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Abstract—The proliferation of highly capable mobile devices

such as smartphones and tablets has significantly increasdbe OpenFlow enabled
demand for wireless access. Software defined network (SDN) gateways
at edge is viewed as one promising technology to simplify the
traffic offloading process for current wireless networks. Inthis
paper, we investigate the incentive problem in SDN-at-edge -
of how to motivate a third party access points (APs) such |_OpenFlow Controller _|
as WiFi and smallcells to offload traffic for the central base Agcess network discovery
stations (BSs). The APs will only admit the traffic from the and selection function
BS under the precondition that their own traffic demand is g é
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satisfied. Under the information asymmetry that the APs know

more about own traffic demands, the BS needs to distribute

the payment in accordance with the APs’ idle capacity to & o b
maintain a compatible incentive. First, we apply a contract é

theoretic approach to model and analyze the service trading Base station Wifi access point
between the BS and APs. Furthermore, other two incentive

mechanisms: optimal discrimination contract and linear pricing  Fig. 1: An illustration of mobile data offloading enabled by
contract are introduced to serve as the comparisons of the an the SDN-at-edge

adverse selection contract. Finally, the simulation resiw$ show
that the contract can effectively incentivize APs’ particpation
and offload the cellular network traffic. Furthermore, the anti
adverse selection contract achieves the optimal outcome der sers per base station (BS), available bandwidth, IP asidres
the information asymmetry scenario. . .
and/or aggregated flow ratel[3]. The immediate advantage
of SDN-at-edge is that it simplifies network management
I. INTRODUCTION in a dense network [4]. The software-defined radio access

Nowadays, people use access various sophisticated §&twork (RAN) concept[[5] abstracts all independent BSs
vices such as search engine, email, GPS navigation, stre@h-a Virtual centralized BS, which performs control plane
ing video, and online games from their mobile terminaidecisions for all independent BSs at a single place. The
through wireless access networks [1]. Wireless has becofgtributed control plane in conventional RANSs is therefor
the primary access method for more and more people. Tigned into a centralized software defined control plane [6]
global mobile data traffic has reached 1.5 exabytes per modthe system model is illustrated in Figl 1. The central BS
at the end of 2013, and will increase nearly 11-fold betweéptimizes the network performance with global knowledge
2013 and 2018, reaching 15.9 exabytes per month by 20afgthe whole network, and can potentially adapt to the traffic
[2]. The rapid increase in the mobile network traffic favariations in the network.
exceeds the growth in service revenues as well as in thdn this model, the access network discovery and selection
budgets required to address the new demands. Consequefitligtion (ANDSF) can discover wireless network access
mobile service operators (MSOs) need to enhance thgwints (APs) close to the mobile user and perform the mobile
infrastructures and services in a timely and cost-effectiglata offloading. The ANDSF will interact with the virtual
manner to carry higher volumes of traffic and support mogentralized BS of the SDN for the offloading management,
sophisticated services. which can be implemented by standardized interfaces such

Mobile data offloading, which refers to moving traffic formas OpenFlow([7]. Now MSOs have already deployed their
cellular networks to alternate wireless technologies Wi own WiFi APs or initiated collaboration with existing WiFi
or smallcell networks, promises to address the tremenddigiworks to enable mobile data offloading. The SDN-at-
growth in mobile data and rapidly evolving mobile servicegdge can significantly alleviate both costs and operational
The mobile data offloading can be enabled by the softwagballenges incurred by the simultaneous operation of acces
defined network (SDN) at edge, which is able to dynamicallyetworks over multiple wireless technologies.
position or reposition the traffic in a mobile network based Offloading traffic through WiFi or smallcell APs is theo-
on various trigger criteria including the number of mobileetically feasible. However, it is practically difficult asPs
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are owned by third-party and have their own traffic demandbtain incentives to offload traffic for the BS.
In order to attract the APs to open their network accessThe remainder of this paper is organized as follows. First,
to cellular users, we assume that the virtual centralized B& conduct a literature survey about SDN-at-edge and con-
will offer a payment based on the amount of traffic that theact theory in Sectioflll. Then, in Sectiénllll, we introduc
AP is able to offload. Meanwhile, the AP must guarantabe traffic offloading trade in an SDN-at-edge system with
that its own traffic is being processed first, and will onlya contract theoretic model. The problem formulation of the
help the BS offload traffic with its idle capacity which is ahree contracts is well described in Sectionl IV, and we
private information of the APs. In practice, there exists apropose the solution of the three contracts. The performanc
information asymmetry that the APs know more about theavaluation is conducted in Sectigd V. Finally, Sectiod VI
idle capacity than the BS. As we assume that all APs adeaws the conclusion.
selfish, they will pretend that they have large idle capacity
and thus can request more payment from the BS, which is
an undesirable situation for the BS. Thus, we need to find a
proper mechanism to ensure that the payments to APs matc®ver the past few decades, wireless cellular network pay-
with the traffic they can offload, and thus, overcome theads have been growing fast with the introduction of smart
information asymmetry. phones, tablet computers and other new mobile devices. The
The model from contract theory provides us a usefalevelopment of long term evolution (LTE) is one effective
tool to design such a mechanism. First, the contract camy to increase the capacity of current netwdrk [1]. New
construct several traffic-payment bundles, which spedtify ttechnologies such as Device-to-Device (D2D) communica-
amount of traffic that the AP needs to offload, and théon, WiFi, and smallcell have been introduced to offload
corresponding payment that the BS needs to offer. Secotraffic from the current wireless network. In D2D commu-
the contract isncentive compatiblewhich includes different nication, devices are able to communicate with each other
traffic-payment bundles that guarantees the payments to Afighout requiring a dedicated wireless AP [9]. While con-
are in accordance with the amount of offloaded traffic. Thirstentional WiFi networks are typically based on the presence
the contract isself revealing which is designed that the of controller devices known as wireless APs|[10]. Moreover,
APs can only achieve the maximum payoff when selectimgacing several smalicells in high dense cellular netwark i
the traffic-payment bundle that best fits into their own idlanother widely adopted method that can offload the cellular
capacity. In summary, the contract theoretic model pravideetwork’s traffic while be more energy efficient [11].
an incentive compatible mechanism such that the APs will As the cells tend to be smaller, and thus, the wireless
select the amount of payments in accordance with the amoinftastructure is becoming denser and heterogeneous. This
of traffic that they can offload for the BS, and their idlegives rise to an unsustainable increase in complexity on
capacity will be automatically revealed to the BS as if themetwork operations spanning across different layers due to
does not exist an information asymmetry. We name thike tight coupling in control plane decision-makings aghei
mechanism byanti adverse selection boring BSs [1P]. It becomes necessary to design a more
Additionally, we study another two contract mechanisnfexible SDN-at-edge type of architecture. While as the SDN-
to compare with theanti adverse selectionThe first one at-edge is controlled by a visual centralized BS, a failure o
is called perfect discriminationin which the idle capacity the controller can negatively compromise resilience of the
of APs is available to the BS. In this scenario there do&ghole network [[18]. The work in[[14] proposes a potential
not exist the information asymmetry, the BS can treat easblution to find a proper traffic offloading mechanism. While
AP separately and offer a specific contract in accordand®s work is based on the assumption that all APs are willing
with its idle capacity. Thus, this mechanism can achieve participate in the process. The novelty of our work is that
the first best outcome, and serve as the benchmark of thie look at the problem in an economical way. Particularly,
problem. The same as tlenti adverse selectiocase, the we use the framework of contract theory to model the service
second mechanisrinear pricing is also under incomplete trading between the BS and APs.
information that the BS cannot observe the idle capacity of There have been some works which try to solve the AP’s
the APs. Unlike theanti adverse selectignn linear pricing incentive problem in traffic offloading that are rooted in
the BS only specifies a unit offloading traffic per paymengconomics. The mechanism in [15] assumes that the mobile
and the AP chooses the payment that it wants to maximizietual network operator offers some free data quota to
its own payoff. hosts as reimbursements (incentives) for connectivity-sha
In summary, the main contributions of this paper are asg. Similarly, the work in [[16] investigates a bandwidth
follows: First we propose a novel approach to solve amading marketplace, where a mobile operator can lease the
incentive problem in SDN-at-edge using the framework dfandwidth made available by third parties through their APs
contract theory, which is rooted in economics research [8he work in [17] also considers a market based mobile data
Second, we propose ttanti adverse selectioto obtain an offloading, while the system model is with multiple BSs
optimal results under information asymmetry, togethehwitand multiple APs. The work in_[18] designs a distributed
the perfect discriminatiorandlinear pricing as comparisons. incentive mechanism ensures that the contribution of user,
Finally, we provide thorough simulation results to prove thmeasured in the delivered mobile data, are Pareto efficient
effectiveness of the proposed contract and show that the Adtsl proportionally fair, such that mobile users are willing
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connect with each other and share their Internet connectiowe group the APs that have a similar range of idle capacity
However, to our knowledge, few existing literatures adbpt t into the same type, and divide AP types into a finite number.

contra_lct theory to mod,el the !n_cen_tlve mechanisms which “Bfinition 1. We divide the APs’ idle capacity int types:
effectively attract user’s participation.

Contract theory has been applied in some other areas.t%y%e_l" -+ type-k,.., type-K. We denote the types of APs

work in [19] brings the contract theoretical model intoordzlr’(.)f.i’rfjﬁ(’:éls.’iegy which are grouped in an increasing
the area of cloud computing. The authors highlight eco- T
nomic factors and their goal is to optimize the revenue of 0 < - <O <---<0g, kel ()
cloud ser’ver, tgkmg into con_s@erapon of users’ valuatio Here, we assume that each of theAPs belongs to one
of server's various characteristics in market. Ini[20], the

authors provide incentive compatible contracts to smartgh of theK_ types: Thl.'ls’ the num_ber ofP’s n each type id.
T ._..For A higherf implies a larger idle capacity to offload more
users to encourage them participating in data acquisition )
and distributed computing programs. In the area of cogsﬂiti\(/:e”UIar traﬁ|c._ The BS does not know exactly thg type of
' AP; however, it has the knowledge of the probability that an

radio networks, a number of works have already developed’ . ) :
contract-theoretic techniques such las [21] and [22]. Ilsahe%i)ret;ergsngnst;g S ﬁcer\:varlltg/rp;%%v 'thﬁk 61{1’ -+, K} which
k» k=1 k - .

works, the authors model the primary user (PU) as a sell&r . .
' P Y (PU) If any APs are available to users, the BS will offer

who sells spectrum resources to the secondary users (SUs " y
tracts to those potential “employees” (APs) to open the

which are regarded as buyers. [n[23], the authors proposceO .

a system model which the PUs “employ” the SUs to forwa woakﬁaccetss to thtg USers. Howe;/e:c,f. deergnt %Ps. maly
their data so as to achieve higher data rates and bettet)queﬂfve t;] e{ﬁn tprfcr)_perf;;as d(_e.g. own _tra I'(I:I cl)a de.l; D?r;gna
of service (Qo0S). However, It is difficult for the contract N9 ), the traffic offloading capacity will also differ

: : . : each other. To attract APs to offload traffic for the BS,
theoretical models in the previous works to be implemente

In summary, while traffic offloading from cellular networks'bu'ndles acco?/ding to each AP's tyﬁ;;-; For differlen? AyPs
have been widely studied, few literature has investigated tthat have different idle capacity, the BS will offer them a

ggl?lti\rse(gg%rz\;li?lg?:(I)xrear::t':\{;zg(r); Qszrg)pggleodas]ttrﬁgl(;;nceorntract (T'(q),q) which includes different traffic-payment
Kindes. Thel'(q) is the payment to the APs, angdis the

amount of traffic offloaded by the APs. For simplicity, we

write the contract designed faype-kas (Tk, gx). The APs
Consider an SDN-at-edge with a virtual centralized BS thate free to accept or decline any type of contracts. If the AP

consists of several independent BSs, and multiple APs.sUsgeclines to receive any contract, we assume that the AP signs

can access the network through the independent BSs direcil\contract of(T(0),0). The AP chooses not to offload any

or via the APs. The APs have their own traffic demand, anghffic for the BS, and the BS will not pay the AP.

will only offload the cellular traffic for the BS with their idl Different APs have different idle capacities, and thus| wil

capacity. The idle capacity of the AP is private informatioaffect their payoffs during the traffic offloading proceshisT

which is unobservable for the virtual centralized BS. ThesARn return will also affect the BS’s payoff and its strategy of

will trade with the central BS for helping offload the cellulaoffering contracts in the end. In the following subsections

traffic. We simply call the BS which refers to the virtualve will define the payoffs of the BS and APs based on the

centralized BS in the following part. The contract that theigned contract.

BS offers is aiming at maximizing the offloading traffic. In

the following subsections, we will first give a definition ofg_ Payoff of the Base Station

AP type, and then model the payoffs of the BS and APs

based on the contract.

Ill. SYSTEM MODEL

In this subsection, we define the payoff of the BS when
contracting with APs for traffic offloading. The BS receives
benefit when traffic is offloaded via an AP, while it also has

A. Definition of Type a cost on the payment to the AP. The payment to APs can be

We define the AP typd to be a representation of eachmonetary or any other forms that can incentivize APs. The
AP’s idle capacity which is the AP’s total capacity minugayoff of the BS when offloading traffic by type-k AP is
the reserved capacity for its own traffic demand. Typicallglefined as the offloaded traffic from the BS minus the cost
high type APs can offload more traffic for the BS, and thusn payment to APs, i.e.,
are more preferred by the BS, and will receive more payment.

In practice, the idle capacity of all APs is a continuous Ulk) = agqe = Tk, Vk€{l,.... K}, (2)
variable. Thusg which represents an AP’s idle capacity isvherea is the BS’s unit monetary gain through the offloaded
a continuous value. If the BS offers every AP a specifitaffic, andc is the BS’s unit cost on the payment As the
contract, the computational complexity is high if the numbevariablea is mainly served as a transfer of the traffic gain
of APs is large. The task will be computational completo monetary gain to make the unit in the payoff function
and time consuming, thus not preferable in reality. Thus, tmnsistent. Thus, the numerical valuecofloes not affect the
simplify the model from continuous case to a discrete casgptimization problem we will formulate. Thus, for simpligi



we assume = 1 here. The BS always wants to maximize itenuch payment as they can, but offload as little traffic as they
payoff by offloading the maximum traffic with the minimumcould. To guarantee that the contract is incentive com|gatib
payment. Apparently, the BS will not accept a negative playand each AP will receive the amount of reward in accordance
when offloading traffic through AP. In other words, we muswith the traffic they offloaded, the following constraints shu
guarantee that the trading with an AP is beneficial for thee satisfied.

BS. Thus, we must have, — ¢TI, > 0. Otherwise, the BS

will choose not o ask the AP 1o offload traffic. Definition 3. Incentive Compatibility (IC): Each AP can

only receive the maximum payoff when selecting the contract
designed for itself, i.e. typé8, AP prefers to choose the

C. Payoff of the Access Point contract (7%, g) than any other traffic-payment bundles.
First, we define the valuation functionI’) of the APs 0r0(Th) — qie > 00(T)) —qu, Vk,1€{1,....K}, k#IL
regarding the payments, as the benefit of AP when offload- B (5)

ing traffic for the BS.v(T) is a strictly increasing concave ) ) .
function of T, wherew(0) = 0, v'(T) > 0, andv”(T) < 0, Under information asymmetry, a feasible contract must

vT. We find that as the amount of payment increases, tfatisfy the IR and IC constraints to ensure every type of APs
satisfaction brought to the APs grows more slowly. are fully motivated, which is callethcentive compatibility

Then, we define the payoff of an AP tyfpe-kwhen sign- Otherwise, APs will lose the incentive to offload traffic for
ing a contract Ty, g, ) with the BS for the traffic offloading the BS.

process as: D. Social Welfare

V(k) = 0xv(Ty) — 'qr, Vke{l,...,K}, (3) The social welfare of the network is defined as the sum-

wherec’ is the AP’s unit cost on offloading traffic for thematlon of the BS and all APs' payoffs, i.e.,

BS. For simplicity, we assum& = 1 here. The payoff of an X
AP is the valuation regarding the payments minus the cost M= Z U(k) + Z V(k), (6)
in traffic offloading. Such a cost can be power consumption,
operating cost, etc. K

We assume that every AP is rational. To attract the APs Z [050(Tk) — T
to participate in the traffic offloading process for the BS, 1

the payoff that the AP receives must satisfy the followinghe social welfare is the difference between the benefit of
constraints. traffic offloading 6,v(7}) and the payment costl}. The
Definition 2. Individual Rationality (IR): An AP will only offloaded traffic is the internal transfer between the BS and

choose to trade when the payoff that it receives is not 1e4§ and is not counted in the social welfare.
than its payoff that when it does not participate in the tcaffi IV. PROPOSEDSOLUTION

offloading process, i.e., . . - - .
gp In this section, we are aiming at obtaining the solution

V(k) = 6p0(T3) — qe > V(k), Vke{l,...,K}, (4) oftheant adverse selectigrwhich is the optimal incentive

~ . } mechanism under the information asymmetry. Before that, we

where V(k) is the reservation revenue dfpe-k APS when i present two other mechanisms as the comparisons, First

they do not take the BS's offer. we solve the first begterfect discriminatiorby considering
Here, we usd;, to weight the valuation of money in thethe ideal scenario where there is no information asymmetry.

utility function to represent the utility gain from the rewds. Then, we will discuss about the traditionkear pricing

The reason for this definition is that, as we have defing¢hen information asymmetry is introduced. Finally, we will

9 as the AP’s idle capacity, the larger idle capacity an AProvide solution of theanti adverse selectiowhich brings

has, the more interest the AP to sell those idle capacity fihte first best outcome under information asymmetry, and is

monetary gain. Thus, the higher type of AP with larger idlthe second best outcome when comparing with the ideal case.

capacity, the higher valuation of money. In our system model L

we normalizeV = 0 without lose of generality. An AP will A. Perfect Discrimination Contract

choose not to trade if its payoff is negative. In other words, The perfect discriminatiorcontract deals with the problem

the contract is feasible if and only if AP’s payoff is equan service trading between the BS and APs without informa-

to or greater thar. Clearly, the BS wants to offer the APstion asymmetry. In particular, the BS is perfectly informed

as little payment as possible, and leave the APs with zefgout the APs’ idle capacities, i.e., the amount of traffic

payoff. However, as the BS has limited information abodbat they can offload from the cellular network. The BS’s

the APs’ types, it is hard to set the contract bun@lg, ¢,) ©ffloading traffic maximization is

to make the AP’s payoff/ (k) = 0 exactly. Usually, the BS

will offer a traffic-payment bundle that brings positive p#y max Z B (qr — Tk), (7)
to the AP, which is called thanformation rent (T.a)
We assume that each AP is selfish and wants to maximize s.t.

its own payoff. In particular, the APs want to achieve as (a) Okv(Ty) — qr > 0. (8)



The problem is under the IR constraint (a) that each AfaymentT that they want to maximize their own payoffs.

obtains a payoff equal to or greater than zero which is tiighe payoff of each AP becomes

reservation payoff when not taking the BS’s offer. The IC

constraint is unnecessary here as the BS is aware of the APs’ V(k) = 0xv(Ti) = PTi, Vk€{l,....K}. (14)

types, and thus, the APs cannot mimic any other type AP$huys, we see that the amount of offloaded traffic= PT,.
As the BS can observe each AP’s tyfet can treat each With a fixed traffic unit P, requesting more paymenf;,

AP separately to solvé” optimization problems, defined asmeans more traffig; to offload and more cost. Take the first

follows: derivative of the objective function regardifly, we have
(zlpax)ﬂk (Qk —CTk), (9) HkU/(Tk) =P Vke {17,K} (15)
ksqk
s.t. Thus, we can represent the inverse payment request function
(a) Oxv(Tk) —qx >0, Ty asTy = d(P,0;). As 0 is known, we can simply write

T, = di(P) as a function of traffic unitP. The requested
payment curve is a strictly decreasing functionfaf As the
For the selfish BS, it will try to extract as much payoffraffic unit P per payment is increasing, in order to lower the

from the APs as they can, resulting in a zero payoff of ead’s energy/management cogt = Pdy.(P), less payment
AP, i.e., is requested from the BS.

As the BS knows the probability; that each AP belongs
Opv(Tk) = qr, Yke{l,...,K}. (10)  to a specific typd;, it is easy to have the expected payment
(P) requested by the APs, defined as follows:

ke{l,....,K}.

Replacingg, with 6,v(T) and taking the first derivative of D

the objective function we have K
D(P) = Brdi(P). (16)
Hkv’(Tk) =c, Vke {1,...,K}. (11) k=1
As 0, andc are initial values, each traffic-payment bundld "US: the objective function of the BS changes to
(T%, q1) can be solved by equations (10) and (11). Thus, the K
perfect discriminatiorcontract works as, first, let the BS set U(P) = Zﬁk(qk — cTy), a7)
the payment to the AP such that the marginal valuation equals k=1
the marginal cost; second, set the amount of offloaded traffic K
so as to appropriate the AP’s payoff as zero and leave no =" Br[Pdi(P) — cdi(P)],
information rentfor the AP. k=1
Having the optimal contradtT’, ¢), the payoff of the BS = PD(P) — cD(P),
is thus n = (P —c)D(P),
U= Zﬂk (qr — cTk) . (12) whereP > c must be satisfied such that the BS will receive
k=1 a positive payoff. Otherwise, the BS will manage the traffic

itself. Taking the first condition of the objective functiaith

respect toP, we obtain the optimal unit traffic per payment

x i

_ given by

=Bk (ar —cTi). (13) p _,_ D)
k= "Dy

The social welfare has the same value as the payOff of the a$ﬂs traffic per payment uniPm is also called the m0n0p0|y

As a” APs receive Zero payoff during the traffiC Ofﬂoadin%rice in a monopo'y market. The payoff of the BS is thus
process, when there is no information asymmetry. pérdect

discriminationgives the first best solution to maximize the U(Pn) = (P — c)D(P). (19)
BS’s payoff. The perfect price given in this scenario is als?he payoff of the APs is thus

called price of gerfect competitive markét which the price

is determined by a centralized controller [17]. In this case K

the social welfare and the BS’s payoff achieve the Pareto V(Pn) = Zﬁkek“[dk(Pm)] = Pndi(Pm)- (20)
efficiency and are maximized. k=1

The social welfare obtained by (6) is

(18)

The social welfare can be derived by (6).
Taking the first derivative of the payoff of AP(P,,) with
respect tod,, we havef,v'(dy) = P, > c. This result
Different from that in theperfect discriminationthe BS shows that this solution leaves a positiaérmation rentfor
is unobservable of the APs’ types. Thus, the optimal traffiall APs when the BS is unobservable of APs’ types. Since
payment contractT, q) is no longer feasible. Instead, thethe BS can only make a positive payoff by setting the unit
BS will only specify a unit of traffic per paymerit for the traffic P greater than the marginal costthere is potential
offloading process, and the APs will request the amount iafle capacity that has not been utilized to offload traffid an

B. Linear Pricing Contract



thus, deteriorate the social welfare. In a monopoly markén, Section 111.C, we have
the BS sets a higher price than marginal cost, which distorts

the trade-offs in the economy and moves it away from Pareto 0cv(Tie) = ar > Owv(Th) — au, (25)
efficiency. The social welfare that has been lost is called th Oro(Ty) — a1 > Oo(Ty) — qr, (26)

deadweight lossrom the monopoly. with k,1 € {1,..., K}, k # l. We add the two inequalities
above together and have:

C. Anti Adverse Selection Contract 0k0(Ty) + 00(Th) > 0x0(T1) + O10(T}). 27)
Under the information asymmetry, the BS can receive ] )

more payoff than that offering thénear pricing which only  If we factor the inequality by ("), we have

specifies a traffic per payment_un‘?tto all APs. Indeed,.the 0,0(Th) — 010(Ty) > 0,0(Ty) — O0(T), (28)

BS can still offer different traffic-payment bundles as ie th T\(6n — 0 TN (Ge — 0

perfect discriminatiorcase. However, the challenge is that, (L) (O = 60) > v(Th) Ok — 01).

under the information asymmetry tiperfect discrimination As ¢, > ¢;, we must have, — 6, > 0, thus,v(T};) > v(T}).
cannot bring compatible incentive for the APs. When a highyom the definition ofu(T"), we know thatv is a strictly

type AP selects the traffic-payment bundle intended for a loycreasing function of. As v(T}) > v(T;) holds, we must
type AP, the high type AP will receives a positive payofhaveT;, > 7).

rather than selecting the bundle designed for itself, which f we factor the inequality by, we have

brings it a zero payoff. Thus, the high type APs will pretend

to be low type APs, and deteriorate the BS'’s payoff. Thus, the Orv(T) — Opv(T1) > Oro(Ti) — 610(Th), (29)
perfect discriminatiorcannot be extended to the information Or(v(Tk) — v(T7)) > O1(v(Tk) — v(T7)).

asymmetry case directly .

To obtain an incentive compatible contract, we propod® L+ > Ti andw(T') is strictly increasing witti’, we must
the anti adverse selectionin which the BS still offersk  Navev(Tk) > v(T) andv(Ty)—v(T;) > 0. Thus, by dividing
types of traffic-payment bundles perfect discriminatiorin  POth sides of the inequality, we géj > 6;. As a result, we
the symmetric information scenario. In order to prevenhhig'@ve Proved that, > 6, if and only if T, > Ti. _
type APs from mimicking the low type APs, we need to add By now, we have proved the suff|C|e_ncy and ne(_:essny that
the IC constraint into the optimization problem of fherfect 10F @ny feasible contradtl’, ¢), T, > T; if and only if 6}, >

discrimination Therefore, the problem can be expressed g Given our assumption in Definitiol 1 that < --- <
0, < --- < 0k, we have

follows:
K < - <Tp<- <Tg. (30)
—cT 21
?%?Lq))(;ﬁk (gr = Tk, (1) As a strictly increasing function df’, the offloading traffic
s.t. q satisfies the following condition intuitively:
(@) Okv(Tk) —qrx >0, << qp<--<qK. (32)
(0) Oxv(Ti) = qr = Ox0(T2) = au, When#,, > 6;, we also have
kle{l,....K}, k#IL
o L blem i ned d(b) which V(k) = Opv(Ty) — qr > Opv(T) — @ (IC), (32)
The optimization problem is constrained (&) and(b) whic > 00(T)) — q = V (1),

are the IR and IC constraints, respectively. It has been show

that for various parameters, the objective function might b > b1o(Th) —qu = V(1) 2 0.
concave or convex, and thus, is not a convex optimizatige see that/ (k) > V(I) whendy, > 6. As 6 < --- <
problem [23]. Here, before we derive the solution, we shoy, ... - ¢, then

several conditions that guarantee the feasibility of &imdi

adverse selectionontract. 0<V() < - <V(k) <--- <V(K). (33)

Remark 1. Monotonicity: Having the type of APs following ]

the inequality that; < --- < 6, < --- < 0k, BS needs to  Monotonicity implies that the APs of higher type, i.e.,
offer K a contract with different bundle@}, ¢x) for APs of with the larger idle capacity, receive more payment, togeth
K types. For each bundle, the offloaded traffic, payment, amdth higher payoff than those of the APs whose types are

AP’s payoff have the monotonicity that lower. If a high type AP selects the contract designed for
a low type AP, even though a smaller amount of offloaded
@< <gp < <Gk, (22)  traffic is required from the BS, the less payment received
W< <Tp <+ < Tk, (23) will deteriorate AP’s payoff. Moreover, if a lower type AP
0<V(A) < <V(k) < - < V(K). (24) selects a traffic-payment bundle intended for a high type AP,

it needs to vacate part of the capacity intended for its own
Proof: To prove this remark, we first prove that > 7; traffic which may cause worse cost which will surpass the
exists if and only if wherd;, > 6;. From the IC constraint payment received.



The monotonicity implies that the contract brings compaf;, for k € {1,..., K — 1} are then obtainable by (40) and
ible incentives for the APs as high capable APs receive magl) by solving
payoff than low capable ones. In addition, it shows that the 0,
contract isself revealingas the AP can receive the maximum v'(Ty) =
payoff if and only if it selects the contract that best fitsoint
its type. Thus, the problem of high type APs mimicking lowBY now, we have the paymefit, available for the optimal
type APs is solved. Froni [24] we see that theti adverse contract. The required traffic can be found by using the IC
selectionspecifies a nonlinear traffic for different type APiNd IR constraints. First, with constraifit), we have

. 42
POk — p+10k+1 (42)

m_stead of a linear traffic as in thi@ear pricing, and |t_br|ngs g1 = 0,0 (T}). (43)
higher payoffs to the BS and APs, and larger social welfare
than thelinear pricing. Then, by using constrair(b), we have

From [21) we see that, this problem is not a convex opti- oy /
mization problem. There arE IR constraints and{ (K — 1) Gk = 00" (Tk) = 050" (Tho-1) + r-1, (44)
IC constraints in total. According td [24], we know that alwherek € {2,..., K}.
IR constraints can be removed except The optimal contract solved by this optimization problem
gives all APs from type2 to K positive payoffs, and only

010(T1) — a1 2 0. (34)  the lowest type of AP will have a zero payoff. The social
For the IC constraints, we only need to keBp— 1 of the Welfare achieved by the highest type of payoff is the same
K (K — 1) constraints, which are as as that from the ideal case when the type is known by
the BS, which is an efficient transaction. However, the docia

Orv(Tk) — qx > Opv(Th—1) — qr—1- (35) welfare from the other types is lower than that from the ideal

With the reduced constraints, we can reformulate the Bsc;g\se, and thus yielding an inefficient transaction.

optimization problem as
V. SIMULATION RESULTS AND ANALYSIS
In this section, we will first show the feasibility of the
?%%z))(z:ﬁk (@i = Ti). (36) contracts solved from the three mechanisms. Then, we will
st h=t compare the payoffs of the BS and APs, together with the
social welfare of the three contracts. Referring to presiou
(@) Grv(T1) — a1 20, works in contract theory such as [21] and][23], we assume
(0) Okv(Tk) — qr > Okv(Th—1) — qr—1, K = 20 and give the simulation witR0 types of APs. For
kle{l,....,K}, k#L simplicity, we consider a uniform distribution of AP types,

) o ) i.e., B = 1/K. We set the unit payment cost of the BS
We can solve this optimization problem by using La; _ 1.

grangian multiplier method which is explained in the fol-
lowing steps. First, based on the optimization problem, we .
have the Largrangian as A. Contract Feasibility
X 1) Monotonicity: In Fig[d, we show the payment and
. ‘ _ . _ required traffic in the contracts given by the three proposed
L= Z{ﬁl (g = eTie) + pil00(Tk) = Orv(Tha) mechanisms armcentive compatiblewhich ensures that the
ayment and offloading traffic are proportional with the APS’
+qr-1 — g} +voo(Th) —qi.  (37) tpypyes. g tral proport W
To find the optimal contradtT}, ¢x), take the partial deriva-  In Fig.[2a, we plot the payment required from the APs
tives regardingy, and T}, then set the value equal to zeroto the BS of the three contracts. We see that in all three

K

i=1

For k = K we have contracts, the APs of high type always require more payment
or / than that of the low type APs, i.e., the payment required by
T = w00 (Ty) = Br, (38) the AP is a strictly increasing function of the AP’s type. The
or highest payment shown in Fig.]2a also proves our conclusion
e 0 & Br=pk. (39) thatthe highest type AP ianti adverse selectioachieves the
ar optimal efficiency as in th@erfect discriminatiorcontract.
Fork e {1,..., K — 1}, we have Fig.[2DB gives the amount of offloaded traffic required from
or / ) the BS to diffgre_nt type APs_. It is_ clear _that the gmount of
T, = ppbiv’ (Tk) — prt10k+10" (Tk) = Bk, (40) offloaded _trafﬂc |s_also a strictly increasing fl_mctlon oéFh
or AP typ_e, i.e., a higher type AP (with large idle capacity)
> = Bk — e + 1 = 0. (41) is required to offload more cellular than that of a low type
Oq, AP (with small idle capacity) such that the workload is in
With the 2K equations, we can solve, and T, kK € accordance with the payment they received. Furthermore, we
{1,..., K}, by backward induction. A8y, 0, and valuation see that the required amount of trafficperfect discrimina-

functionwv are known, we can first g&tx from (38) and (39). tion andlinear pricing are linear functions of type, and it is
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(a) Different type AP's request of payment. Fig. 3: AP’s payoff with different type traffic-payment bun-
dles.
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10{{ - © - Anti adverse selection j is the same as its own type. This proves that the contract

solved byanti adverse selectiocan automatically reveal the
real type of the APs. Thus, by designing a contract in this
form, the type of an AP will be automatically revealed to the
BS after its selection. In other words, the optimal contract
under information asymmetry enables the BS to solve the
information asymmetry and retrieve the information redate
to AP type.

Moreover, Fig[B shows that the payoffs of the three types
of APs follows the inequalityus < w10 < u1s When they
‘ ‘ select the same traffic-payment bundle. This corroborates t
5 10 15 20 result shown in the monotonicity condition that the higher

Type of AP the type of the AP, the larger the payoff it can receive when

(b) BS's requirement of offloading traffic for different type selecting the same contract.
APs.

Fig. 2: Incentive compatibility of the three contracts. B- System Performance
First, in Fig.[4 we show the payoff of the BS under
the three contracts. The BS receives the maximum payoff
a concave function of type ianti adverse selectiowhich \yhen there is no information asymmetry in tiperfect
is consistent with our conclusion in Section IV.C that thgjscrimination since the BS has full knowledge of AP types.
offloading traffic ¢ is a nonlinear curve. Among the threeyonetheless, we can see that the proposed solution with
contracts, theperfect discriminationcontract requires the jnformation asymmetry by thanti adverse selectiogields
largest amount of offloaded traffic from the AP, followed by payoff for the BS that outperforms thear pricing
theanti adverse selectionnder information asymmetry. Theyyhich receives the lowest payoff. Furthermore, the BS away
smallest amount of traffic is required underear pricing.  receive higher payoff when trading with high type APs than
We have seen similar results from [15] that the price in fat with low type APs. This result also in accordance with
perfect competition market and the monopoly price serves @gr conclusion that the BS prefers to trade with high type
the upper and lower bounds of market price, respectivelg. TAPs than with low type APs.
reason is that the price competition in a competitive marketHere, we note that, even though theti adverse selection
drives the market price up and the monopoly market drivesntract under information asymmetry can force the APs to
the market price down as the monopolist is selfish and orfyveal their types, the exact value of the AP type is still
tries to maximize its own payoff. unavailable to the BS. Thus, the BS can only achieve a
2) Self Revealabilityin Fig.[3, we show that the contractnear optimal payoff under information asymmetry, which is
solved byanti adverse selectiois self revealing. We plot the always upper bounded by thegerfect discrimination The
payoffs oftype-5 type-1Q andtype-15APs when selecting linear pricing contract does not impose any restriction on
all the traffic-payment bundles offered by the BS. In [Eig. the APs’ choice of contract and less information is retrigve
we see that the payoffs of each AP are concave functiomg¢hich impedes the BS from obtaining more payoff.
The maximum points of the three curves are at the pointin Fig. [3, we plot the payoff of different type APs. In
when APs selecting the type of traffic-payment bundle th#te linear contractand anti adverse selectigrthe payoff of
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Fig. 4: BS's payoff when contracting with different type APsFig. 6: Social welfare when BS contracting with different

type APs.
—l— Perfect discriminat}on
wall % ;I:t?zrd 5;'§nge.ecﬂon 0,9 of APs’ idle capqcﬂy compare to thgerfect _dl_scrlmlnat!on
o except for the highest typéx AP. The efficiency of idle
O LA . el .
o.1sl t&** | capacity utilization is only kept for the top type APs. We can
" . *‘*‘*& name this situation as the idle capacity utilizatiodistorted
5 oal ‘***‘*‘* e’eﬂ | The linear pricing contract gives the lowest social welfare
S *‘*‘*\** 0° (i.e., trading efficiency) since no in formation retrieving
& 0.051 GD,O' | strategy has been apply.
o9 The distortion of lower type APs’ offloading traffic in the
O,_Q;?,_._._._._H_H_H_H_._H_H, anti adverse selectioms the result of the BS’s attempt to
reduce theinformation rentof the high type APs. As we
~0.05 ‘ ‘ ‘ have mentioned at the beginning of of Section IV.C, when
° Typeofapr 20 there is an information asymmetry, the high type APs have
_ _ the incentive to mimic low type APs to receive more payoff.
Fig. 5: Different type APs’ payoff. In order to reduce high type APs’ incentives in doing this,

the BS lowers the required amount of traffic of low type APs.

APs is increasing with the type. By contrast, the payoff ofince high type APs prefer to offload traffic for the BS, this
APs remains zero in thperfect discrimination This result action stops the high type APs from pretending to be a low
proves our conclusion in Section IV.A that when the BS iyPe AP, meanwhile, leading to an underuntilization of low
available of the AP’s type, it will not leave arigformation tyPe AP’s idle capacity.
rent for the AP. Theanti adverse selectiosontract proves In Fig. [4, we study the system performance when the
the monotonicity of the contract that the higher the type @fumber of AP types increases, while the other parameters are
AP, the larger the payoff it can receive under informatiofixed. An increase in the number of types will inherently giel
asymmetry. Furthermore, we see that all type APsami an increase in the total number of APs pairs. Eid. 7a shows
adverse selectiorenjoys a positive payoff which is the similar properties as Figl 4, since the BS can extract albffay
representation ohformation rentexcept for the lowest type from the APs due to the symmetric information perfect
0, AP, discrimination while noinformation rentis retried bylinear

Overall, we see thatinear pricing gives the APs the pricing. Fig.[7b also proves the conclusions that we have
highest payoff, followed by thanti adverse selectionnder made in Fig[h that, when the BS cannot retrigviermation
information asymmetry, then the idgaérfect discrimination rent from the APs inlinear pricing, the APs receive the
with no information asymmetry. However, for some of théighest payoff, and the APs cannot gain any payoff when
high type APs can obtain higher payoff from the optimahe BS has full information irperfect discrimination
contract under information asymmetry than theear pric- In Fig.[7d, we show the social welfare of the three con-
ing. tracts. We see that the social welfare is an increasingifumct

In Fig.[8, we show the social welfare of the three contractgith the number of AP types. From Fig.]7c we also see that
when the BS trading with different type APs. The socialithout information asymmetry, theerfect discrimination
welfare is also an increasing function of the AP’s type. Thachieves the first best social welfare as we have stated
linear pricing loses more social welfare than thaeti adverse that it brings the Perato optimal for the system. Followed
selection contractvhen comparing with theerfect discrim- by the anti adverse selectioand linear pricing under the
ination. The anti adverse selectiobrings a low utilization information asymmetry. The larger the number of APs, the



Payoff of BS

160 70 160
—#— Perfect discrimination —#— Perfect discrimination * —#— Perfect discrimination 'Y
140} ¥ Linear Pricing 60 - Linear Pricing * ~ Linear Pricing
- © - Anti adverse selection - © - Anti adverse selection * 14017 - @ - Anti adverse selection 1
4 .
120 e 50 K 120
pc]
100 * g
1 a <}
L&l . * £ 100
80 £ 20 * = *
& * o-0--0--6--6--0 g 80 1
60, a x o--° " @
-4 200077
Qs ~©7 @ 60{
O
10 * *
20f B D ¢ 40[ 5
o ok
T R [y o *
0 20
10 20 40 50 10 20 40 50 10 20 40 50

30
Number of AP Types

(a) Payoff of BS.

30
Number of AP Types

(b) Payoff of AP.

30
Number of AP Types

(c) Social Welfare.

Fig. 7: The system performance when the number of AP typdesiar

closer theanti adverse selectionontract approximates the[10] D. Camps-Mur, A. Garcia-Saavedra, and P. Serrano, iteeto-device
perfect discrimination

In this paper, we have presented a contract-theoretic mofie|

[11]

VI. CONCLUSIONS

for addressing the problem of incentivizing APs to offload

traffic for the BSs in an SDN-at-edge. We have proposeg

a self-revealing contractanti adverse selectiorio over-

come the information asymmetry that the BS is unaware
of the AP’s idle capacity. To evaluate the efficiency of Ol 41
proposed contract, we have introduced and analysed the

perfect discriminationand linear pricing as comparisons.

Simulation results have shown that our proposed approachgs

can

effectively incentivize APs to participate in the tmaffi

offloading process. In addition, thenti adverse selection

can

; . [16
achieve the second best outcome compare to the deall

caseperfect discrimination while gives an optimal social

welfare compare with théinear pricing under information [17]

asymmetry.
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