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Abstract—Traffic offloading over Delay Tolerant Networks
(DTNs) is a promising paradigm to alleviate the network con-
gestion caused by explosive traffic demands. As we all know, in
mobile networks, the delay profile for traffic is remarkable due
to user’s mobility. How to exploit delay tolerance to improve
the profit of the operator as well as mobile users becomes a
big challenge. In this paper, we investigate the problem of the
interrelation of delay and user QoS. Inspired by contract theory,
we model the delayed offloading process as a monopoly market
where the operator makes pricing by considering statistical
information about user satisfaction. In addition, we propose an
incentive framework to motivate users to leverage their delay
and price sensitivity in exchange for service cost. To capture the
heterogeneity of user satisfaction, we classify users into different
types. Each user chooses an appropriate quality-price contract
item according to its type. Moreover, we derive an optimal
contract which is feasible and maximizes the operator’s profit as
well. Numerical results validate the effectiveness of our incentive
framework for traffic offloading over DTNs.

I. INTRODUCTION

Currently, a huge amount of cellular traffic has been gen-
erated, which is mainly due to the popularization of smart
phones equipped with diverse applications. According to the
Cisco Visual Networking Index [1], global mobile data traffic
is expected to increase nearly tenfold between 2014 and 2019,
reaching 24.3 exabytes per month by 2019. The continued
growth of traffic is heavily pushing the capacity of cellular
network and deteriorating the network quality.

To alleviate the overload problem caused by explosive traffic
demands, offloading part of cellular traffic to other coexisting
networks, such as Delay Tolerant Networks (DTNs) and WiFi
Networks, would be a desirable approach [2]-[4]. On the other
hand, due to user’s mobility, these networks can only provide
intermittent and opportunistic network connectivity, which
results in non-negligible delay. With the increase of delay,
users will become impatient, and hence their satisfaction will
be greatly reduced [5]-[7]. In [8], the authors introduced sat-
isfaction function to model user delay tolerance and obtained
a tradeoff between delay and user Quality of Service (QoS) in
DTN-based offloading. In recent years, traffic offloading over
DTNs has gained a growing interest and is warmly welcomed
by delay-tolerant applications, such as movie downloading and
e-mail service, which can tolerate some delay and do not
sacrifice too much user satisfaction as well [9][10].

Traffic offloading over DTNs is a promising paradigm to
allow the traffic with diverse delay attributes and formulate
the interrelation of delay and user QoS in a feasible way.

The technology and economics issues behind it have exerted
a tremendous fascination on many researchers. In [11], the
authors proposed an analytical model to study the performance
gains in DTNs. The coalitional game was used to analyze the
cooperation decisions of multiple rational communities. Li et
al. [12] developed a contact duration aware offloading scheme
to address the problem of large-size multimedia contents.
The scheme consisted of several designs specially tailored for
DTNs to achieve the optimum dissemination.

Despite the distinct advantages over delay tolerance, there
are still some problems remained for offloading over DTNs,
especially incentive mechanism. Li et al. [13] established a
framework to study offloading over DTNs and formulated it
as a problem of Submodular Function Maximization. Tradi-
tionally, it is often supposed that users are willing to partici-
pate in delayed offloading. But in reality, delayed offloading
may deteriorate user experience and make them reluctant to
participate in it. Therefore, more attention should be given
to incentive mechanism. In [14], the authors modeled the
interactions among the operator and users as a Stackelberg
game and devised an incentive mechanism to encourage user
collaboration. However, these studies have not considered user
satisfaction loss caused by longer delay. In order to obtain a
tradeoff between delay and user satisfaction, Zhuo et al. [8]
proposed an incentive mechanism to motivate users to leverage
their delay tolerance based on reverse auction. Nevertheless,
they depicted the characteristics of user QoS only by delay
sensitivity and ignored price sensitivity, which also had a huge
impact on QoS. In addition, reverse auction they used does not
involve statistical information about user satisfaction which
can assist the operator in making pricing effectively.

To this end, we are inspired to address the incentive issues
about traffic offloading over DTNs. We model the delayed
offloading process as a monopoly market based on contract
theory, where an operator acts as monopolist who sets up the
optimal quality-price contract. Each user chooses a contract
item to maximize its utility according to its delay and price
sensitivity. In this paper, we investigate the incomplete infor-
mation scenario, where user type is private information and
only known to user itself. The aim of this paper is to exploit
the interaction between the operator and users and design
an incentive framework for traffic offloading over DTNs. In
addition, we derive an optimal contract which can maximize
the operator’s profit.

The contributions of this work are summarized as follows:
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• To our knowledge, this is the first paper that introduces
contract theory to assist the operator in making pricing and
exploit the interaction between the operator and users in traffic
offloading over DTNs. Specially, users with different delay and
price sensitivity are classified into different types according to
their satisfaction.
• We derive the optimal contract, which maximizes the

operator’s profit and guarantees the feasibility for users, un-
der incomplete information and continuous-user-type model.
Numerical results validate the effectiveness of our scheme in
improving operator’s profit.

The rest of this paper is organized as follows. First we
introduce our system model in Section II. In Section III, we
formulate the contract problem and derive the optimal contract
under the asymmetric information scenario. In Section IV, we
present the numerical results and discussions of our scheme.
Finally, we conclude our work in Section V.

II. SYSTEM MODEL

In this section, we first model the offloading process as a
monopoly market consisting of an operator and users. After
that, we present their utility functions respectively.

A. Network and Service Model

Consider the offloading process over DTNs as a monopoly
market consisting of a monopolist operator and a set N =
{1, · · · , N} of users who subscribe to the offloading service.
We classify these users into different types θ according to their
delay sensitivity. Each user not only requests the desired data,
but also can provide its data to other users. In this paper, we
design a contract-based incentive framework to investigate the
interaction among the operator and users. Fig. 1 highlights the
main idea of the network model.

For a given service, the operator offers users an optimal
contract consisting of different quality-price contract items.
Furthermore, we denote the sets of all possible qualities and
prices as Ω and Π respectively. Note that each service quality
q ∈ Ω corresponds to a price π ∈ Π. For each contract item,
we denote the quality corresponding to user type θ as q(θ)
and the price paid to the operator for the quality as π(q(θ)).
For simplicity, we write π(q(θ)) as π(θ) since q(θ) is a single
value function. When users make a request for this service,
they will choose a contract item according to their types. In
this paper, we focus on user delay tolerance and the quality
mainly depends on the length of delay. The delay of contract
items can be one minute, one hour, one day, etc. In addition,
users will sign a contract with the operator and the operator
will make commitments which are composed by two parts. The
first part is that the user will receive a discount if it promises
to delay up to a corresponding deadline. Second, before the
deadline, the user can receive the data by contacting other
users that cache the data. Once the deadline expires, the user
will directly receive the date from cellular network.

As shown in Fig. 1, the operator first announces the con-
tract to user 1. At 2:00 p.m., user 1 makes a request for
the data delivery and chooses a corresponding contract item

Fig. 1. Overview of the offloading scheme over DTNs.

(q(θ), π(θ)). In addition, user 1 signs a contract with the
operator and receives the operator’s commitment as mentioned
before. Furthermore, before the deadline (i.e., 2:30 p.m.), user
1 will receive the data if it is able to contact user 2 who caches
the data. Otherwise, if the deadline expires, use 1 will receive
the date from cellular network immediately.

B. User Model

In general, users’ willingness to delay the data service
is mainly due to two factors: the length of delay and the
discount to compensate for the delay. In order to quantify user
satisfaction and economic gains behind delayed offloading, we
introduce two following functions.

Quality Satisfaction Function:
In this paper, quality refers to the delay performance of

offloading service. To depict the diversity of user delay sensi-
tivity, we classify them into different types θ, i.e., the decrease
of satisfaction given a unit delay. The user can obtain its own
type by inferring from historical experiences. However the
operator only knows the distribution of θ which is defined
by the probability mass function f(θ) on [θl, θu]. Clearly, the
larger user type is, the higher its requirement on quality will
be. Accordingly, the user becomes more reluctant to delay.
We denote q(θ) as service quality, which is a monotonically
decreasing with delay. In view of the definitions of θ and
q(θ), we can get θq(θ) indicates user satisfaction for this
service. It is shown in [15] that logarithm utility functions lead
to proportional fairness among users. Inspired by the quality
discrimination in [16], we define quality satisfaction function
as

V (θ, q(θ)) = ln(1 + θq(θ)). (1)

Obviously, we obtain that Vq(θ, q)1> 0, Vθ(θ, q) > 0 and
Vqq(θ, q) < 0. It means that users prefer higher quality, and
for a given quality, a higher type user has a larger satisfaction
than a lower one. Moreover, V (θ, q(θ)) increases more slowly
with large quality than it does with small quality.

Price Satisfaction Function:
Users may have different requirements on price. We capture

the dynamic characteristics of this diversity by price sensi-
tivity. When user price sensitivity is high, e.g., students in

1For simplicity, we write ∂f(·)/∂x as fx(·) if f(·) is continuously
differentiable with respect to x. Similarly, we write ∂2f(·)/∂x2 as fxx(·).



college, they are reluctant to request the service and prefer
deferring the traffic when price is higher. Otherwise, when
user price sensitivity is low, e.g., staff in stock markets, they
don’t care about whether the price is high or not.

If the price paid to the operator increases to infinity, users
will refuse offloading and their price satisfaction, denoted by
G(π(θ)), will become zero, i.e., lim

π(θ)→∞
G(π(θ)) = 0. Clearly,

price satisfaction is monotonically decreasing with price [17].
To guarantee proportional fairness among users, we also adopt
the logarithm function as price satisfaction function, i.e.,

G(π(θ)) = ln (G0e
−απ(θ)) = lnG0 − απ(θ), (2)

where α is price sensitivity and G0 is the original price satis-
faction. Without loss of generality, we assume that ln G0 = 0.
Thus user price satisfaction function can be represented as

G(π(θ)) = −απ(θ). (3)

When type-θ user chooses the contract item (q(θ), π(θ)),
we define its utility as the satisfaction function in terms of
delay and price satisfaction, i.e.,

U(θ, q(θ)) = w1V (θ, q(θ)) + w2G(π(θ)), (4)

where w1 is the conversion ratio between quality satisfaction
and utility, and similarly w2 is the conversion ratio between
price satisfaction and utility. Without loss of generality, we
suppose w1 = w2 = 1.

Substituting equation (1) and (3) into (4), we have

U(θ, q(θ)) = ln(1 + θq(θ)) − απ(θ). (5)

C. Operator Model

Once the user subscribes to offloading service specified by
contract item (q(θ), π(θ)), the operator will charge price π(θ))
from the user. At the same time, providing this service for
users will inevitably incur operation cost denoted by c(q(θ)).
From the view of the operator, the expected profit R is equal
to revenue minus cost, i.e.,

R =
∫ θu

θl

(π(θ) − c(q(θ)))f(θ)dθ. (6)

It is common to regard DTNs as free device-to-device
networks, and the cost over DTNs is negligible compared with
the operation cost over cellular network. Therefore, c(q(θ))
mainly refers to the operation cost over cellular network. It
is clear that operation cost c(q(θ)) is proportional to service
quality q(θ). We can consider it in two ways. First, when
network congestion is heavy, quality q(θ) will experience a
rapid decrease due to the increase of delay. In this case, the
operator only needs to provide less cost to guarantee this
negotiated quality. Second, as the delay increases, the user
will have more chance to access DTNs. Thus operation cost
will decrease accordingly.

III. OPTIMAL CONTRACT DESIGN UNDER STRONGLY

INCOMPLETE INFORMATION

In this section, we first formulate the incentive framework
as an optimal contract optimization problem. After that, we
describe how to derive this optimal contract.

A. Contract Formulation

We investigate the delayed offloading under strongly in-
complete information scenario, where user type θ is only
known to itself and the operator does not know any user type.
Instead, the operator only knows the distribution of θ which is
defined by the probability mass function f(θ) on an interval
[θl, θu]. Every participant is supposed to be rational and aims
to maximize its own utility. After deriving the user’s utility
and operator’s profit, we introduce contract theory to resolve
the conflicting objectives between them.

In order to determine the optimal contract under asymmetric
information, each contract item must satisfy the following two
constraints according to revelation principle [18]-[21].

Definition 1: (IR: Individual Rationality): A contract sat-
isfies the IR constraint if each type-θ user receives a non-
negative utility by accepting the contract item for θ, i.e.,

ln(1 + θq(θ)) − απ(θ) ≥ 0,∀θ ∈ [θl, θu]. (7)

Definition 2: (IC: Incentive Compatibility): A contract
satisfies the IC constraint if each type-θ user prefers to choose
the contract item for θ rather than a contract item for θ̂, i.e.,

ln(1+θq(θ))−απ(θ) ≥ ln(1+θq(θ̂))−απ(θ̂),∀θ, θ̂ ∈ [θl, θu].
(8)

In a word, a feasible contract must satisfy the IR constraint
in (7) and IC constraint in (8). Based on this, the ultimate goal
of the operator is to establish an optimal contract which max-
imizes its profit under a feasible contract. Thus the operator’s
optimization problem can be formulated as

max
{(q(θ),π(θ)),∀θ∈[θl,θu]}

∫ θu

θl
(π(θ) − c(q(θ)))f(θ)dθ

subject to IR constraint in (7),
IC constraint in (8).

(9)

Thus far, we have described the problem formulation for
optimal contract design. Next we will interpret how to obtain
this optimal contract.

B. Feasibility of Contract

The above problem in (9) is nontrivial to solve, since it
involves optimization over a schedule (q(θ), π(θ)) under con-
straints that themselves involve other conflicting optimization
problems. Such adverse selection problems can, however, still
be solved step-by-step as follows [18]. Before that, we first
simplify the IR and IC constraints.

Lemma 1: As for the optimal contract under incomplete
information in (9), the IR constraint can be replaced by

ln(1 + θlq(θl)) − απ(θl) ≥ 0, (10)

given that the IC constraint holds.
Proof: See Appendix A in our technical report [24].

Definition 3: Spence-Mirrlees condition (SMC) [18]: The
user’s utility function satisfies the Spence-Mirrlees single-
crossing condition if and only if

∂

∂θ

[
− ∂U/∂q

∂U/∂π

]
> 0. (11)

This condition means that a more efficient type is also more
efficient at the margin utility. We can easily find that user’s



utility, i.e., U(q(θ)) = ln(1 + θ̂q(θ)) − απ(θ), satisfies the
SMC. According to [18], we can get the following Lemma.

Lemma 2: If the user’s utility function satisfies the SMC,
the IC constraint in (8) is equivalent to the following two
constraints:

Monotonicity:
dq(θ)
dθ

≥ 0, (12)

Local incentive compatibility:
θq′(θ)

1 + θq(θ)
= απ′(θ). (13)

Proof: See Appendix B in our technical report [24].

C. Optimality of Contract

According to Lemma 1 and Lemma 2, the optimization
problem in (9) can be simplified as

max
{(q(θ),π(θ)),∀θ∈[θl,θu]}

∫ θu

θl
(π(θ) − c(q(θ)))f(θ)dθ

subject to ln(1 + θlq(θl)) − απ(θl) ≥ 0,
dq(θ)

dθ ≥ 0,
θq′(θ)

1+θq(θ) = απ′(θ).

(14)

In order to solve this optimization problem, one standard
solution is first to solve the relaxed problem without the
monotonicity condition and then to check whether the solution
to this relaxed problem satisfies the monotonicity condition.

First, we define

W (θ) = ln(1 + θq(θ)) − απ(θ)
= max

θ̂

(
ln(1 + θq(θ̂)) − απ(θ̂)

)
. (15)

According to the envelope theorem [18], we have

dW (θ)
dθ

=
∂W (θ)

∂θ
| θ̂=θ =

q(θ)
1 + θq(θ)

. (16)

Integrating the both sides of this equation, we can get

W (θ) =
∫ θ

θl

q(x)
1 + xq(x)

dx + W (θl). (17)

At the optimal contract, the IR constraint of the lowest type
is binding, so that W (θl) = 0 and

W (θ) =
∫ θ

θl

q(x)
1 + xq(x)

dx. (18)

Since
π(θ) =

1
α

(ln(1 + θq(θ)) − W (θ)) , (19)

we rewrite the operator’s profit as

R(q(θ)) =
∫ θu

θl

(
1
α (ln(1 + θq(θ)) − W (θ)) − c(q(θ))

)
f(θ)dθ

=
∫ θu

θl

1
α ln(1 + θq(θ))f(θ)dθ−∫ θu

θl

∫ θ

θl

1
α

q(x)
1+xq(x)f(θ)dxdθ − ∫ θu

θl
c(q(θ))f(θ)dθ.

(20)
After integration by parts, we have

R(q(θ)) =
∫ θu

θl

(
1
α ln(1 + θq(θ)) − c(q(θ))

)
f(θ)

− 1
α

q(θ)
1+θq(θ) (1 − F (θ)) dθ.

(21)

The maximization of R with respect to q(·) requires that
the term under the integral be maximized with respect to q(·).
Therefore, this relaxed problem can be further written as

max
q(θ)

(
1
α ln(1 + θq(θ)) − c(q(θ)) − 1

α
q(θ)

1+θq(θ)
1−F (θ)

f(θ)

)
f(θ).

(22)
By solving this optimization problem, we get optimal qual-

ity q∗(θ) for the relaxed problem. In addition, we need to
check whether this solution satisfies monotonicity condition. If
q∗(θ) satisfies this condition, we can consider it as our desired
optimal quality q∗(θ). Otherwise, the solution that we obtained
must be modified by “Bunching and Ironing” algorithm [22].
After that, we can work out optimal price π∗(θ), i.e.,

π∗(θ) =
1
α

(
ln(1 + θq∗(θ)) − q∗(θ)

1 + θq∗(θ)
1 − F (θ)

f(θ)

)
f(θ).

(23)
We conclude the detailed algorithm as follows:

Algorithm 1 Optimal contract algorithm
1: for θ ∈ Θ do
2: set R1(q(θ)) = ( 1

α ln(1 + θq(θ)) − c(q(θ)) −
1
α

q(θ)
1+θq(θ)

1−F (θ)
f(θ) )f(θ)

3: set q∗(θ) = arg maxqR1(q(θ))
4: end for
5: while q∗(θ) is not feasible do
6: find an infeasible region [a, b] ⊆ Θ
7: set q∗(θ) = arg maxq

∫ b

a
R1(q(θ))dθ, ∀θ ∈ [a, b]

8: end while
9: for θ ∈ Θ do

10: set π∗(θ) = 1
α (ln(1 + θq∗(θ))− q∗(θ)

1+θq∗(θ)
1−F (θ)

f(θ) )f(θ)
11: set R =

∫
θ∈Θ

(π∗(θ) − c(q∗(θ))) f(θ)dθ
12: end for

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we use numerical results to validate the
performance of our proposed scheme and guide the operator
how to devise the optimal contract under asymmetric informa-
tion scenario. We assume that user type θ follows a uniform
distribution on [0.1, 2]. As a reflection of requirement on delay,
θ is defined as the decrease of user satisfaction given a unit
time delay. The higher θ is, the higher user’s requirement on
delay will be.

It is common to consider the cellular cost as linearly
increasing network cost [23]. We define the cellular cost as
c(q(θ)) = k · q(θ), where cost parameter k is the cost of
unit time delay. We investigate how the operator’s profit R
and optimal contract (q∗(θ), π∗(θ)) change with user type θ.
Meanwhile, we show the impact of cost parameter k and price
sensitivity α on these terms as well.

We capture the difference among operators carrying out
cost management schemes by setting cost parameter k which
reflects the impact of quality on cellular cost. Cost parameter
is determined by the characteristics of network, and we set it
to be 0.6, 0.8, 1.0, 1.2 and 1.4, respectively.



Fig. 2. The profit of the operator with respect to the cost parameter k. The
price sensitivity α is set to be 0.03.

We compare the performance of the on-the-spot scheme and
the proposed scheme in Fig. 2. In the on-the-spot scheme,
there is no delay only if DTNs hotspot is available, indicating
that quality is maximized. As we can see, the operator’s profit
in our scheme is larger than that in the on-the-spot scheme.
In addition, the profit gap between these two schemes first
increases with k and then decreases with k. When k is small
(e.g., k = 0.6), the profit gap is pretty close since quality has
little impact on operation cost. With the increase of k, quality
has a growing impact on operation cost and the operator’s
profit in the on-the-spot scheme will decrease accordingly.
However, in our scheme, users should pay much more money
to the operator due to high quality. Accordingly, the operator’s
profit will increase. When k turns large (e.g., k = 1.4), quality
has a huge impact on operation cost and user’s payment is not
enough to compensate for the cost. Thus the profit gap between
these two schemes will decrease to zero.
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Fig. 3. The optimal quality q∗(θ) with respect to user type θ and the cost
parameter k. The price sensitivity α is set to be 0.03.

Figure 3 shows that optimal quality q∗(θ) increases with θ,
satisfying the monotonicity constraint defined in (12). When
θ is small, the initial quality will decrease with k. Especially
when k is very large, quality becomes zero to ensure IR
constraint in (7) and users are totally unsatisfied at this time.
With the increase of k, quality has a growing impact on
operation cost. So the achievable quality becomes lower. Fig. 4
describes optimal price π∗(θ) with respect to θ. Since quality
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Fig. 4. The optimal price π∗(θ) with respect to user type θ and the cost
parameter k. The price sensitivity α is set to be 0.03.

increases with θ, users need to pay much more money to the
operator for high quality. When θ is small, quality has little
impact on QoS and users only need to pay less money for the
operator. With the increase of θ, quality and operation cost
will increase accordingly. When θ increases to the maximum,
quality becomes the highest and users should pay much more
money. In addition, when k is large (e.g., k = 1.4), the
operator should charge much more money to make up its
operation cost since the impact of operation cost is large.

Fig. 5. The profit of the operator with respect to user price sensitivity α.
The cost parameter k is set to be 0.25.

We depict the heterogeneity of user price sensitivity α by
setting it to be 0.1, 0.12, 0.14, 0.16 and 0.18, respectively.

We compare the performance of the on-the-spot scheme and
the proposed scheme in Fig. 5. As we can see, the proposed
scheme outperforms the on-the-spot scheme. Moreover, the
profit gap between them first increases with k and then
decreases with k as well. When price sensitivity α is large or
small, the profit gap is pretty small. On the one hand, when
α is low, users don’t care whether price is high or not and
their satisfaction mainly depends on quality. Second, when α is
high, users are inclined to delay if price is higher. Accordingly,
they will receive more discount for the delay and the operator’s
profit will decrease. In the on-the-spot scheme, high price will
greatly reduce users’ satisfaction and they will pay less money
to the operator, which decreases the operator’s profit.

Figure 6 shows that optimal quality q∗(θ) is increasing with
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Fig. 6. The optimal quality q∗(θ) with respect to user type θ and price
sensitivity α. The cost parameter k is set to be 0.25.
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Fig. 7. The optimal price π∗(θ) with respect to user type θ and price
sensitivity α. The cost parameter k is set to be 0.25.

θ, which is consistent with the monotonicity condition defined
in (12). It means that high type users can obtain high quality
and small delay. In addition, with the same type, the increase
in price sensitivity α will result in lower quality and larger
delay. With the increase of α, price has a growing impact on
users and they are inclined to delay. Thus q∗(θ) will decrease
accordingly. On the other hand, if users would like to wait
for the access to DTNs, it is obvious that they only need
to pay a little money to the operator since DTNs is nearly
free compared with cellular network, just as shown in Fig. 7.
We can easily find that π∗(θ) increases with θ, which is a
necessary condition for the feasibility of optimal contract.

V. CONCLUSION

We propose a contract-based incentive framework to inves-
tigate how to design an optimal contract for traffic offloading
over DTNs. The major focus is to motivate users to leverage
their delay and price sensitivity in exchange for service cost.
In addition, we model the delayed offloading process as a
monopoly market where the operator makes pricing by con-
sidering statistical information about user satisfaction. Each
user chooses the proper contract item according to its type.
Furthermore, we derive the optimal contract which maximizes
the operator’s profit. Numerical results validate the efficiency
of our scheme in improving operator’s profit.
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