators can offer MUs certain rebate for compen-
sating their QoS degradations (e.g., delay) induced by the data offloading.

Example: M = {1, 2, 3} and I = {1, 2, 3, 4, 5, 6}.
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System Model

For each BS m ∈M,
I xmi : request, the bytes of data that BS m want to offload to AP i ;
I xm, {xm1, ..., xmI}: offload request vector of BS m (to all APs);
I Jm(xm): the utility (cost reduction) function of BS m,

F Positive, increasing, and strictly concave.

For each AP i ∈ I,
I Ci : capacity constraint of AP i ;
I yim: admission, the bytes of data that AP i want to admit from BS m;
I yi, {yi1, ..., yiM}: offload admission vector of AP i (for all BSs);
I Vi (yi ): the cost function of AP i ,

F Positive, increasing, and strictly convex.

A market outcome is feasible only if the BSs and APs finally
agree on the outcome:

xmi = yim, ∀m ∈M, i ∈ I.

Lin Gao (NCEL) Mobile Data Offloading May 2013 12 / 32



System Model

Information Asymmetry
I The utility function Jm(xm) is the private information of BS m:

F Jm(xm) is only known by BS m, and not known by other BSs, APs, and
possible market controllers.

I The cost function Vi (yi ) is the private information of AP i :
F Vi (yi ) is only known by AP i , and not known by other APs, BSs, and

possible market controllers.
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A Benchmark Solution

Social Welfare Maximization (Efficiency)

maximize
xm,yi ,∀m,∀i

∑
m∈M

Jm(xm)−
∑
i∈I

Vi (yi ) ......Social Welfare

subject to (i)
∑

m∈M yim ≤ Ci , ∀i ∈ I, ......Capacity constraint

(ii) xmi = yim, ∀m ∈M, i ∈ I. ......Feasibility

KKT Conditions

(A1) :
∂Jm(xm)

∂xmi
− µmi = 0, (A2) :

∂Vi (yi )

∂yim
− µmi + λi = 0,

(A3) : λi ·
( ∑

m∈M
yim − Ci

)
= 0, (A4) : µmi · (yim − xmi ) = 0,

(A5) : xmi = yim.

{socially optimal KKT}

Lin Gao (NCEL) Mobile Data Offloading May 2013 14 / 32



Challenge

However, it is difficult to achieve the efficiency (social welfare
maximization solution).

I Conflict of interests: BSs want to offload more traffic with less
payment, while APs want to admit less traffic with more payment.

I Asymmetry of information: the utility function of each BS and the cost
function of each AP are private information.
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Traditional Approach

A traditional approach: Two-sided Market → Double Auction
I A market controller or broker acts as the auctioneer;
I BSs and APs act as bidders;
I The auctioneer decides the allocation and payment rules such that all

bidders truthfully disclose their private information.

Double auction may be unavailable in our model !
I Every bidder may have infinite amount of private information due to

the continuity of the utility/cost function.
I According to [Myerson, J. Econ. Theory, 1983], there does not exist a

double auction that possesses an (i) efficient, (ii) individually rational,
(iii) incentive compatible and (iv) budget balanced outcome.
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Our Approach

Our proposed approach: Iterative Double Auction
I Basically, it is a round-based mechanism, and each round constructs a

double auction.

Auctioneer

Payment rule
Allocation rule

Bidder

Disclore all private 
information

Auctioneer

Updating Payment rule 
Allocation rule

Bidder

Signaling his private 
information

Next round

Fig. Double Auction vs Iterative Double Auction

Lin Gao (NCEL) Mobile Data Offloading May 2013 17 / 32



Outline

1 Background

2 System Model

3 Iterative Double Auction

4 Conclusion

Lin Gao (NCEL) Mobile Data Offloading May 2013 18 / 32



Iterative Double Auction – IDA

Basic Idea of IDA

Step 1: The auctioneer broadcasts the payment rule hm(·) to every
BS m and the reimbursement rule li (·) to every AP i ;

Step 2: Every BS m determines his bids pmi to every AP i . Every AP
i determines his bid αim to every BS m. Both aim at maximizing
their respective objectives. (Signals)

Step 3: The auctioneer determines the allocation rule xmi or yim
between every BS m and AP i , aiming at maximizing a public
auxiliary objective function:

W (x, y) ,
∑
m∈M

∑
i∈I

(
pmi log xmi −

αim

2
y 2
im

)
.
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IDA - Step 3

The Auctioneer’s Allocation Problem in Step 3

maximize
xm,yi ,∀m,∀i

∑
m∈M

∑
i∈I

(
pmi log xmi −

αim

2
y 2
im

)
subject to (i)

∑
m∈M yim ≤ Ci , ∀i ∈ I,

(ii) xmi = yim, ∀m ∈M, i ∈ I.

KKT Conditions

(B1) : xmi =
pmi

µmi
, (B2) : yim =

µmi − λi
αmi

,

(B3) : λi ·
( ∑

m∈M
yim − Ci

)
= 0, (B4) : µmi · (yim − xmi ) = 0,

(B5) : xmi = yim.

{auctioneer optimal KKT}
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IDA - Step 3

{socially optimal KKT}⇐⇒{auctioneer optimal KKT}

Observation from Step 3

The auctioneer’s solution in Step 3 is equivalent to the social welfare
maximization solution, if bidders submit the following bids:

(C1) : pmi = xmi ·
∂Jm(xm)

∂xmi
, (C2) : αim =

1

yim
· ∂Vi (yi )

∂yim
.

{socially desirable bids}

Then, the next question is:

What is the payment rule hm(·) and the reimbursement rule li (·) such
that BSs and APs bid according to (C1) and (C2)?

Lin Gao (NCEL) Mobile Data Offloading May 2013 21 / 32



IDA - Step 2

The Bidder’s Bidding Problem in Step 2

maximize
pmi ,∀i

Jm(xm)− hm(pm), for every BS m;

maximize
αim,∀m

− Vi (yi ) + li (αi ), for every AP i .

KKT Conditions

(D1) :
∂Jm(xm)

∂xmi
= µmi

∂hm(pm)

∂pmi
, ...

(D2) :
∂Vi (yi )

∂yim
=

α2
im

λi − µmi

∂li (αi )

∂αim
, ...

{individually optimal bids}

Lin Gao (NCEL) Mobile Data Offloading May 2013 22 / 32



IDA - Step 1

{socially desirable bids}⇐⇒{individually optimal bids}

The Optimal Payment Rule to BS m in Step 1

(F1) : hm(pm) =
∑
i∈I

pmi .

The Optimal Reimbursement Rule for AP i in Step 1

(F2) : li (αi ) =
M∑

m=1

(λi − µmi )
2

αim

Lin Gao (NCEL) Mobile Data Offloading May 2013 23 / 32



IDA - A Brief Summary

Traffic Offload and Payment of BS m

BS m’s traffic offloaded to an AP i is proportional to the bid pmi proposing to AP i ;

BS m pays exactly his bid, i.e., the amount he proposed;

(B1) : xmi =
pmi

µmi
; (F1) : hm(pm) =

∑
i∈I

pmi .

Traffic Admit and Reimbursement of AP i
AP i ’s admitted traffic from a BS m is inversely proportional to the bid αim to BS m;

AP m’s reimbursement from a BS m is proportional to the traffic he admits from BS m;

(B2) : yim =
µmi − λi
αmi

; (F2) : li (αi ) =
∑

m∈M

(λi − µmi )
2

αim
=

∑
m∈M

yim · (µmi − λi ).

Lin Gao (NCEL) Mobile Data Offloading May 2013 24 / 32



IDA - The Algorithm

The Detailed IDA Algorithm

Initialize the Lagrange multipliers µt
mi = µ0

mi and λti = λ0
i ;

while not converging in round t do

The auctioneer announces the payment rule and reimbursement rule;

Every BS m computes the optimal bids pmi,i=1,...,I ;

Every AP i computes the optimal bids αim,m=1,...,M ;

The auctioneer computes the allocation solution xim and yim;

The auctioneer updates the Lagrange multipliers µt
mi and λti .

end

Lin Gao (NCEL) Mobile Data Offloading May 2013 25 / 32



IDA - Convergence
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Fig. 3. Evolution of social welfare produced by the IDA.
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ρ11 = 0.74. Finally, the payments of the BSs 1, 2 and 5 are
p11 = 7.3, p21 = 6.29, and p51 = 6.63, respectively. Notice
that BS 5 pays less than BS 1 although it offloads more data
than the latter.

In Fig. 3, we plot the social welfare achieved by the
algorithm in each iteration and we observe that it gradually
converges to the optimal one, i.e. to the solution of SWM
(dotted line). In Fig. 4, we present the convergence of x and
y. Specifically, we plot the gaps between x and y for 4 BS-AP
pairs, and observe that the gaps gradually converge to zero.
These two figures imply that our IDA algorithm elicits the
true hidden information (i.e., the utility and cost functions),
and converges to the socially optimal solution.

VI. DISCUSSION AND CONCLUSIONS

In this paper, we considered a market where MNOs lease
third-party owned WiFi or femtocell APs to offload their
mobile data traffic. This is a promising solution for increasing
the user perceived network capacity in a dynamic and scal-
able fashion, with low CAPEX and OPEX costs. Today, the
technologies to implement such solutions are already in place
(e.g., secure offloading methods). Data offloading can alleviate
congestion of 2G/3G cellular networks, and also serve as a
low-cost auxiliary technology for the emerging 4G networks.

We proposed an iterative double auction mechanism, which
satisfies the desirable economic properties, and maximizes
the welfare of the market, under the assumption of price-

taking bidders. There are very interesting directions for future
work. First, one can study what is the impact of strategic,
price-anticipating behavior in the market outcome. Similarly,
it is challenging to study how colluding behaviors will affect
the algorithm. Also, it is important to consider practical
implementation issues such as how to hardwire this algorithm
to APs and BSs so as to communicate with the broker and
execute IDA algorithm in a real-time fashion.
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Fig. Evolution of the gap between xmi and yim, i.e., yim − xmi .

Lemma - Convergence of IDA

The IDA algorithm converges to a stationary state.
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IDA - Property

Lemma - Property of IDA

Efficient
I The IDA mechanism achieves the social welfare maximization;

Weakly Budget Balanced
I The auctioneer does not lose money by organizing an IDA;
I If there is no capacity constraint, the auctioneer neither lose money nor

gain money by organizing an IDA (strongly budget balanced);

Incentive Compatible
I All bidders (price-taking) act in a truthful manner;

Individually Rational
I All bidders achieve non-negative utilities.
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Main Contribution

We study a general mobile data offloading market with multiple BSs
and multiple APs under information asymmetry.

We propose an iterative double auction mechanism, which achieves
an efficient, weakly budget balanced, individually rational, and
incentive compatible outcome.
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Future Work

Upcoming Plan: What is the impacts of price-participation and
collusion of bidders (BSs and APs) on the algorithm and the market
outcome?

Milestone Plan: How to involve the behavior of MUs into the data
offloading market?

Lin Gao (NCEL) Mobile Data Offloading May 2013 30 / 32



Our Related Recent Results

In [Lin&George&Jianwei Huang, Infocom SDP 2013], we studied the
mobile data offloading market under symmetric and complete
information.

→ Multi-leader multi-follower Stackelberg game.

In [Michael&Jianwei Huang, WiOpt 2013], we studied the Wi-Fi
offloading problem with delay tolerant applications.

→ Finite-horizon sequential decision problem.
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