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ABSTRACT

1.

Data traffic demand over the Internet is increasing rapidly,
and it is changing the pricing model between Internet service
providers (ISPs), content providers (CPs) and end users.
One recent pricing proposal is sponsored data plan, i.e., when
accessing contents from a particular CP, end users do not
need to pay for that volume of traffic consumed, but the CP
will sponsor for this data consumption. In this paper, our
goal is to understand the rationale behind this new pricing
model, as well as its impacts to the wireless data market, in
particular, who will benefit and who will be hurt from this
scheme. We build a two-class service model to analyze the
consumers’ traffic demand under the sponsored data plan
with consideration of QoS. We use a two-stage Stackelberg
game to characterize the interaction between CPs and the
ISP and reveal a number of important findings. Our conclusions include: 1) When the ISP’s capacity is sufficient,
the sponsored data plan benefits consumers and CPs in the
short run, but the ISP does not have incentives to further
improve its service in the long run. 2) When ISP’s capacity
is insufficient, the ISP and end users may achieve a winwin trade, while the ISP and CPs always compete for the
revenue. 3) The sponsored data plan may enlarge the unbalance in revenue distribution between different CPs; CPs
with higher unit income and poorer technology support are
more likely to prefer the sponsored data plan.

With the popularity of bandwidth-intensive mobile devices like smart phones and tablet computers, data traffic
is increasing fast recently. The trend of intensive interactions of mobile devices and public clouds suggests that the
amount of future wireless data traffic can be even daunting.
This poses huge burden to the Internet service providers
(ISPs) since supporting such demand-supply gap requires
large investments. To share such costs with users, flat-rate
pricing plans used in broadband networks are phasing out.
ISPs now propose pricing plans with a cap. By paying a
flat fee, users can consume any traffic volume below this
cap, but they are either not allowed or highly charged for
consuming traffic volume beyond this cap. This cap is usually conservative. For example, Google revealed that almost
85% of the plans offer less than 10 GB data per month, and
36% offer less than 1 GB per month [1]. Such caps would
be easily reached in less than seven hours under the current
3G bandwidth [2]. There is thus a great demand on better
pricing models. One research direction is time dependent
pricing [3, 4]. The key observation is that the user traffic demands are not uniform at different times. Therefore,
higher (lower) prices can be applied to peak (off-peak) hours
so as to change the users’ consumption patterns over times.
Another recent proposal is sponsored data plan, originated
from 1-800 services of phone calls [5]. In particular, ISPs
provide platforms for the content providers (CPs) to sponsor their end users, but with some payments or indirectly
sharing advertising revenue, such that when end users access
the content from one CP joining the sponsored data plan,
their traffic from this CP is partially or fully exempted from
their data caps. For example, Google has joined with India’s
Bharti Airtel to offer free access to certain Google-based services such as Gmail, Google+ and first pages of websites via
Google search without ringing up data charges [6]. This
pricing strategy is expected to create a positive cycle: End
users will access more contents which will be exempted from
their caps; content providers can attract more users and earn
more from advertisement incomes; ISPs can obtain higher
revenue to support better quality of service (QoS) and carry
out technology upgrades. Early works [7, 8] have confirmed
its benefits to CPs and end users.
Nevertheless, a key problem is whether such a plan may
lead to unfair competition advantage to certain parties. Similar debates, e.g., network neutrality, appeared in the past.
Opponents, including network neutrality advocators and representatives from public interest groups, concern that such
a plan will favor rich and big CPs over small ones [9]. This
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INTRODUCTION

may impede Internet innovation and ultimately hurt consumers. Proponents, mostly ISPs and some CPs, argue
that this plan can promote competition and improve efficiency [10]; ultimately, consumers will benefit from better
services and cheaper traffic. The pioneer ISP, AT&T, expressed confidence that the sponsored data plan complies
with Federal Communications Commission (FCC) network
neutrality rules. The core of network neutrality is that
packet flows at the ISP level should not bear priorities1 .
Otherwise, when congestion occurs, low priority flows can
be dropped before high priority ones, causing unfair competition in QoS among different CPs. Sponsored content, in
fact, does not trigger differentiated services at the ISP flow
level. When congestion occurs, packet flows of sponsored
contents have the same probability to get dropped as nonsponsored ones. The FCC is inclined to side with proponents
though its chairman claimed that the commission will carefully watch the sponsored data program and intervene if it
finds the sponsored content practice violates the Open Internet Order [11]. After a long time of planning, AT&T finally
announced its sponsored data program in January 2014. Its
sponsored data partner, Syntonic Wireless, launched “tollfree” content store six months later [12].
In this paper, we show that an unfair competition advantage may still exist. In particular, there might be a competition disadvantage for certain CPs, such that tiered services
will be created and ultimately users might be hurt. Under this plan, there will be a sponsored class services and
an ordinary class services, where the sponsored class brings
higher revenue to CPs. Yet to join the sponsored class, CPs
need to pay a non-trivial premium for each unit of content
it delivers. Only CPs with high unit profit can afford such
a premium. This discriminates CPs in the sense that they
need to compete for capital, i.e., the capability they pay a
premium for their content, rather than their services, i.e.,
the quality of the contents or the quality of services. In
addition, we find that in the long run, the ISP has no incentives to enlarge its traffic cap when its traffic capacity is
sufficient; this greatly hurts consumers and CPs. Although
these results seem discouraging for the sponsored data plan,
we also show that if the traffic cap is regulated properly so as
to guarantee the majority part of capacity being allocated to
the ordinary class, then the ISP’s optimal strategy is aligned
with the consumers’ surplus.
In this paper, we study a set of CPs, a monopolistic ISP
and a set of users2 . We model the users’ traffic demand dynamics under the sponsoring plan with QoS consideration
(Sec. III-A and III-B). Based on this, we develop a Stackelberg game framework (Sec. III-C and III-D) and analyze the
interactions between the ISP, end users, and CPs (Sec. IV
and V). In particular, we find that the equilibrium may not
always exist and discuss the outcome of the interactions. We
also develop efficient polynomial time algorithms to search
the outcome in the exponential solution space. Finally, we
determine and characterize the actions of the ISP and CPs in
the steady state, i.e., the solution to the Stackelberg game.
Our major findings are:
1
Priorities for traffic engineering might be acceptable; yet
priorities targeting on certain application types (e.g., P2P)
or some particular CPs (e.g., Google), should be prohibited.
2
In this paper, we use the terms “users” and “consumers”
interchangeably.

• If the ISP’s capacity is sufficient, then the sponsored
data plan benefits consumers and CPs in the short
run; but in the long run, the ISP has no incentives to
enlarge its traffic cap, which hurts consumers and CPs.
• If the ISP’s capacity is insufficient, then the ISP has
strong incentives to enlarge its capacity, which benefits
both CPs and consumers. However, the ISP’s optimal
strategy to enlarge its profit is always contrary to CPs’
surplus. If the traffic cap is regulated properly, then
this strategy is aligned with the consumers’ surplus.
• The sponsored data plan may enlarge the unbalance in
the revenue distributions between different CPs; those
with higher unit income and poorer technology support
are more likely to prefer the sponsored data plan.

2.

RELATED WORK

Sponsored data plan has become an attractive topic since
it was proposed by AT&T. Under this plan, content providers
can transfer part of their revenues to consumers so as to
pursue higher traffic usage and remedy their consumers’ low
willingness to pay. Similar revenue transfer and sharing also
happen between other interest groups with complementary
requirements in the Internet [13, 14, 15, 16]. Based on the
seminal work of two-sided markets by Armstrong [17], prior
works [15, 16] studied the two-sided markets in the Internet, i.e., CPs and end users are the two sides that interact
in a market enabled by the platform of ISPs. Njoroge et
al. [15] found that through CP-side pricing, ISPs could extract higher surplus and maintain higher investment levels.
Hande et al. [16] set up a two-sided model in a rate allocation market and concluded that subsidizing end users’ cost of
connectivity by pricing content providers may benefit both
end users and CPs. Xu et al. [18] proposed a cooperative
profit-distribution model for eyeball ISPs and peer-assisted
content providers based on Nash Bargaining Solution. Authors in [13, 14] studied the profit-sharing mechanism of
multi-lateral ISP settlements. Ma et al. [13] proposed a
Shapley profit-sharing mechanism. At the Nash equilibrium,
the routing and connecting/peering strategies maximize aggregate network profits. Wu et al. [14] proposed a Nash bargaining process and found that all ISPs are simultaneously
better than the noncooperative equilibrium.
The sponsored data plan faces new challenges due to the
complexity of users’ behaviors and attracts lots of research
interests. From the economic point of view, Andrews et
al. [7] studied the contractual relationship between CPs and
ISPs with random demand. They concluded that a coordinating contract can maximize the total system profit, and
that the additional profit caused by sponsored data plan
can be split between CPs and ISPs in an arbitrary manner.
Zhang and Wang [8] formulated a competition problem between one large CP and one small CP to show whether sponsored content indeed favors large and rich CPs. Ma [19] captured the regulated subsidization competition among CPs
under a neutral network and concluded that certain CPs
might be harmed with a main reason being the high access
prices instead of the existence of subsidization. Joe-Wong et
al. [20] formulated the interaction among ISPs, CPs and heterogeneous users and derived their optimal behaviors. They
found that sponsorship favors less cost-constrained CPs and
more cost-constrained users, exacerbating CP inequalities

but making user demand even more. From technical point of
view, Raj et al. [2] developed a new computing abstraction,
called SIMlet, based on the idea of split billing. Andrews et
al. [21] developed a detailed methodology for extracting the
parameters required by models in their previous work [7] and
discussed how to select the proper sites to join the sponsored
data plan.
The above works provide initial analysis on the sponsored
data plan; however, further understandings are still limited.
In particular, much is unknown on whether this strategy
brings unfair competition and hurts consumers, as well as
how end users behave and QoS changes upon the adoption
of this plan. In this paper, we model the sponsored data plan
as a two-class service model, which has been widely adopted
by [22, 23, 24, 25, 26]. Li et al. [26] provided the technical support for two-class services with different QoS using a
multicast protocol. Shetty et al. [23] investigated the effects
of transition from a single-service class to two-service classes
in the Internet by considering the interaction between end
users and multiple ISPs. Yuksel et al. [24] focused on transit
ISPs and quantified the extra capacity requirement for an
over-provisioned classless network compared with the class
network. Hermalin and Katz [25] examined the welfare effects of product-line restrictions and analyzed the case of
two technologically restricted quality levels. However, all
the above works focused on the ISP’s side but not the CPs’
choices. We have only found that Ma and Misra [22] considered the problem from similar directions with us. We
adopt a similar methodology with Ma and Misra [22, 27] to
obtain the equilibrium of the Stackelberg game. However,
we do not consider QoS differentiation, but we focus on the
sponsored data plan.

3.

GENERAL MODEL

In this section, we model the wireless data market with
three parties: a set of CPs N (N = |N |), a monopolistic ISP
and a set of end users with a total number M . The CPs provide services to end users. We assume that one CP supplies
only one service. If a CP provides multiple services, then we
treat it as multiple virtual CPs, each serving one particular
service. The ISP provides Internet access services to CPs
and end users. Usually, there is a transmission bottleneck
for the connection services between CPs and end users. We
define the traffic capacity (or capacity for short) of the ISP,
denoted by µ, as the maximal possible amount of traffic volume that can be transmitted through the bottleneck during
a fixed period3 . Based on the above model, we can use a
triple (N , µ, M ) to represent the whole system.

3.1

friend, but when he finishes this discussion, the extra traffic
he consumes, e.g., for telling jokes, is with a low valuation.
In other words, the marginal valuation decreases with the
traffic volume consumed. We define a strictly decreasing
valuation density function gi (·) to capture this feature, and
theRtotal valuation of consuming xi amount
of traffic is given
R∞
x
by 0 i gi (s)ds. Further, we assume 0 gi (s)ds < ∞.
Each service requires a certain bandwidth to achieve good
QoS. For instance, a bandwidth of 500 Kbps is required for
YouTube videos. We denote this maximal requirement for
the service of CP i (or service i for short) as b̂i . However,
in reality it may not be totally satisfied due to ISP’s insufficient capacity. We denote the achievable bandwidth as bi .
Obviously, we have bi ≤ b̂i . When the maximal bandwidth
requirement cannot be satisfied, QoS decreases, resulting
phenomenons like frequent screen freeze in video display.
We define qi = bi /b̂i as the ratio of the achievable bandwidth over the maximal bandwidth requirement. It reflects
the extent of QoS degradation; when qi < 1, it may lead to
a reduction of users’ valuations. In later parts of this paper,
we call qi the “QoS index”. We capture this effect by a QoS
satisfaction function: hi (·) : [0, 1] → [0, 1], where hi (0) = 0
and hi (1) = 1. We assume that it is a non-decreasing and
continuous function in qi . When qi < 1, the marginal valuation decreases to gi (·)hi (qi ), and thus theRtotal valuation for
x
consuming xi amount of traffic becomes 0 i gi (s)hi (qi )ds.
We assume that an end user accesses a service if and
only if his per unit traffic valuation of this service is higher
than a pre-set threshold denoted by ti . This threshold may
come from the cost of bearing irritating pop-ups. Since the
marginal valuation of a service reduces, there is a usage
threshold for a user where his marginal valuation is equal
to ti . We define the usage threshold for service i as

Users’ Traffic Demand

Users have different preferences towards various contents
and services of CPs. We use valuation to present this preference. Facing different choices in the service set, a user
prefers accessing a service with a high per unit valuation
when he has a usage limitation (or traffic cap). We assume
a user’s per-unit traffic valuation has a decreasing trend. For
example, a user may have a high valuation on a VoIP service since he needs to have an important discussion with his
3
Please be noted that the definition of “capacity” is different
from the ISP’s cap announced to the users; the later concept
refers to the maximal traffic that a user is allowed consume
during a fixed period.

θi = max {s : gi (s)hi (qi ) ≥ ti } ,
which reflects the maximal possible traffic usage for service
i. When the inverse function of gi (·)exists, we denote it as
gi−1 (·), and we have θi = gi−1

ti
hi (qi )

. For any traffic usage

xi ∈ [0, θi ], let us define the users’ utility as4
Z xi
ψi (xi ) =
[gi (s)hi (qi ) − ti ] ds.

(1)

0

We assume that the utility of consuming different services
are additive. Therefore, the utility of accessing all services
with traffic usage x = (x1 , · · · , xN ) is
X Z xi
ψ(x) =
[gi (s)hi (qi ) − ti ] ds.
(2)
i∈N

0

In later analysis, we also call it the surplus of a consumer.
Now let us observe the ISP’s role in users’ consumption
decisions. An ISP usually applies a “flat-rate-like” pricing
scheme but with a cap, i.e., by paying a flat rate, end users
can use the traffic below the cap, but they are not allowed to
consume traffic volume beyond this cap, or are charged by
a much higher price for usage beyond5 . Let us use C to denote this cap. In this paper, we assume that each user’s data
4

We do not include the Internet access fee charged by the
ISP into the formula, since the access fee is a constant and
does not impact any result.
5
For instance, in the “AT&T individual plan” for 4G smart
phones, AT&T charges $10 for a traffic cap 1 GB per month,
but another $5 for any additional 50 MB.

x

s.t.

i∈N

X

0

xi ≤ C, 0 ≤ xi ≤ θi .

(3)

i∈O

Note that for end users, the total traffic usage for nonsponsored services should not exceed the cap. Given the
choices of CPs, i.e., (O, S), the above optimization can be
solved by KKT conditions [28]. We have the following lemma.
Lemma 1. A user’s optimal data consumption of the content provided by CP i, denoted as xi , is:
(
o
n

+ν
i ∈ O,
max 0, gi−1 htii(q
i)
xi =
(4)
θi
i ∈ S,
where ν is the Lagrange multiplier associated with the cap
constraint. In addition, ν is non-decreasing with respect to
qi , and non-increasing with respect to C.
Proof. Please refer to the technical report [29].
Lemma 1 derives the optimal traffic consumption of end
users. The traffic consumption for services in S always approaches the usage threshold, but that in O is constrained
by the traffic cap and the usage threshold.
We define ν as the level of competition for the traffic cap,
because a high ν indicates a low traffic cap, so CPs in O face
intense competition to attract users’ consumption within
this limited cap. When C is large, the traffic consumption of
services in O also approaches the usage threshold. Services
in S has no impact on the demand of traffic in O. Lemma 1
also states that the level of competition is also affected by
the QoS index. A higher QoS index means a higher level of
competition since it increases the traffic demand.

3.1.1

Discussion on QoS Satisfaction Functions

Users may have different requirements on QoS for different
services. For example, for real-time applications like Netflix,
the value of the QoS satisfaction function decreases dramatically with respect to qi . This is because inadequate bandwidth for the realtime applications greatly hurts users’ experience. In contrast, for delay-tolerant services like email,
reduction in QoS does not hurt users’ experience too much.
Therefore, in this paper, we define the QoS satisfaction function in the following form:
hi (qi ) = qi γi ,

(5)

where γi is called the quality sensitivity for service i. A large
γi represents a service with a high sensitivity on the quality,
while a small γi represents one with a low sensitivity.

3
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consumption is below this cap. This assumption is for mathematical tractability; in reality, users do usually limit their
usage below this cap due to the high fee charged for beyond.
Under the sponsored data plan, traffic consumption of a particular service can be partially or totally exempted from this
cap. We denote O (or S) as the set of ordinary (or sponsoring) content providers (or services). Content providers in S
sponsor the total traffic volume consumed on their content,
while those in O do not participate in the sponsored plan.
Each CP in N is in either S or O. Thus, given the QoS
index vector q = (q1 , · · · , qN ), an end user can decide his
optimal traffic usage by maximizing his utility:
X Z xi
[gi (s)hi (qi ) − ti ] ds,
max
ψ(x) =
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Figure 1: An example of consumers’ valuation model

3.1.2

Discussion on Valuation Density Functions

Define αi = limxi →0 gi (xi ). The value of the valuation
density function approaches the maximum αi when the user’s
consumption on service i approaches zero. As the traffic amount increases to infinity, the marginal valuation decreases to zero, i.e., limxi →∞Rgi (xi ) = 0. The above require∞
ment is needed to guarantee 0 gi (s)ds < ∞. In particular,
we consider the following canonical form:
gi (xi ) = αi e−βi xi ,

(6)

where βi captures the traffic sensitivity on the valuation of
service i. A higher traffic sensitivity indicates that the valuation of per unit traffic decreases more rapidly when more
traffic is consumed by end users.

3.1.3

Illustration

We consider an example where two CPs are with parameters (α1 , β1 , γ1 ) = (3, 2, 0.5) and (α2 , β2 , γ2 ) = (1.5, 0.5, 1.5);
CP 1 provides an Email type service with a high per unit
valuation, a high traffic sensitivity and a low quality sensitivity, while CP 2 provides a video type service with a low
per unit valuation, a low traffic sensitivity and a high quality
sensitivity. Let the pre-set threshold be ti = 1.
Figure 1 shows the marginal valuation with respect to the
traffic consumed by both CPs (the left subfigure) and the
usage threshold of the two CPs with respect to the QoS index
(the right subfigure). The marginal valuation decreases with
respect to the traffic amount consumed, and the decreasing
trend becomes more rapid when congestion happens. For
example, the marginal valuation of CP 1 decreases 63% when
the traffic amount increases from 0.5 to 1. When the QoS
index decreases, e.g., from 1 to 0.5, the marginal valuation
of CP 1 decreases 28% further. A user consumes the traffic
only when the marginal valuation is higher than the pre-set
threshold. The critical point, i.e., the usage threshold, shifts
to the left when congestion happens. When the marginal
valuation line is all below the pre-set threshold line, the end
user consumes no traffic and does not receive such service.
The relationship between the usage threshold and the QoS
index are shown in the right sub-figure. Each CP needs some
QoS guarantee to attract its end users, while different CPs
have different requirements. For example, CP 1 requires
that the QoS index is larger than 0.1, while CP 2 requires it
larger than 0.75. Comparing to CP 1, quality degradation
has a more serious effect on CP 2. Decrease of the QoS index
from 1 to 0.9 results in 39% reduction of the usage threshold
for CP 2 but only 4% for CP 1.
Up till now we have captured end users’ traffic demand
under certain QoS. Next we will analyze the correlation between the end users’ demand and QoS of the system.

3.2

Capacity Sufficiency and Rate Allocation
Mechanism

In this subsection we analyze the aggregated traffic demand of all services, based on which we define the sufficiency
and insufficiency of the ISP’s capacity. Later, we capture
the interactions between the traffic demand, sufficiency of
capacity, and the quality of service.
Let us first consider the aggregated traffic demand of M
end users receiving services in the sponsored class S, i.e.,
P
i∈S M xi (q). According to lemma 1, the optimal usage for
each service approaches the usage threshold, i.e., xi = θi (qi )
for any
P i ∈ S. The aggregated traffic demand for services in
S is i∈S M θi (qi ). Then
P let us consider the aggregated traffic demand in O, i.e., i∈O M xi (q). When the traffic cap is
sufficiently large, each end user’s optimal traffic usage is the
usage threshold, so the aggregated traffic demand in O is
P
M θi (qi ). Otherwise, if the cap for the users is smaller
i∈OP
than i∈O M θi (qi ), then the aggregated traffic demand is
M C where C is the cap set by the ISP. Therefore,
the aggreP
gated demand for services in O is M min
θ
i∈O i (qi ), C .
The aggregated traffic demand from all users is
X

X
D(q) =
M θi (qi ) + M min
θi (qi ), C .
(7)
i∈S

i∈O

Now let us formally define the sufficiency (insufficiency)
of the ISP’s capacity.
Definition 1. We say that the ISP’s capacity C is sufficient if C ≥ D(1), or insufficient otherwise.
When C is insufficient, we can by no means guarantee
that each user receives each service under the best QoS; in
other words, congestion happens. Lots of bandwidth allocating mechanisms have been used to address the rate allocation problem under congestion [22, 30]. One well adopted
method is the proportional share mechanism [22], where
each flow reduces the same percentage of rates under congestion. In other words, the ratios of the achievable bandwidth
over the maximal bandwidth requirement for any two services i and j are the same, i.e., bi : b̂i = bj : b̂j , so the
QoS indices for each service are the same, i.e., qi = q for
any i ∈ N .6 Thus, the traffic demand function D(q) can
be simplified by D(q). When q < 1, users’ demand for each
service reduces. When reaching a steady state, the traffic
demand is equal to the capacity of the ISP:
D(q) = µ.

3.3

Utility of Content Providers and the ISP

Now let us formally define the utility functions of content
providers and the Internet service provider. This serves as
the foundation for our further game analysis.

3.3.1

Utility of Content Providers

We use vi to denote the per unit revenue of CP i. Content
providers may have quite different per unit revenue [32]. For
example, Google search has a much higher per unit revenue
than YouTube. The revenue can be generated by advertisements (e.g., YouTube), or value-added services (e.g., Tencent), or other e-commerce (e.g., Amazon). The cost of CP
i consists of two parts: 1) the cost ci for the connection service of per unit traffic, and 2) the additional cost p for per
unit sponsored traffic. Thus, the utility of CP i, denoted by
φi , is:

(vi − ci )xi (q)
i ∈ O,
φi (ci , p) =
(9)
(vi − ci − p)θi (q) i ∈ S.
Content providers’ surplus, defined as the summation of utilities of all CPs, can be expressed as
X
φ=
φi .
(10)
i∈N

3.3.2

Utility of the ISP

We use the ISP’s revenue to represent its utility7 , mainly
from two sources: 1) the unit price charged to CPs for the
connection service, i.e., ci , and 2) the unit price charged
to CPs for the sponsored traffic, i.e., p. We omit the price
charged to end users because it is only a constant under
the cap scheme. Thus, the utility (or surplus) of the ISP,
denoted by π, is:
X
X
π(ci , p) =
(ci + p)θi (q) +
ci xi (q).
(11)
i∈S

i∈O

Note that we treat the unit sponsoring price for different CPs
as equal so as to cope with the network neutrality rules.

(8)

We call the QoS index q that satisfies the above equation
an equilibrium QoS. Let us define λ = µ/M as the average
capacity (or per user capacity). Given the sets (O, S), the
equilibrium QoS is captured by the following lemma.
Lemma 2. Given the sets (O, S), there is a unique equilibrium QoS q ∈ [0, 1]. Further, it is a non-decreasing function with respect to λ, and a non-increasing function with
respect to C.
Proof. Please refer to the technical report [29].
6

Lemma 2 shows that the ISP can improve QoS by enlarging its capacity, in particular, when q < 1. It is also
interesting to note that if we merely increase the ISP’s traffic cap, i.e., users are allowed to consume more traffic, then
QoS becomes worse since the traffic demand from users increases but the ISP’s capacity remains the same.

In practice, the QoS index q may be dynamic over time due
to volatile traffic demand (e.g., high QoS index during valley
period and low QoS index during peak period). However,
the QoS index during peak period is relatively stable [31].
In this paper, we focus on the traffic capacity during peak
period and treat q as the average QoS index over the period.

3.4

A Two-stage Stackelberg Game

We model the interactions of the ISP and CPs as a twostage Stackelberg game in the system (M, µ, N ). In particular, we have the following settings:
• Players: The ISP and the set of CPs.
• Strategies: The ISP decides the unit price charged
to CPs for the sponsored traffic, and the traffic cap
for end users, i.e., the ISP’s strategy profile is sI ∈
{(p, C) : p ≥ 0, C ≥ 0}. Each CP decides to join
either the ordinary class or the sponsored class. We
use sN = (O, S) to denote CPs’ strategy profile, with
O ∩ S = ∅ and O ∪ S = N .
7
We ignore the cost for delivering per unit traffic since the
fixed cost is majority while the marginal cost is negligible.

• Rules: The ISP is the first mover who decides its price
and traffic cap and announces them to CPs and end
users. CPs are second movers and decide which class to
join. Each CP makes its own decision independently.
• Outcome: The outcome is determined by backward
induction. In particular, given any ISP’s decision, each
CP chooses which class to join to maximize its utility.
Based on this knowledge, the ISP decides its optimal
price and traffic cap that maximize its utility.
Note that we do not include the decision of ci , i.e., the
unit price for connection services, into the ISP’s strategy
profile. This is because we want to focus on the sponsored
data scheme, which influences end users’ decisions, but has
limited impacts on ci . Therefore we assume ci is predetermined and known. We apply the Stackelberg game where
the ISP is the first mover and CPs are second movers. This
reflects the reality where ISPs usually have the monopolistic
power and are active to promote the sponsored data plan.
Once the ISP fixes its charging scheme, it cannot frequently
change it as its contract with CPs and end users are normally
of long term. After the ISP’s decision, CPs decide whether
they sponsor the content. Since CPs make their decisions
simultaneously, we call their decision process a simultaneous game denoted by (M, µ, N , sI ). Following the backward
induction, we analyze the CPs’ decisions, i.e., the simultaneous game, in Section 4, and later, the ISP’s decision, in
Section 5.

4.

CONTENT PROVIDERS’ DECISIONS

In this section, we analyze content providers’ decisions,
i.e., the outcome of the simultaneous game (M, µ, N , sI ). In
the decision phase, a CP joins a particular class (O or S)
where he can obtain a higher utility. Note that upon joining
a particular class, this CP may impact the QoS index and the
traffic consumption of other services. However, we consider
when the number of CPs is large, this effect is ignorable,
and thus define competitive equilibrium as follows:
Definition 2. A strategy profile sN = (O, S) is a competitive equilibrium of the game (M, µ, N , sI ) if for any CP
i, its utility satisfies:

vi − ci − p  ≤
vi − ci  >

xi (O,S)
ei (O,S)
θ
x
ei (O,S)
θi (O,S)

if i ∈ O,
if i ∈ S,

(12)

where x
ei and θei are the estimation of the ex-post traffic usage
xi (O ∪ {i}, S/{i}) and θi (O/{i}, S ∪ {i}) accordingly.
Definition 2 states that under the competitive equilibrium,
CPs in each class cannot obtain a higher profit by joining
the other class. The competitive equilibrium depends on the
estimation of the ex-post traffic
usage
for x
ei and θei which



ti +e
ν
−1
i
e
are obtained by x
ei = gi
and θi = gi−1 hit(e
,
hi (e
q)
q)
i.e., we can calculate the ex-post traffic usage by estimating
the ex-post QoS qe and ex-post level of competition νe. This
estimation for the two parameters (e
ν , qe), called congestion
metric, alleviates each CP from estimating all other CPs’
characteristics and greatly simplifies our analysis.

4.1

Outcome of the Simultaneous Game

Intuitively, we can use the competitive equilibrium to capture the steady state of the system, or the outcome of the

simultaneous game. However, we will show later that there
does not always exist a competitive equilibrium for the game.
In this section, we derive the conditions for the existence of
the competitive equilibrium, and explore how to determine
the outcome of the game when there is no equilibrium. We
also design an algorithm to quickly find out the unique outcome of the game over the feasible space of exponential size.

4.1.1

Sufficient Capacity

According to Definition 1, when the ISP has a sufficient
capacity, it can support the traffic demand from all users
when all services are with the best QoS, i.e., q = 1. This
is the reality of the broadband (or wired) network, in particular, with fiber access. As for the wireless network, with
the development of 4G LTE, the total demand may be fully
satisfied in the future so as to fulfill a sufficient capacity
condition. In this case, an end user’s traffic consumption of
service i is:
(
xi =

n
o
max 0, gi−1 (ti + νe)

gi−1 (ti )

i ∈ O,

(13)

i ∈ S.

To see each CP’s decision, we first define the relative priority of CP i as:

ρi = gi (vi − ci − p)gi−1 (ti )/(vi − ci ) − ti .
(14)
This relative priority is the highest critical level of competition that CP i can tolerate in the ordinary class. A smaller
relative priority of a CP means a higher incentive or priority
to join the sponsored class S. Then, CP i’s choice is:

O if ρi ≥ νe,
i∈
(15)
S if ρi < νe.
The key point to find an equilibrium is to decide the corresponding level of competition νe. We first relabel the CPs
according to a non-increasing order of ρi such that ρi ≥ ρj if
i < j. Then, we define set Hl as the set of first l CPs. Given
the choices of CPs as (Hl , N /Hl ), we can obtain the level
of competition ν(Hl ) according to the optimization problem (3), and this value increases with respect to l. When
the sequences {ν(Hl )} and {ρl } are smooth enough, i.e., the
differences between any two neighboring elements are small
enough, we can approximately view them as continuous sequences. The intersection points of these two sequences, if
exist, are the levels of competition νe. Otherwise, the level
of competition is zero or ν(HN ). We use this rough description to illustrate the idea on finding the level of competition;
in what follows we describe the detailed conditions for the
existence of competitive equilibria based on this idea.
Theorem 1. If there does not exist a positive number l
such that ν(Hl−1 ) < ρl < ν(Hl ), then there exists at least
one competitive equilibrium.
Proof. Please refer to the technical report [29].
When there exists a positive number l such that ν(Hl−1 ) <
ρl < ν(Hl ), neither S nor O will be chosen by CP l. When
CP l chooses O, then S becomes a better choice since ρl <
ν(Hl ); when CP l chooses S, then O becomes a better choice
since ν(Hl−1 ) < ρl . The intuition is that CP l’s decision to
join either class results in a jump on the level of competition, i.e., ν(Hl ) − ν(Hl−1 ). This jump can in turn change
the original decision of CP l.
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Figure 2: Examples of equilibria under sufficient capacity

When there is no competitive equilibrium, we still need
to analyze the outcome of this game. Due to the fact that
the sponsored data plan contracts between the ISP and CPs
are usually of long term, it is impossible for CPs to always
change their decisions, but in fact, their decisions will last
for a relatively long time. To determine such decisions as
the outcome of the game, we assume that any particular
CP, say, CP l, makes its decision according to the following
nearest point rule:

O if ν(Hl ) − ρl ≤ ρl − ν(Hl−1 ),
(16)
l∈
S if ν(Hl ) − ρl > ρl − ν(Hl−1 ).
The key point for this rule is that the unstable CP joins
the set with the level of competition nearer to its relative priority. A binary-search algorithm can be designed to find the
outcome of the game when the ISP’s capacity is sufficient.
We denote the binary-search algorithm as F indEqInt() with
input {ρl }, {Hl } and {ν(Hl )}. This algorithm adopts halfinterval search to find the intersection point between sorted
sequence {ρl } and {ν(Hl )} according to the nearest point
rule.
Numerical Example: To intuitively understand the outcome of the game, we give a numerical example of eight CPs
with parameters αi ∈ {1, 3}, βi ∈ {1, 2} and γi ∈ {0.5, 1.5}.8
We set ci = 1 and ti = 0.5. The per unit revenues for the
eight CPs are {3, · · · , 10} accordingly.
Figure 2 shows the level of competition sequences {ν(Hl )}
and relative priority sequences {ρl } under two cases of the
ISP’s strategies, i.e., s1 = (1, 5) and s2 = (1.5, 4). The
set HN = {2, 4, 1, 6, 8, 3, 5, 7} and the first four CPs join
O under both strategies s1 and s2 since ρl > ν(Hl ) for
l ∈ {1, 2, 3, 4}. Then let us consider CP 8 under s1 . When
it joins O, it finds ρ5 < ν(H5 ) and thus joining S is a better choice. However, when it joins S, it finds ρ5 > ν(H4 )
and thus joining O is better. Therefore, there is no equilibrium for CP 8 under s1 . This oscillation does not happen
under s2 since ρ5 < ν(H4 ). Thus CP 8 joins S, and the
equilibrium of the simultaneous game is O = {2, 4, 1, 6} and
S = {8, 3, 5, 7}. When we adopt the nearest point rule in
Eq. 16, CP 8 joins the O under s1 , so the outcome of the
game is O = {2, 4, 1, 6, 8} and S = {3, 5, 7}.

4.1.2

Insufficient Capacity

8
In this example, the sequence of parameters of CP i is given
by (γβα)2 = (i − 1)10 , where α = 0 indicates CP i chooses
the first value of αi , i.e., αi = 1; otherwise αi = 3 is chosen.
Similarly, βi and γi are determined by sequences β and γ.

Currently wireless data networks often lack capacity. ISPs
often cannot support all traffic demand under the best possible QoS. Traffic cap is usually set to limit end users’ traffic
usage so as to alleviate the congestion problem. Finding
an equilibrium of the game (M, µ, N , sI ) under the insufficient capacity is complex since we need to consider a pair of
parameters (e
ν , qe) rather than one single parameter νe. The
interactions between νe and qe make the problem more complicated. To find an equilibrium, we first fix the QoS index q. Then we can obtain the relative priority sequence
{ρl (q)} under this QoS index. Similar to the sufficient
ca
pacity case, the competitive equilibrium O(q), S(q) can be
calculated according to the binary-search algorithm. This

equilibrium results in a new QoS index, i.e., q 0 O(q), S(q) .
When this new QoS
 index is equal to the original QoS index,
i.e., q 0 O(q), S(q) = q, then we obtain a competitive equi
librium O(q), S(q) . The following theorem quantifies the
condition for the existence of competitive equilibria under
the insufficient capacity case.
Theorem 2. If there
does not exist a QoS index q ∗ such

+
+
that q O(q ), S(q ) < q ∗ < q O(q − ), S(q − ) where q − =
q ∗ − , q + = q ∗ +  ( is any sufficiently small positive number), then there exists at least one competitive equilibrium.
Proof. Please refer to the technical report [29].

If there exists a QoS index q ∗ such that q O(q + ), S(q + ) <

−
−
q < q O(q ), S(q ) , then the choices of CPs oscillate. Under different choices of CPs, the QoS index changes around
q ∗ but never converges to a stable point. Similarly, in order
to capture the outcome of the simultaneous game, we also
adopt the nearest point rule, i.e.,


O(q − ), S(q − ) if q ∗ ≥ q,
(17)
(O, S) ←
O(q + ), S(q + )
if q ∗ < q,


where q = 21 q O(q − ), S(q − ) + q O(q + ), S(q + ) .
∗

Algorithm 1 FindEq()
Input: (N, µ, M, sI )
Output: (O, S)
1: Initialize (ν[0], q[0]);
2: Calculate (O[0] , S[0] ) induced by (ν[0], q[0]);
3: t ← 0;
4: do
5:
Calculate {ρl (q[t])} and sort them according to a nonincreasing order;
6:
Calculate {Hl [t]} and {ν(Hl [t])};
7:
(O[t+1] , S[t+1] )←F indEqInt({ρl (q[t])}, {Hl [t]}, {ν(Hl [t])});
8:
Calculate (ν 0 [t], q 0 [t]) induced by (O[t+1] , S[t+1] );
9:
q[t + 1] ← q[t] + g[t](q 0 [t] − q[t]);
10:
t ← t + 1;
11: until t < T or (O[t] , S[t] ) == (O[t−1] , S[t−1] )
12: return (O[t] , S[t] ).
We design Algorithm 1, called F indEq(), to search the
outcome of the game under the insufficient capacity. It starts
with initializing congestion metric (ν[0], q[0]) and calculating CPs’ choices (O[0] , S[0] ) (line 1 to 3). In each step t,
after obtaining the relative priority of CPs under the QoS
index q[t], the algorithm calculates the outcome according
to the binary-search algorithm F indEqInt() (line 5 to 7).

0.9

0.9

0.8

0.8

Corollary 1. Denote the relative priority of CP i under the outcome of the game (M, µ, N , sI ) and the new game
(M, µ, N , s0I ) as ρi and ρ0i , respectively. If s0I  sI and
(O, S) is the outcome of both games, then ρ0i − ν 0 ≥ ρi − ν.

q̃

1

q̃

1

0.7

0.7

q̃ = q

0.6

q̃ = q

0.6

q̃ = q ′ (q)
0.5
0.5

0.6

0.7

0.8

0.9

q̃ = q ′ (q)
1

0.5
0.5

0.6

0.7

0.8

0.9

q

q

(a) s1 = (0.5, 5)

(b) s2 = (1, 4)

1

Figure 3: Examples of equilibria under insufficient capacity

Then it updates the QoS index q[t + 1] based on q[t] and
the induced QoS index q 0 [t] (line 8 to 10). The step size
parameter g[t] can be time-static or decreasing in t. The
algorithm terminates when the round time approaches the
maximal number, i.e., T , or the outcome is stable (line 11).
Numerical Example: We provide a numerical example
with the same CPs under the sufficient capacity case (in Section 4.1.1). We set the capacity as µ = 6. Figure 3 shows the
QoS index under the outcome for two ISP’s strategies, i.e.,
s1 = (0.5, 5) and s2 = (1, 4). This QoS index is determined
by the cross point of q̃ = q 0 (O(q), S(q)) and q̃ = q as discussed previously. Figure 3(a) shows non-existence of equi
libra. We have q ∗ = 0.8815 such that q O(q + ), S(q + ) <

q ∗ < q O(q − ), S(q − ) . The CPs’ choices oscillate between
(O, S) = ({2, 6, 8, 4, 5, 7}, {1, 3}) with QoS index q̃ = 0.9453
and (O, S) = ({2, 6, 8, 4, 5}, {1, 3, 7}) with QoS index q̃ =
0.7891. When we adopt the nearest point rule in Eq. 17, q̄ =
0.8672 < q ∗ , the outcome is (O, S) = ({2, 6, 8, 4, 5, 7}, {1, 3}).
Figure 3(b) shows the case with no oscillation and thus there
is a unique equilibrium (O, S) = ({2, 4, 1}, {3, 5, 6, 7, 8}).

4.2

Corollary 1 states that the gap between the relative priority
and the level of competition for each CP increases when the
ISP increases its price charged to the sponsored data or the
traffic cap. According to CPs’ choices in Eq. 15, this gives
each CP higher incentives to join the ordinary class.
Theorem 4. The congestion metric (ν 0 , q 0 ) under the outcome of the new game (M, µ, N , sI )( ≥ 1) satisfies at least
one of the following properties: 1) ν 0 ≤ ν; 2) q 0 ≥ q.
Proof. Please refer to the technical report [29].
Theorem 4 states that if the ISP’s capacity increases, then
QoS improves, or the level of competition reduces. High
QoS increases the traffic demand in S, while low level of
competition increases the traffic demand in O. Therefore,
when the ISP’s capacity increases, it may benefit CPs in S,
or those in O, or both.
Each CP’s decision depends on their own features (vi , ci ),
the quality sensitivity γi , the pre-set threshold ti of end
users, and the traffic sensitivity βi . To investigate the incentives of various CPs on joining the sponsored plan, we
study a set T of CPs with the same pre-set threshold ti and
traffic sensitivity βi but different features (vi , ci ) and quality sensitivity γi . This setting represents those with similar
services but differing in size or technology. We say that CPs
in T are of the same type. We have the following theorem.
Theorem 5. If CP j ∈ T joins S under the outcome
of the game (M, µ, N , sI ), then any other CP i ∈ T that
satisfies vi − ci ≥ vj − cj and γi ≥ γj also joins S.
Proof. Please refer to the technical report [29].

Characteristics of the Outcome

Given the ISP’s decision sI = (p, C), content providers
play the simultaneous game (M, µ, N , sI ). We denote the
outcome of the game (M, µ, N , sI ) as (O, S) and the corresponding congestion metric as (ν, q). Given different decisions of the ISP, CPs play different simultaneous games
and may lead to different outcomes. We have the following
theorem to quantify the condition that leads to the same
outcome.
s0I

Theorem 3. Consider a new decision of the ISP

sI and denote the outcome of the new simultaneous game
(M, µ, N , s0I ) as (O0 , S 0 ). If (O0 , S 0 ) = (O, S), then for any
s̃I satisfying sI  s̃I  s0I , (O, S) is also the outcome of the
new game (M, µ, N , s̃I ).
Proof. Please refer to the technical report [29].
Theorem 3 states that when two decisions of the ISP lead
to the same outcome of the simultaneous game, then any
decision in between has the same outcome. This stability of
CPs’ outcome provides some flexibility for the ISP’s strategy. For example, the ISP may increase the price charged
to the sponsored data and reduce the traffic cap slightly so
as to increase its revenue and improve QoS, where the simultaneous game has the same outcome. As N → ∞, this
stability shrinks and finally disappears. Extended from the
above theorem, we can easily obtain the following corollary.

Theorem 5 indicates that for the same type of CPs, those
with high per unit revenue or quality sensitivity usually have
high incentives to join the sponsored class, and in turn they
have potential to achieve higher revenue. This may result
in unfair competition and encourage CPs to pursue capital
instead of improving their quality of service.

5.

MONOPOLISTIC ISP’S STRATEGY

In the previous section, we have analyzed the outcome of
the simultaneous game, i.e., the second stage of the Stackelberg game. In this section, we discuss the first stage of the
Stackelberg game, i.e., the monopolistic ISP’s best choice,
so that we can understand the outcome of the Stackelberg
game and its impacts to CPs and end users.

5.1

Sufficient Capacity

When the ISP has a sufficient capacity, it can support all
demands with the best QoS. However, this does not imply
that the ISP has an incentive to release the cap to users.
Theorem 6. Given any strategy sI = (p, C) of the ISP
and a sufficiently small  > 0, the strategy sI is dominated
by s+
I = (p, C + ) if and only if CPs’ decisions remain
unchanged under the new game (M, µ, N , s+
I ).
Proof. Please refer to the technical report [29].

Theorem 6 states that the ISP has an incentive to enlarge
its traffic cap until the CPs’ decisions change. The intuition
is that when CP’s decisions remain unchanged, a large cap
increases the revenue from O. Yet, this may lead CPs in S
switching to O. When this happens, the profit from S has
a jump of reduction. The total profit of the ISP increases
if the profit increase from O dominates the loss from S, or
decreases otherwise. If the sponsored data plan is prohibited, i.e., p → ∞, then the ISP will set the cap to infinity.
This is because when the capacity is not a constraint, the
ISP wants to attract users’ demand as much as possible, so
that it delivers as much traffic as possible for CPs, and this
generates a large income to the ISP charged from CPs.
We conduct simulations with 100 CPs and one ISP to
explore the key features of the ISP’s strategy. The pre-set
threshold ti is randomly selected from [0.1, 1]9 . The per unit
traffic cost of connection services for each CP is normalized
as ci = 1. We set the CPs’ per unit revenue vi randomly distributed over [1, 10] that excludes the CPs unable to afford
connection services. The quality sensitivity γi is uniformly
distributed over [0, 2]. The parameter pair (αi , βi ) is chosen
randomly from [1, 10] × [1, 2]10 . We set the ISP’s per user
capacity as 500, larger than the maximal capacity needed
for one user, representing a sufficient capacity. Note that
our simulations do not depend on particular settings, and
our purpose is to show qualitative trends in general.
We first consider the ISP’s optimal traffic cap under different prices, as shown in Figure 4(a). When the traffic cap
is small, e.g., C = 20, the ISP’s profit π decreases with the
traffic cap. This means the profit loss from S dominates
the increase from O. Charging higher prices to CPs leads
to a larger reduction of the ISP’s profit when the traffic cap
increases. When the traffic cap is large, e.g., C = 100, the
ISP’s profit π increases with respect to the traffic cap. This
means the profit increase from O dominates the loss from S.
This happens when most CPs join O. Enlarging the traffic
cap increases the ISP’s profit until the traffic usage in O
approaches the maximal demand. Figure 4(b)(c) show that
CPs’ and consumers’ utilities both increase with respect to
the traffic cap.
We then show the ISP’s optimal price under various traffic
caps in Figure 5(a). When the price is low, e.g., p = 0.1,
the ISP’s profit increases with the price due to high revenue
obtained from S. When the price is high, e.g., p = 7, the
ISP’s profit reduces with the price since more CPs choose
to join O, resulting in the reduction of the sponsored traffic.
The ISP decides the optimal price that balances the per
unit income from the sponsored traffic, and the amount of
this traffic. Figure 5(b)(c) show that CPs’ and consumers’
utilities decrease with respect to the traffic cap.
Remark: When the ISP’s capacity is sufficient, the ISP,
CPs and consumers all benefit from the sponsored data plan
in the short run. However, the ISP may not have incentives
to enlarge its traffic cap. Keeping a small traffic cap (e.g.,
C = 10) and charging a high price (e.g., p = 4) to the
sponsored traffic can bring in more revenue for the ISP. This
selfish strategy greatly hurts the benefits of both CPs and
9
We exclude the interval [0, 0.1] since consumers always have
non-ignorable ti ; otherwise they will consume infinite traffic.
10
We exclude [0, 1] for αi to ensure non-zero traffic usage and
narrow the range of βi to avoid some CPs’ traffic dominating
the capacity.

consumers in the long run. To remedy this problem, the
authority may need to put some regulations to the ISP so
as to protect the consumers’ surplus in the long run. In
general, there are two regulation methods. The first method
is to allow the sponsored data plan but regulate the traffic
cap, i.e., encouraging the ISP to enlarge the cap. The price
for the sponsored data will also decrease accordingly. The
other method is to forbid the sponsored data plan. In this
case, the ISP has incentives to extend its traffic cap or even
provide limitless usage service.

5.2

Insufficient Capacity

When the ISP’s capacity is insufficient, the traffic cap set
by the ISP is a good choice to limit the traffic of consumers.
We analyze the ISP’s strategy with insufficient capacity under the sponsored data plan. We also assume that ci = c in
this subsection. We have the following theorem:
Theorem 7. Given the ISP’s strategy sI = (p, C) and
a traffic cap C 0 ≤ C, sI is always dominated by (p, C 0 ) if
the outcome of the simultaneous game (M, µ, N , sI ) satisfies
S=
6 ∅ and q < 1.
Proof. Please refer to the technical report [29].
Theorem 7 says that the ISP is willing to set a small traffic cap so as to increase its profit. The reasons are: 1) the
capacity is fully utilized, so it is good to limit users’ consumption; and 2) the sponsored traffic brings in more profit
to the ISP than the ordinary traffic. When a smaller traffic
cap is given, more CPs will join S, indicating a larger profit.
We also evaluate the effects of the sponsored strategy under an insufficient capacity via simulations. The basic settings are the same as the previous subsection. The price
charged for the sponsored traffic is p = 4, and the average
capacity is λ = 100 unless otherwise specified. We define
the traffic cap ratio as κ = C/λ.
We first consider the effect of the ISP’s capacity under
various traffic caps, as shown in Figure 6. Figure 6(a) shows
the ISP’s profit π under different capacities. When the capacity is small, the ISP’s profit increases linearly with respect to the capacity, i.e., (c + (1 − κ)p)λ. This happens
when the capacity allocated to S (or sponsored capacity for
short) is fully utilized. When this capacity is under-utilized,
the ISP’s profit reduces when the capacity increases since
more CPs join O. In addition, the ISP can obtain a higher
profit by reducing the traffic cap. Figure 6(b) shows that
the CPs’ surplus increases with respect to the traffic capacity until all CPs join O. Figure 6(c) shows that consumers’
surplus increases with respect to the ISP’s capacity. When
the sponsored capacity is under-utilized, consumers’ surplus
increases at a much lower rate. In addition, CPs and consumers benefit more from the increasing cap. Figure 6(d)
states that QoS improves with respect to the capacity as
long as the sponsored capacity is fully utilized. Given a
fixed capacity, a larger traffic cap may not indicate a higher
QoS.
We then focus on the effect of the price charged to the
sponsored traffic under various traffic caps, as shown in Figure 7. Figure 7(a) shows the ISP’s profit π under different
prices. When the price p is small, the ISP’s profit increases
linearly with respect to the price, i.e., cλ + (1 − κ)λp. This
happens when most CPs can afford the cost of the sponsored
traffic so that the sponsored capacity is fully utilized. When
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p is large, the ISP’s profit reduces as the price increases. This
happens when the sponsored capacity is under-utilized. The
optimal price of the ISP is around p = 4. Figure 7(b) shows
that CPs always prefer higher traffic cap and lower price
charged to the sponsored traffic. Figure 7(c) shows that
consumers’ surplus is almost aligned with the ISP’s profit.
This happens when the traffic cap is not too small. The optimal price for end users is also around p = 4. The intuition
is that a low price results in serious QoS degradation and
reduces the valuation of per unit traffic, while a large price
results in the sponsored capacity under-utilized and reduces
the traffic amount. Figure 7(d) shows that the QoS index
increases with respect to the price until it reaches its maximal value, i.e., q = 1, since more CPs join O and less traffic
is consumed.
Remark: When the capacity is insufficient, the ISP still has
no incentives to enlarge the traffic cap under the sponsored
strategy. The traffic cap has a negligible effect on the QoS.
Other factors, i.e., the price and the capacity, can be utilized to impact QoS. This may relieve the concerns of QoS
degradation by the sponsored data plan. The ISP has a
strong incentive to enlarge its traffic capacity until the best
QoS achieves. This benefits both CPs and users. The ISP
also prefers to set a high price due to a linear increase of
its profit, i.e., (c + (1 − κ)p)λ. Yet, when the price is too
high, more CPs will join the ordinary class and the sponsored capacity may be under-utilized. A suitable traffic cap
and price charged for the sponsored traffic can increase the
ISP’s profit so as to support it on enlarging the traffic capacity in the future. The CPs prefer the sponsored strategy
with a large traffic cap and a low sponsored price, which is
always on the contrary to the ISP’s optimal strategy. The
ISP’s and consumers’ surplus can increase simultaneously if
the majority of capacity is allocated to the ordinary class.

6.

DISCUSSION AND LIMITATION

Sponsored data plan was originated from the 1-800 services, but the market for wireless data networks is quite
different. Currently, the main 3G and 4G LTE data plans
set traffic caps to limit consumers’ usage due to insufficient
capacities. The sponsored data plan proposed by AT&T
provides a method for specific CPs to traverse the traffic
caps. A potentially higher revenue may support the investment for larger capacities and thus improve QoS. For the
time being, AT&T only provides the toll-free services for
its sponsored data plan, probably because consumers have a
strong preference to a simple data plan. Our two-class service model (i.e., ordinary class and sponsored class) is built
based on the data plans at status quo.
In fact, the sponsored data plan does not differentiate
services from CPs in the ordinary and the sponsored classes.
In other words, the quality of services is the same for both
classes. This is different from PMP [33] or Public Option
ISP [22]. However, CPs in the ordinary class face serious
levels of competition. This is, in some sense, like the bad
QoS challenge faced by CPs in the lower charged channel
of PMP [33] or the public option ISP [22]. The ordinary
class is mainly preferred by CPs with lower per unit revenue,
e.g., startup companies. Content providers with higher per
unit revenue, e.g., Google, prefer joining the sponsored class.
This may also happen to CPs that are sensitive to QoS since
they may fail to compete for the traffic from end users’ scare

traffic cap. Although the sponsored data plan opens a door
for CPs to increases their traffic demand, it also brings the
risk that when competition happens, it benefits more to CPs
with higher per unit revenue, instead of those with better
technology support.
The sponsored data plan brings higher revenue to ISPs.
However, ISPs may prefer high prices for the sponsored data
and small traffic caps (Theorem 7) under current wireless
data networks. This selfish strategy hurts both consumers
and CPs. Fortunately, the damage for consumers is negnigible when the majority capacity is allocated to the ordinary
class (Figures 6(c) and 7(c)). ISPs can also relieve from the
concerns of poor QoS caused by the sponsored data plan
(Figures 6(d) and 7(d)). Suitable revenue encourages ISPs
to provide more investment to extend the capacity, which
benefit both consumers and CPs. Despite the potential risks,
we believe that a fair and transparent sponsored data plan
would provide a unified platform for competition among CPs
and create a healthy ecosystem in wireless data networks.
Although we build our two-class service model based on
the currently dominated data plans and capture the interactions among various components, our work has several limitations. First, our model may not capture the short-term
off-equilibrium that usually happens in practice due to some
players’ non-rational or non-optimal decisions. Second, our
two-class model only focuses on a single ISP and its fixed
end users. We set up this model not only for mathematical
simplicity, but also capture one ISP’s monopoly access power
for a majority of CPs even in the market with multiple ISPs.
Current long-term contracts also limit end users’ transition
from one ISP to another. However, it is still interesting to
explore the competitive market with multiple ISPs. Finally,
our numerical evaluations are limited to capture qualitative
trends. Carrying out real experiment or detailed validation
could be very challenging, since it is quite difficult to obtain
an accurate estimation on a number of parameters in our
model. Despite these limitations, we still believe our analysis has captured some important insights and might help
the scheme and regulation designs for future wireless data
pricing markets.

7.

CONCLUSION

In this paper, we propose a two-class service model, analyze the interaction among end users, content providers and
the ISP, and study the impact of the sponsored data plan
on the Internet service market. In particular, we focus its
impact on the quality of service, the profit of CPs and the
ISP, and on shaping the users’ traffic consumption behaviors. Our interesting findings include: 1) when the ISP’s
capacity is sufficient, the sponsored data plan benefits consumers and CPs in the short run, but the ISP does not have
incentives to further improve its service in the long run; 2)
when the ISP’s capacity is insufficient, the ISP and end users
may both benefit from the scheme, while the ISP and CPs
always compete for the revenue; and 3) the sponsored data
plan may enlarge the unbalance in revenue distribution between different CPs and result in unfair competition. Our
findings provide important insights to designing sponsored
data plans and potentially necessary regulations. We believe that given proper regulations, a fair and transparent
sponsored data plan would be a promising trend of pricing
models for future wireless data networks.
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