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Abstract—Evidence indicates that demands from mobile users (MU) on popular cloud content, e.g., video clips, account for a dramatic

increase in data traffic over cellular networks. The repetitive downloading of hot content from cloud servers will inevitably bring a vast

quantity of redundant data transmissions to networks. A strategy of distributively pre-storing popular cloud content in the memories of

small-cell base stations (SBS), namely, small-cell caching, is an efficient technology for reducing the communication latency whilst

mitigating the redundant data streaming substantially. In this paper, we establish a commercialized small-cell caching system

consisting of a network service provider (NSP), several video providers (VP), and randomly distributed MUs. We conceive this system

in the context of 5G cellular networks, where the SBSs are ultra-densely deployed with the intensity much higher than that of the MUs.

In such a system, the NSP, in charge of the SBSs, wishes to lease these SBSs to the VPs for the purpose of making profits, whilst the

VPs, after pushing popular videos into the rented SBSs, can provide faster local video transmissions to the MUs, thereby gaining more

profits. Specifically, we first model the MUs and SBSs as two independent Poisson point processes, and develop, via stochastic

geometry theory, the probability of the specific event that an MU obtains the video of its choice directly from the memory of an SBS.

Then, with the help of the probability derived, we formulate the profits of both the NSP and the VPs. Next, we solve the profit

maximization problem based on the framework of contract theory, where the NSP acts as a monopolist setting up the optimal contract

according to the statistical information of the VPs. Incentive mechanisms are also designed to motivate each VP to choose a proper

resource-price item offered by the NSP. Numerical results validate the effectiveness of our proposed contract framework for the

commercial caching system.

Index Terms—Wireless caching, ultra-dense small-cell networks, stochastic geometry, poisson point process, contract theory
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1 INTRODUCTION

WIRELESS data traffic is expected to increase exponen-
tially in the next few years, driven by a staggering

growth of mobile users (MU) and their bandwidth-hungry
mobile applications. Researchers and operators are now
beginning to conceive of the next generation cellular net-
works beyond 2020, known as 5G, to cope with the data

avalanche [1]. A key disruptive aspect of 5G is the exploita-
tion of the enhanced intelligence of smart mobile devices to
implement the Mobile Cloud Computing (MCC) infrastruc-
ture [2]. In essence, MCC shifts part of the data storage and
processing from the mobile devices to the cloud, thereby
alleviating the heavy burden of the storage and computa-
tional power on these devices.

In the conventional MCC structure, the cloud is central-
ised and composed of powerful server clusters within the
Internet. However, these server clusters are far away from
the MUs, leading to high latency of transmissions. At the
same time, there are large numbers of duplicate demands
on popular content, e.g., high quality videos, stored in the
cloud [3]. As such, conventional MCC will suffer from
redundant data traffic arising from repetitive data requests.
Our vision of efficient cloud data dissemination in future
5G networks is low transmission latency and near zero
redundant data traffic in the backbone network. A key step
towards our vision is transparently storing data from the
cloud to the memories of local network nodes, forming a
distributed caching system [3], [4], [5], such that the MUs
can obtain data from adjacent nodes. The advantages of a
distributed caching system include bringing content closer
to the MUs and alleviating redundant data transmissions
via redirecting the downloading requests to the local nodes.

Generally, the caching process consists of two stages: a
data placement stage and a data delivery stage [6]. In the first
stage, part of popular cloud data are cached into local
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storages during off-peak time, while in the second stage,
requested videos are delivered from the caching system to
the MUs. Recent works advance the caching technology in
device-to-device (D2D) networks and wireless sensor net-
works [7], [8], [9]. Specifically in [7], a caching scheme is pro-
posed for a D2D based cellular network on the MUs’ caching
of popular video content. In this scheme, the D2D cluster size
is optimized for reducing the downloading delay. In [8], [9],
the authors propose novel caching schemes for wireless sen-
sor networks, where the protocol model of [10] is adopted.

As small-cell embedded architectureswill be prevailing in
future cellular networks, known as heterogeneous networks
(HetNet) [11], [12], [13], [14], [15], [16], caching relying on
small-cell base stations (SBS), namely, small-cell caching, is a
promising trend for the HetNets. The advantages brought by
the small-cell caching are threefold. First, popular videos are
pushed closer to theMUs when cached in SBSs, reducing the
transmission latency. Second, redundant data transmissions
over backbone networks, along with network congestions,
are mitigated. Third, the majority of video traffic is offloaded
from macro-cell base stations to SBSs. In [17], a small-cell
caching scheme, called ‘Femtocaching’, is proposed for a cel-
lular network embedded with SBSs, where the data place-
ment at the SBSs is optimized in a centralized manner for
reducing the transmission delay imposed. In [18], the small-
cell caching is investigated in the context of stochastic net-
works. The average performance is developed via stochastic
geometry [19], [20], where the distribution of network nodes
aremodeled by Poisson point process (PPP).

From above discussions, current research on wireless
caching mainly considers the data placement issue. How-
ever, the whole caching system is coupled with many issues
other than data placement. From commercial perspective, it
will be more interesting to consider the topics such as pric-
ing on video streaming, renting local storages, and so on. A
commercialized caching system may consist of network ser-
vice providers (NSP), video providers (VP), and MUs. The
VR s, e.g., Youtube, purchase copyrights from video pro-
ducers and publish these videos on their web-sites. The
NSPs are typically operators of cellular networks, who are
in charge of network facilities such as SBSs.

In such a commercial caching system, the VPs make prof-
its by providing video streaming services to the MUs. As the
central servers of the VPs, which store the popular videos,
are usually located at backbone networks and far away
from the MUs, an efficient solution is to locally cache these
videos for reducing the transmission latency, thereby
attracting more customers. These local caching demands
raised by the VPs offer the NSPs profitable opportunities
from leasing their resources, i.e., the SBSs. In this sense,
both the VPs and NSPs are the beneficiaries from the local
caching system. However, each entity is selfish and wishes
to maximize its own benefit, rasing a competition problem.
In [21], the authors propose a Stackelberg game to optimize
the prices and resource allocations for maximizing the prof-
its of both the NSP and the VPs. However, in the Stackel-
berg game, the NSP will need to know about detailed
information, e.g., the optimal resource allocation solutions
at the VPs, for working out an optimal pricing strategy. In
the case that the NSP has incomplete information about the
VPs, the Stackelberg game will not be functional.

While the NSP is the monopolist who controls all the
trading resources, i.e., the SBSs, in the network, it is more
reasonable to assume that the NSP unilaterally designs
the incentive items for attracting the VPs renting the SBSs.
As a well-known market driven mechanism, contract the-
ory is effective to design incentive schemes under asym-
metric information scenario [22], which has been widely
adopted by the researchers in area of wireless communica-
tions. For example, in order to make dynamic pricing for
idle spectrum resource, the authors in [23] model the spec-
trum trading process as monopoly market and come up
with optimal contract for the primary user. In [24], the
authors tackle the cooperative spectrum sharing between
one primary user and multiple secondary users based on
contract theory.

In this paper, we research on a commercialized caching
prototype within a contract theory framework. The system
consists of an NSP and multiple VPs, where the NSP, as the
monopolist in the market in charge of the trading resource,
wishes to lease its SBSs to the VPs for the purpose of making
profits. Meanwhile the VPs, after pushing popular videos
into the rented SBSs, can also gain profit from providing
faster video downloading services to the MUs. In the con-
text of contract theory, the NSP dominates the market and
offers a series of contract items for the VRs to accept. These
contract items are designed by the NSP for maximizing its
own profit, while a VR has no choices but passively picks
out the one that maximizes this VR’s profit. We conceive
this system for future 5G cellular networks, with SBSs being
much denser than the MUs.

To the best of the authors’ knowledge, our work is the
first of its kind that investigates wireless caching in the con-
text of contract theory. The contributions of this paper are
summarized as follows. First, we model the MUs and SBSs
as two independent Poisson point processes, and develop,
via stochastic geometry theory, the probability of the spe-
cific event that an MU obtains the video of its choice directly
from the memory of an SBS. Then, with the help of the prob-
ability derived, we formulate the average profits, in terms of
per unit area and unit period, of both the NSP and the VRs.
We further classify the VRs with different types according
to their popularity to the MUs. Next, we propose an incen-
tive mechanism for motivating the VRs to participate into
the market under the strongly incomplete information sce-
nario, where the NSP only knows the statistical information
regarding the type distribution of the VRs. Afterwards, we
develop the optimal contract that can maximize the NSP’s
profit as well as guarantee the feasibility of for the VRs. The
optimal contract is achieved via a serial of feasibility stud-
ies, followed by a novel algorithm for solving the profit
maximization problem. Numerical results validate our con-
tract framework by showing its effectiveness in improving
the NSP’s profit.

The rest of this paper is organized as follows. We
describe the caching system model in Section 2 and analyze
the caching performance of the system in Section 3. We then
formulate contract based problem in Section 4. In Section 5,
we design the optimal contract to maximize the NSP’s profit
along with effect incentive schemes for attracting the VPs.
Our numerical results are detailed in Section 6, while our
conclusions are provided in Section 7.
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2 SYSTEM MODEL

We consider a commercial small-cell caching system con-
sisting of an NSP, V VPs, and a number of MUs. Let us
denote by L the NSP, by VV ¼ fV1;V2; . . . ;VV g the set of the
VPs, and by M one of the MUs. Fig. 1 shows the prototype
of a caching system with four VPs. In such a system, the
VPs negotiate with the NSP for renting part of its SBSs and
caching popular videos. Both the NSP and each VP aim for
maximizing their profits.

2.1 Network Model

In future 5G cellular networks with ultra-dense small cells,
the number of SBSs is expected to be much greater than the
number of MUs [25]. Let us consider an ultra-dense small-
cell caching network composed of the MUs and densely
deployed SBSs owned by L, where each SBS is equipped
with a fixed volume of storage for caching Q video files. We
assume that the SBSs transmit over the channels that are
orthogonal to those of the macro-cell base stations, and thus
there is no interference incurred by the macro-cell base sta-
tions. Also, we assume that these SBSs are spatially distrib-
uted according to a homogeneous PPP (HPPP) F of
intensity �. Here, the intensity � represents the number of
the SBSs per unit area. Furthermore, we model the distribu-
tion of the MUs as an independent HPPPC of intensity z.

The wireless down-link channels spanning from the SBSs
to the MUs are independent and identically distributed
(i.i.d.), and modeled as the combination of path-loss and
Rayleigh fading. Without a loss of generality, we carry out
our analysis for a typical MU located at the origin. The
path-loss between an SBS located at x and the typical MU is
denoted by kxk�a, where a is the path-loss exponent. The
channel power of the Rayleigh fading between them is
denoted by hx, where hx � expð1Þ. The noise at an MU is
Gaussian distributed with a variance s2.

To alleviate interference among the densely deployed
SBSs, we adopt the dynamic on-off architecture [26], where
an SBS will switch to the idle mode, i.e., turn off its radio
transmissions, if there is no MU associated with it for video
downloading. This dynamic on-off architecture is proposed
and under investigation in 3GPP as an important candidate
of 5G technologies aiming to mitigate the severe inter-cell
interference in the future ultra-dense small-cell networks.

2.2 Preference and Affiliation

It is natural that the MUs have different appetites or prefer-
ences for various types of videos: Some videos may be

downloaded by the majority of the MUs, while others may
be rarely requested. We now model the preference distribu-
tion, i.e., the distribution of request probabilities, among the
popular videos to be cached. Let us denote by FF ¼ fF 1;
F 2; . . . ;FFg the file set consisting of F video files, where
each video file contains an individual movie or video clip
that is frequently requested by MUs. The popularity distri-
bution of FF is represented by a vector p ¼ ½p1; p2; . . . ; pN �.
That is, theMUsmake independent requests of the fth video
F f , f ¼ 1; . . . ; F , with the probability of pf . Generally, p can
bemodeled by the Zipf distribution [27] as

pf ¼ 1=fbPF
j¼1 1=j

b
; 8f; (1)

where the exponent b is a positive value, characterizing the
video popularity. A higher b corresponds to a higher con-
tent reuse, where the most popular files account for the
majority of download requests. Note that the use of Zipf is a
lower bound of what a stochastic process is for modeling
the arrival of files. From Eq. (1), a video file with a smaller f
corresponds to a higher popularity.

At the same time, the MUs have imbalanced affiliations
with regard to the V VPs, i.e., some VPs have more mobile
customers than others. For example, the majority of the MUs
may tend to access Youtube for video streaming. The affilia-
tion distribution among the VPs is denoted by q ¼ ½q1;
q2; . . . ; qV �, where qv, v ¼ 1; . . . ; V , represents the probability
that an MU is affiliated with Vv. The affiliation distribution q
can also bemodeled by the Zipf distribution.Hence, we have

qv ¼ 1=vgPV
j¼1 1=j

g
; 8v; (2)

where g is a positive value, characterizing the preference of
the VPs. A higher g corresponds to a higher probability of
accessing the most popular VPs.

Note that Zipf distribution are widely used in many rank-
ings, such as city populations in various countries, corpora-
tion sizes, numbers of people subscribing different TV
channels [28], [29]. Therefore, in this paper we utilize it to
represent the popularity ranking of both the network content
and the VPs. As we will discuss in Section 4, the distribution
of the popularity among the VPswill define the types of these
VPs, which is an important parameter in the contract theory.

3 ANALYSIS ON CACHING PERFORMANCE

Consider three stages in the caching system. In the first
stage, the VPs purchase the copyrights of popular videos
from video producers and publish them on their web-sites.
In the second stage, the VPs negotiate with the NSP on rent-
ing part of its SBSs. In the third stage, the MUs connect to
the SBSs for downloading the desired videos. We will par-
ticulary focus our attention on the second and third stages
within a contract theory-based framework.

In the second stage, upon obtaining the popular videos,
the VPs negotiate with the NSP for renting its SBSs. Since
the SBSs in the network are modeled stochastically, the VPs
are not interested in a particular SBS, but a fraction of the
SBSs. As L leases its SBSs to multiple VPs, we denote by
�� ¼ ½�1; �2; . . . ; �V � the intensity vector of the rented SBSs,

Fig. 1. An example of the small-cell caching system with four VPs.
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where �v represents the intensity of the SBSs that are rented
by Vv, 8v. We assume that the SBSs rented by each VP are
uniformly distributed. Hence, the SBSs that are allocated to
Vv can be modeled as a “thinned” HPPP Fv with intensity
�v. We have

PV
v¼1 �v � �. The data placements of the second

stage commence during network off-peak time after the VPs
obtain access to their rented SBSs. For simplicity, we assume
that each of the rented SBSs will be required to cache the Q
most popular video clips F 1; . . . ;FQ.

We note that [30] considers the caching optimization
problem with a limited storage size within one base station
maintained by an NSP and shared by multiple VPs. The
NSP focuses on the issue of storage resource allocation, i.e.,
partitioning the cache into multiple pieces and then allocat-
ing them to different content providers. However in our
paper, the case is that there are a huge number of SBSs with
limited storage, while the VPs have the same file library. If
the storage in an SBS is shared by multiple VPs, it is
unavoidable that the VPs will save the same files into the
same SBS, thereby leading to a waste of the caching space
and reducing the efficiency of resource allocation. There-
fore, our assumption that a VP is interested in renting the
whole SBS is more efficient.

We view the SBSs rented by Vv combined with the MUs
affiliated with Vv as the vth tier, namely, Tier-v, where the
intensities of these SBSs and MUs are �v and qvz, respec-
tively. In the dynamic on-off architecture, some of the SBSs
may be activated for transmitting data, while other SBSs
may be in an idle mode. We denoted by Eactive

v the event that
an SBS in Tier-v is active, and its probability can be approxi-
mately expressed by [31]

PrðEactive
v Þ � 1� 1þ qvz

3:5�v

� ��3:5

: (3)

We assume that the SBSs from Vv are allocated with a
power Pv. Hence, the received signal-to-interference-plus-
noise ratio (SINR) at the typical MU from an SBS in Fv

located at x can be expressed as

rðxÞ ¼ Pvhxkxk�a

I1 þ I2 þ s2
; (4)

where

I1 ¼
X
v0 6¼v

X
x02Fv0

PrðEactive
v0 ÞPv0hx0 kx0k�a; (5)

is the interference imposed by the SBSs from other V � 1
tiers, while

I2 ¼
X

x02Fvnx
PrðEactive

v0 ÞPvhx0 kx0k�a; (6)

is the interference from other SBSs in the same tier.
The typical MU is considered to be “covered” by an SBS

located at x as long as rðxÞ is no lower than a pre-set SINR
threshold d, i.e.,

rðxÞ � d: (7)

Generally, an MU can be covered by multiple SBSs. Note
that the SINR threshold d defines the highest delay of down-
loading a video file. Since the quality and code rate of a

video clip have been specified within the video file, the
download delay will be the major factor predetermining the
QoS perceived by the mobile customers.

In the third stage, the MUs start to download videos from
nearby SBSs. We note that in [3], [32] an MU can associate
with multiple SBSs for searching its desired file. This is a
good strategy for increasing the locally downloading proba-
bility. However, in practical cellular systems, an MU gener-
ally associates with only one SBS for data transmissions to
simplify the protocol design and interference management.
When an MU M affiliated with Vv requires a video clip
from Vv, it searches the SBSs in Fv and tries to connect to
the nearest SBS that covers M. Provided that such an SBS
exists, the MU M will obtain this video directly from this
SBS, and we thereby define this event by Ecover

v . On the other
hand, if such an SBS does not exist, M will be redirected to
the central servers of Vv for downloading the requested file.
Since the servers of Vv are located at the backbone network,
this redirection of the demand will trigger a transmission
via the back-haul channels of the NSP L, hence leading to
an extra cost.

When we consider coverage performance, we assume
that the channels between the MUs and SBSs are stable or in
slow fading, i.e., the change of SINR is not so frequent [20].
This is reasonable in the case that the users are static or
move slowly. Furthermore, the Line-of-Sight (LoS) channels
dominate in ultra-dense networks. Based on this assump-
tion, we consider the stable channel during the transmission
of a video file [21]. We are particularly interested in the
analysis on the probability PrðEcover

v Þ based on stochastic
geometry, and we have the following theorem.

Theorem 1. The probability of the event Ecover
v , i.e., the event that

an MU in Tier v can successfully download a video file from its
nearby SBS, can be expressed as

PrðEcover
v Þ ¼

XQ
f¼1

pf

	
Z 1

0

Y
v0

exp �pPrðEactive
v0 Þ�v0

Pv0

Pv

� �2
a

C d;að Þz2
 !

exp �pPrðEactive
v Þ�vAðd;aÞz2

� �
exp � zad

Pv
s2

� �
p�vexp �p�vz

2
� �

dz2;

(8)

where we have

Aðd;aÞ , 2d

a� 2
2F1 1; 1� 2

a
; 2� 2

a
;�d

� �
;

Cðd;aÞ , 2

a
d
2
aB

2

a
; 1� 2

a

� �
:

(9)

Furthermore, 2F1ð	Þ in the function Aðd;aÞ is the hypergeo-
metric function and the Beta function in Cðd;aÞ is formulated
as Bðx; yÞ ¼ R 10 tx�1ð1� tÞy�1dt.

Proof. The proof borrows the idea of [19], [20] for stochastic
geometry analysis. Detailed can be refereed to Appendix
A, which can be found on the Computer Society Digital
Library at http://doi.ieeecomputersociety.org/10.1109/
TMC.2018.2853746. tu
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Generally, the power of interference in a network is
much greater than that of the noises. By assuming that s2

Pv
goes to zero, we have

lim
s2

Pv
!0

exp � zads2

Pv

� �
¼ 1: (10)

Therefore, we can further simplify Eq. (8), in the case that s2

Pv
goes to zero, as

PrðEcover
v Þ

¼
PQ

f¼1 pf�v

ðPrðEactive
v ÞAðd;aÞ þ 1Þ�v þ

X
v0 PrðE

active
v0 ÞCðd;aÞ�v0

P
2
a
v0

P
2
a
v

:

(11)

The expression of PrðEactive
v Þ in Eq. (3) can be transformed

by its Taylor series. Since in our system, the SBSs are
densely deployed, and we have �v 
 qvz, we ignore the
high order items in the Taylor series. Then we further
approximate PrðEactive

v Þ as

PrðEactive
v Þ � qvz

�v
: (12)

Generally, there is an uniform transmission power of P
allocated to each SBS in a cellular network, i.e., P1 ¼
P2 ¼ 	 	 	 ¼ PV ¼ P . In this case, we substitute Eq. (12) into
Eq. (10), and obtain a more concise form of PrðEcover

v Þ as

PrðEcover
v Þ ¼

PQ
f¼1 pf�v

�v þ qvAðd;aÞz þ
P

v0 Cðd;aÞqv0z

¼
PQ

f¼1 pf�v

�v þ qvAðd;aÞz þ ð1� qvÞCðd;aÞz :
(13)

Remark 1. From Eq. (13) we can see that PrðEcover
v Þ is upper

bounded by
PQ

f¼1 pf , i.e., lim�v!1 PrðEcover
v Þ ¼PQ

f¼1 pf .

That is, when the intensity of the SBSs goes to infinity, the

MUs can download any file as long as it is cached by the
SBSs.

In the following, we will design and optimize the caching
system within the framework of the contract theory based
on this successful downloading probability PrðEcover

v Þ.

4 CONTRACT-BASED PROBLEM FORMULATION

In our contract-based caching system, the NSP is in charge
of the trading resources, i.e., the SBSs. Hence, trading on the
SBSs is a monopoly market, where the NSP, as the monopo-
list, dominates the trading process, and the VPs act as the
consumers.

4.1 Monopolist Model

The monopolist defines the trading commodities, as well as
their qualities and prices. To be specific, the entire group of
the SBSs in Fv, 8v, is treated as a piece of commodity for
lease. We denote the set of the V SBS groups by the vector
FF , fF1; . . . ;FV g. Here, for simplicity, we abuse the PPP
Fv as the notation of the commodity rented by Vv. After-
wards, the NSP sets the qualities and prices for these

commodities. It is natural that we utilize the intensity �v of
Fv to represent its quality. We assume that if a VP Vv rents
the SBSs in Fv with the quality of �v, a payment pð�vÞ will
be charged by the NSP for a unit period. Consequently, we
denote by LL , f�1; . . . ; �V g the quality set, and by
PP , fpð�1Þ; . . . ; pð�V Þg the price set for commodity set FF.

We now investigate the profit of the NSP, SNSP
v , gained

by leasing its SBSs in Fv, and we have

SNSP
v ð�vÞ ¼ pð�vÞ � scost�v; (14)

where scost is the cost for the maintaining the cache (e.g.,
hard disks) of an SBS by the NSP during a unit period. The
overall profit of the NSP can thus be expressed by

SNSP ¼
XV
v¼1

SNSP
v ð�vÞ: (15)

The objective of the NSP is to maximize its profit via opti-
mizing the qualities of its resources and the corresponding
prices charged. Obviously, a rational NSP will not accept a

negative SNSP, and thus it always makes pð�vÞ � scost�v

when optimizing LL and PP. In some occasions, the NSP sets
�v ¼ 0 to denote a aborted trading process. This happens
when either the NSP does not wish to lease the commodity
Fv or the VP Vv gives up renting Fv, due to the negative
profits. Correspondingly, the price will be set as pð0Þ ¼ 0.

4.2 Consumer Model

Weassume that eachVPprefers a higher allocation of SBSs for
achieving a better coverage on its affiliated MUs. According
to [21], the revenue of Vv, Rð�vÞ, stems from providing fast
and local video downloading services to theseMUs.We have

Rð�vÞ ¼ cqvzPrðEcover
v Þscache

¼ ðczscachePQ
f¼1 pfÞqv�v

�v þ qvAðd; aÞz þ ð1� qvÞCðd;aÞz ;
(16)

where c is the average number of video downloading
requests of each MU during a unit period, and thus the item
cqvzPrðEcover

v Þ represents the overall quantity of video
downloading from Vv’s local caching system per unit
period. Furthermore, scache in Eq. (16) is the profit gained by
Vv on an MU for providing local downloading of a video.

To facilitate the analysis, we further classify the VPs into
different types according to the Zipf distribution. That is, the
type of Vv is represented by the corresponding probability qv,
and the vector q can be viewed as the set of all types. Thus,
there are overall V types, with each type containing one VP.
From the second equation of Eq. (16), Rð�vÞ can also be
viewed as a function of qv. Note that in this paper, we focus
on ultra-dense small-cell networks with a large enough area.
Therefore, the density of SBSs can be viewed as continuous
in the following contract-theoretic derivations.We have

@Rð�v; qvÞ
@�v

¼ czscache
PQ

f¼1 pfqvðqvAðd;aÞz þ ð1� qvÞCðd;aÞzÞ
ð�v þ qvAðd;aÞz þ ð1� qvÞCðd;aÞzÞ2 ;

@Rð�v; qvÞ
@qv

¼ czscache
PQ

f¼1 pf�vð�v þ Cðd;aÞzÞ
ð�v þ qvAðd;aÞz þ ð1� qvÞCðd;aÞzÞ2 :

(17)
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Observing the above equations, it is easy to verify
@Rð�v;qvÞ

@�v
> 0 and @Rð�v;qvÞ

@qv
> 0. From the first equation of

Eq. (17), the VP Vv prefers a higher �v, to achieve a greater
revenue Rð�vÞ, while from the second equation, considering
two types of VPs Vv1 and Vv2 with qv1 > qv2 , if they rent
the SBSs with the same quality, say �v1 ¼ �v2 , there is
Rð�v1 ; qv1Þ > Rð�v2 ; qv2Þ.

We now investigate the relationship between Rð�v; qvÞ, v,
and the Zipf parameter g. First, we have

@qv
@g

¼
v�g

PV
j¼1 j

�g ln j� ln v
PV

j¼1 j
�g

� �
PV

j¼1 j
�g

� �2 : (18)

Then combined with @Rð�v;qvÞ
@qv

in Eq. (17), we have the follow-
ing remark.

Remark 2. In the case of v < exp
nPV

j¼1
j�g ln jPV

j¼1
j�g

o
, we have

@Rð�v;qvÞ
@g

< 0, i.e., Rð�v; qvÞ is an increasing function of g;

Otherwise, Rð�v; qvÞ is a decreasing function of g.

We can further obtain

@2Rð�v; qvÞ
@�2

v

¼ �2czscache
PQ

f¼1 pfqvðqvAðd;aÞz þ ð1� qvÞCðd;aÞzÞ
ð�v þ qvAðd;aÞz þ ð1� qvÞCðd;aÞzÞ3 :

(19)

Obviously, we have @2Rð�v;qvÞ
@�2v

< 0 which means Rð�v; qvÞ is a
concave function of �v.

On the other hand, the VP Vv needs to pay for renting the
SBSs, which is pð�vÞ per unit period. Therefore, the net
profit of the VP Vv can be expressed as

SVPð�v; qvÞ ¼ Rð�v; qvÞ � pð�vÞ: (20)

Each VP is selfish and rational, whose objective is to maxi-
mize its profit during the resource trading.

4.3 Social Welfare

The social welfare of a commodity Fv is defined as the sum
profit of the NSP and Vv from trading on Fv, i.e.,

W ð�v; qvÞ ¼ SNSP
v ð�vÞ þ SVPð�v; qvÞ

¼ Rð�v; qvÞ � scost�v:
(21)

Since there is @2Rð�v;qvÞ
@�2v

< 0 as shown in (19), we can obtain
@2Wð�v;qvÞ

@�2v
< 0 as well, i.e., the social welfare Wð�v; qvÞ is also

a concave function of �v. Therefore, maximization of

W ð�v; qvÞ can be achieved by solving

@W ð�v; qvÞ
@�v

¼ 0: (22)

In an open market, the optimal scheme in terms of social
welfare may not be adopted by the NSP and the VPs, since
they are selfish and only focus on maximizing their own
profits. Nevertheless, the social welfare provides a upper
bound of the combined profit of the NSP and the VPs.

4.4 Contracts Formulation

When designing contracts with the VPs, the NSP optimizes
the quality set LL and the corresponding price set PP for

maximizing its profit. Note that it is a one-to-one mapping
between the quality set LL and the type set q. That is, for
the VP Vv, it will be assigned with the quality �vðqvÞ with a
price pð�vðqvÞÞ. We henceforth utilize pv to denote the
price pð�vðqvÞÞ for simplicity. We refer to the combination of
the quality and price sets as quality-price contract, denoted by
X ¼ f�v;pvj8vg.

A feasible contract is a set of quality-price combinations,
in which the VP Vv with the type qv, 8v, prefers the product
with quality �v at price pv to any other product with a differ-
ent quality. To be specific, each VP finds it in its own inter-
est to buy the product assigned to its type, which is called
incentive compatible (IC), i.e.,

Rð�v; qvÞ � pv � Rð�v0 ; qvÞ � pv0 ; 8v0 6¼ v: (23)

Additionally, each VP is assumed to be rational to not
buy a product without a positive profit, i.e.,

Rð�v; qvÞ � pv � 0; 8v: (24)

This property is referred to as individual rationality (IR).
A feasible contract must satisfy the IC and IR constraints,

and any contract satisfying the IC and IR must be feasible.
The overall profit of the NSP can be rewritten as

SNSP ¼
XV
v¼1

pv � scost�v: (25)

The optimal contract, denoted by fð�?

v;p
?

vÞ; 8vg, is thus
defined as a feasible contract that maximizes the profit of
the NSP. We have

fð�?

v;p
?

vÞ; 8vg ¼ argmax
�v;pv

XV
v¼1

pv � scost�v; (26)

subject to the IC and IR constraints in Eqs. (23) and (24),
respectively.

5 OPTIMAL CONTRACT DESIGN

We have previously provided the contract model and for-
mulate the optimal contract problem. In this section, we will
focus on how to develop the optimal contract that maxi-
mizes the profit of the NSP.

In our contract, each consumer type containing only one
VP specifies one quality-price contract item, and these con-
sumer types satisfy q1 > q2 > 	 	 	 > qV according to the
Zipf distribution. We consider the incomplete information
scenario, where the NSP is only aware of the Zipf distribu-
tion parameter g, while it does not know the type value of a
given VP. The quality-price contract items can be denoted
as fð�v;pvÞ; v ¼ f1; 2; . . . ; V gg.

5.1 Feasibility of Contract

The profit maximization problem in Eq. (26) is nontrivial,
which can, however, be solved by first simplifying the IR
and IC constraints before the optimization.

Lemma 1. Regarding the optimal contract in the incomplete
information scenario, IR constraint can be replaced by

ðczscachePQ
f¼1 pfÞqV �V

�V þ qV Aðd;aÞz þ ð1� qV ÞCðd;aÞz � pV ¼ 0: (27)

given that the IC constraint holds.
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Proof. Please refer to Appendix B, available in the online
supplemental material. tu
From the above lemma, if Eq. (27) holds, all the user

types will satisfy the IR constraint. Additionally, there are
overall V ðV � 1Þ constraints in the IC. We further reduce
these constraints and obtain the following lemma.

Lemma 2. If all the V ðV � 1Þ constraints in the IC are satisfied,
then the monotonicity constraint will hold, i.e., �v1 � �v2 if
and only if the user type qv1 � qv2 .

Proof. Please refer to Appendix C, available in the online
supplemental material. tu

Lemma 3. For any type qj1 � qj2 and �v1 � �v2 , the revenue
function satisfies the following condition:

Rð�v1 ; qj1Þ �Rð�v1 ; qj2Þ
� Rð�v2 ; qj1Þ �Rð�v2 ; qj2Þ:

(28)

Proof. Please refer to Appendix D, available in the online
supplemental material. tu

Lemma 4 (LDICs: Local Downward Incentive Con-
straints). If the LDICs are satisfied for the type qv, 8v, i.e.,

Rð�v; qvÞ � pv � Rð�vþ1; qvÞ � pvþ1; (29)

with �v � �vþ1, then the IC constraint will hold for any
v1 � v2, i.e.,

Rð�v1 ; qv1Þ � pv1 � Rð�v2 ; qv2Þ � pv2 : (30)

Proof. Please refer to Appendix E, available in the online
supplemental material. tu

Lemma 5 (LUICs: Local Upward Incentive Constraints).
If the LUICs are satisfied for the type qv, 8v, i.e.,

Rð�v; qvÞ � pv � Rð�v�1; qvÞ � pv�1; (31)

with �v � �v�1, then the IC constraint will hold for any
v1 � v2, i.e.,

Rð�v1 ; qv1Þ � pv1 � Rð�v2 ; qv1Þ � pv2 : (32)

Proof. The proof is similar to that in Lemma 4. Hence we
omit the duplications here. tu

Lemma 6. If the profit of the NSP is maximized, i.e., the contract
is at the optimum, then the LDICs must satisfy the following
condition:

Rð�v; qvÞ � pv ¼ Rð�vþ1; qvÞ � pvþ1: (33)

Proof. Please refer to Appendix F, available in the online
supplemental material. tu

5.2 Optimality of Contract

According to the profit expression of the NSP, the profit
maximization problem, subject to the IC and IR constraints
for all types, can be written as

max
ð�v;pvÞ

XV
v¼1

ðpv � scost�vÞ

s:t: Rð�v; qvÞ � pv � 0; ðIRÞ
Rð�v; qvÞ � pv � Rð�v0 ; qvÞ � pv0 ; ðICÞ
8v; 8v0 6¼ v:

(34)

Based on the series lemmas in the previous section, the
above problem can be further represented by

max
ð�v;pvÞ

XV
v¼1

ðpv � scost�vÞ

s:t: Rð�V ; qV Þ � pV ¼ 0;

�v � �v0 iff qv � qv0 ;

Rð�v; qvÞ � pv ¼ Rð�vþ1; qvÞ � pvþ1;

8v; 8v0 6¼ v:

(35)

From the first and third conditions of the above problem, we
can obtain a series of equations as follows:

pV ¼ Rð�V ; qV Þ;
pV�1 ¼ Rð�V ; qV Þ þ wV�1;

pV�2 ¼ Rð�V ; qV Þ þ wV�1 þ wV�2;

..

.

p1 ¼ Rð�V ; qV Þ þ wV�1 þ 	 	 	 þ w1; where

wv ¼ 0 v ¼ V

wv ¼ Rð�v; qvÞ �Rð�vþ1; qvÞ v ¼ 1; 2; . . . ; V � 1:

�
(36)

Based on the above equations, we can conclude

SNSP ¼
XV
v¼1

ðpv � scost�V Þ

¼ VRð�V ; qV Þ þ Vwv þ ðV � 1ÞwV�1

þ 	 	 	 þ w1 �
XV
v¼1

scost�v

¼
XV
v¼1

Rð�V ; qV Þ þ
XV
k¼v

wk � scost�v

 !

¼ VRð�V ; qV Þ þ
XV
k¼1

wk þ 	 	 	 þ
XV

k¼V�1

wk �
XV
k¼1

scost�v

¼ VRð�V ; qV Þ þ
XV�1

k¼1

Rð�k; qkÞ �Rð�kþ1; qkÞð Þ þ 	 	 	

þ
XV�1

k¼V�1

Rð�k; qkÞ �Rð�kþ1; qkÞð Þ �
XV
v¼1

scost�v

¼ VRð�V ; qV Þ �
XV
k¼v

scost�v

þ ðV � 1ÞRð�V�1; qV�1Þ þ 	 	 	 þRð�1; q1Þ
� ðV � 1ÞRð�V ; qV�1Þ � 	 	 	 �Rð�2; q1Þ:

(37)

Furthermore, by defining q0 ¼ 0 for notation simplifica-
tion, the profit SNSP can be further written as

SNSP ¼
XV
v¼1

vRð�v; qvÞ � ðv� 1ÞRð�v; qv�1Þ � scost�v

� �
: (38)
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By introducing the function

Sv , vRð�v; qvÞ � ðv� 1ÞRð�v; qv�1Þ � scost�v; (39)

we can find that Sv is only related to �v and independent of
other qualities �v0 , 8v0 6¼ v. Thus for any v 2 f1; 2; . . . ; V g,
the optimal quality ��

v can be obtained by maximizing each
of Sv separately, i.e.,

��
v ¼ argmax

�v
Sv

¼ argmax
�v

ðvRð�v; qvÞ � ðv� 1ÞRð�v; qv�1Þ � scost�vÞ:
(40)

In networks with ultra-dense SBSs, the intensity of the
SBSs � can be assumed as infinity. Therefore, there is
no constraint on the upper bound of �v during the
optimization.

To solve the optimal problem in Eq. (40), we now
investigate the function Sv. First, we calculate the first-
order and second-order derivatives of Sv relative to �v,
and we have

@Sv

@�v
¼ v

@Rð�v; qvÞ
@�v

� ðv� 1Þ @Rð�v; qv�1Þ
@�v

� scost;

@2Sv

@�2
v

¼ v
@2Rð�v; qvÞ

@�2
v

� ðv� 1Þ @
2Rð�v; qv�1Þ

@�2
v

:

(41)

We further define the following two functions

x1ðvÞ , v
@Rð�v; qvÞ

@�v
;x2ðvÞ , v

@2Rð�v; qvÞ
@�2

v

; (42)

and after some manipulations, we can obtain

@x1ðvÞ
@v

/ ð1� gÞv�g �vK þ Tvð Þ þ v1�g @Tv

@v
ð�vK � TvÞ;

@x2ðvÞ
@v

/ ��ð1� gÞv�g �vK þ Tvð Þ þ v1�g @Tv

@v
ð�vK � 2TvÞ

�
;

(43)

where K ,
PV

j¼1 j
�g and Tv , v�gAðd;aÞz þ ðK � v�gÞC

ðd;aÞz. It can be verified that @Tv
@v > 0.

Whether Sv is convex or concave depends on many fac-
tors, and we now have the following related remarks.

Remark 3. In the case that Sv is a convex function of �v, this

means v @2Rð�v;qvÞ
@�2v

is an increasing function of v, i.e.,
@x2ðvÞ
@v > 0. Comparing @x1ðvÞ

@v with @x2ðvÞ
@v , we conclude that

@x1ðvÞ
@v is most probably less than zero, and thus we have

@Sv
@�v

< 0, i.e., Sv is a decreasing function of �v.

Remark 4. In the case that Sv is a concave function of �v,

this means v @2Rð�v;qvÞ
@�2v

is a decreasing function of v, i.e.,
@x2ðvÞ
@v < 0. Comparing @x1ðvÞ

@v with @x2ðvÞ
@v , we conclude that

@x1ðvÞ
@v > 0, and thus v @Rð�v;qvÞ

@�v
is an increasing function of v,

i.e., v @Rð�v;qvÞ
@�v

� ðv� 1Þ @Rð�v;qv�1Þ
@�v

> 0. Therefore, whether

there is @Sv
@�v

< 0 or not depends on the value of scost, i.e., Sv

can be either a decreasing or an increasing function of �v.

It can be seen that there is no closed form of the optimal
solution. In this case, we resort to MATLAB to solve the
optimization problem in (40). Furthermore, note that �

?

v , 8v,

are the solutions to the problem in (35) without considering
the second constraint �v � �v0 iff qv � qv0 . Therefore, we
need to check whether these solutions satisfy the constraint.
In the case that the constraint is not satisfied, the obtained
solution �

?

v should be adjusted according to “Bunching and
Ironing” approach [22].

Substituting the solution ��
v into Eq. (36), we can obtain

the corresponding optimal price p�
v as follows:

p�
v ¼ Rð��

V ; qV Þ þ
XV
k¼v

w�
k; where; (44)

w�
v ¼ 0 v ¼ V

w�
v ¼ Rð��

v; qvÞ �Rð��
vþ1; qvÞ v ¼ 1; 2; . . . ; V � 1:

�
(45)

The detailed process of obtaining the optimal solution is
concluded in Algorithm 1, as shown in Table 1.

6 NUMERICAL RESULTS

In this section, we will conduct numerical results to validate
the proposed contract design, and guide the NSP for offer-
ing proper incentives to the VPs while keeping its own
profit maximized. Note that the derivation of PrðEcover

v Þ in
Theorem 1 follows the similar procedure as in Ref. [33], and
has been verified by Monte-Carlo simulations in this refer-
ence. Therefore, we omit the verification on PrðEcover

v Þ by
simulations here, and focus our attention on the contract-
based numerical results.

Unless otherwise specified, parameter settings are given
as follows. Note that the following parameters are adopted
from or similar to [20], [21]. a) In the caching system, we set
the number of files in FF to F ¼ 100, the number of VPs to
V ¼ 8, and the storage size Q ¼ 10. The profit=UAP is con-
sidered to be the profit gained per month within an area of
one square kilometer, i.e., =month 	 km2. We further set
c ¼ 30=month, which is the average number of video
requests from an MU per month, set scache ¼ 1, which is the
profit gained by Vv on an MU for providing local download-
ing of a video, and set scost ¼ 0:1=month, which is the cost
for maintaining the cache of an SBS by the NSP each month;

TABLE 1
Description of Algorithm 1 for the Optimal Contract

Algorithm 1.

Input: Q, g, b, a, d, z, scache, and scost

Output: ��
v and p�

v, 8v, SNSP

Steps:
1: for v ¼ 1 to V do
2: set Sv ¼ vRð�v; qvÞ � ðv� 1ÞRð�v; qv�1Þ � scost�v

3: set ��
v ¼ argmax�vSv

4: end for
5:while ��

v is not feasible do
6: find an infesible subsequence �̂m; �̂mþ1; . . . ; �̂n

7: set ��
v ¼ argmax�v

Pn
i¼m Si, 8v ¼ m;mþ 1; . . . ; n

8: end while
9: for v ¼ 1 to V do
10: set p�

v ¼ Rð��
V ; qV Þ þ

PV
k¼v w

�
k

11: end for
12: set SNSP ¼PV

v¼1ðRð�V ; qV Þ þ
PV

k¼v wk � scost�vÞ
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b) For the underlying wireless network, we set the intensity
of the MUs to z ¼ 50=km2, and investigate the scenarios
with ultra-densely deployed SBSs. Additionally, the path
loss parameter is set to a ¼ 4, and the receiver SINR thresh-
old is set to d ¼ 0:3.

Note that the types of the VP follows the Zipf distribu-
tion, while g reflects the imbalance property of the type dis-
tribution among the VPs. A larger g represents a more
uneven type distribution of the VPs. Thus, we will use g as
the x-axis in the following results.

First, to verify the relation between Rð�v; qvÞ, v, and g, we
fix �v ¼ 200, 8v, and study the trends of Rð�v; qvÞ for all the
VPs under different g. Fig. 2 illustrates the the values of
Rð�v; qvÞ versus g. It can be observed that V1’s revenue
Rð�1; q1Þ is always an increasing function of g, whileRð�2; q2Þ
andRð�3; q3Þ first increase and then decreasewith the growth
of g. Also, the other five VPs’ revenues are always decreasing

with g. This complies with the assertion in Remark 2 that a
small vmay leading to an increasing function of g.

Figs. 3 and 4 illustrate the optimal price and optimal qual-
ity with the varying of g from 0 to 1, respectively. It is
observed that both the optimal quality and optimal price are
increasingwith the types of the VPs. To be specific, the VP Vv

with a larger type qv will be charged with a higher price p�
v

for its commodity. Even so, this VP intends to rent more
SBSs, i.e., a higher quality ��

v, as shown in Fig. 4, to achieve a
higher profit. Note that with the increase of g, the first VP V1

becomes more and more dominant in the value of its type,
i.e., q1 is much higher than other type values. Thismeans that
more and more MUs in the network will affiliate with V1,
while the number of the MUs affiliated with other VPs keeps
reducing. In this case, the VPs V2; . . . ;V8 have to reduce the
quality of the commodity so as tomake their profit non-nega-
tive. Particularly in the case of g � 0:9, all the other VPs will
quit the contract, except for V1, with zero price and zero qual-
ity. We can see from Fig. 3 that p�ðq1Þ has a dramatic growth
when g ¼ 0:9, while the optimal prices for other VPs drop
down to zero. Fig. 4 indicates that the quality of the commod-
ity purchased by V1 goes up steadily, comparedwith those of
other VPs, which decrease to zerowith the increase of g.

Fig. 5 shows the optimal profit SVPð��
v; q

�
vÞ, 8v, under the

optimal quality-price pair (��
v; q

�
v) versus g. We can see from

the figure that SVPð�v; qvÞ, for v ¼ 1; . . . ; 7, are concave
functions of g in the case 0 � g � 0:9, whileSVPð�8; q8Þ always
equals to zero according to Lemma 1. When g � 0:9, all the
VPs cannot gain profit from the system. Particularly for V1,
although the optimal price and quality for the commodity it
purchases are non-zero when g ¼ 0:9, its profit drops to zero.
This is because that all the other VPs have quitted the market,
and according to Lemma 1, the profit for the last one in themar-
ket has to be zero formeeting the IR constraint.

Fig. 6 depicts the profit of the NSP versus g under differ-
ent storage sizes, i.e., Q ¼ 5; 10; 20; 30; 40; 50, and 100. First,
it is obvious that a large storage size Q corresponds to a
higher profit SNSP. Second, we can see that the profit SNSP is
a convex function of g regardless of the storage size. A

Fig. 2. The revenue Rð�v; qvÞ versus g for a fixed quality �v ¼ 200, 8v.

Fig. 3. The optimal price q�v , 8v, versus g.

Fig. 4. The optimal quality ��
v, 8v, versus g.
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typical minimum point of the NSP’s profit appears when g

is around 0.9, which is insensitive to the value of Q. On the
other hand, Fig. 7 illustrates the NSP’s profit under various
cost, i.e., scost ¼ 0:05; 0:1; 0:2; 0:3; 0:4; 0:5, and 1.0. It can be
observed that less cost is helpful to increase SNSP. Again,
this figure proves that SNSP is a convex function of g regard-
less of the value of scost. The value of g that minimizes SNSP

varies according to scost, i.e., a larger value of scost will leads
to a smaller value of g that minimizes SNSP.

Finally, we focus on the social welfare Wð�v; qvÞ defined
in Eq. (21). Fig. 8 shows the overall social welfareP

v Wð�v; qvÞ under three different storage size Q. Note that
we consider two kinds of method for calculating the social
welfare as follows. The solid line in Fig. 8 represents the
case that there is no contract between the NSP and VPs, and
the optimal �v that maximizes the social welfare is calcu-
lated according to Eq. (22). The dashed line in the figure

represents the contract-based case with the best ��
v and p�

v

calculated in Eqs. (40) and (44), respectively. We can see
that a large storage size contributes a lot to the social welfare
performance. When g is small, i.e., g � 0:4, the contract-
based and optimal-based welfare have the similar perfor-
mance. When g becomes large, the social welfare in the opti-
mal scheme steadily increases, while the welfare of the
contract-based method decreases first and then increases.
Particularly, when g is around 0.9 or 1.0, contract-based
scheme reaches the minimum point of the performance.

Fig. 9 illustrates the overall social welfare under different
values of cost scost. Similar to Fig. 8, this figure considers
contract-based and optimal-based schemes for the social wel-
fare. We can see that a high cost will jeopardize the perfor-
mance of the social welfare. Also, when g is small, two
schemes have the similar performance. When g becomes
large, the social welfare in the optimal scheme increases

Fig. 5. Vv’s profit S
VPð��

v; q
�
vÞ, 8v, under the optimal quality-price pair.

Fig. 6. NSP’s profit under different storage sizes of Q.

Fig. 7. NSP’s profit under different costs scost.

Fig. 8. Social welfare under different storage sizes of Q.
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steadily, while the welfare of the contract-based method
decreases first and then increases. This is similar to the situa-
tion in the previous figure. Also, it can be observed that in the
cases of scost ¼ 0:1; 0:5, and 1.0, the values of g thatminimizes
the social welfare appears at 0.9, 0.8, and 0.5, respectively.

7 CONCLUSIONS

In this paper, we considered a commercial small-cell cach-
ing system consisting of an NSP and multiple VPs, where
the NSP leases its SBSs to the VPs for gaining profits, while
the VPs, after storing popular videos to the rented SBSs, can
provide faster transmissions to the MUs, hence gaining
more profits. We proposed a contract-based theoretic frame-
work by viewing the SBSs as a type of resources. We first
modeled the MUs and SBSs using two independent PPPs
with the aid of stochastic geometry, and developed the
probability expression of direct downloading. Then, based
on the probability derived, we formulated a contract-based
model for maximizing the average profit of the NSP as well
as individual VPs. Next, we solved the associated non-con-
vex optimization problem for maximizing the profit of the
NSP, with the IC and IR constraints that provides the incen-
tives for the VPs to participate. Finally, we provided several
numerical results for showing that the proposed schemes
are effective in both pricing and resource allocation.

ACKNOWLEDGMENTS

This work is supported in part by theNational Key R&DPro-
gram under Grants 2018YFB1004802 and 2016YFE0108000,
in part by the National Natural Science Foundation of China
under Grants 61727802, 61771244, 61501238, 61571329, in
part by the Jiangsu Provincial Science Foundation under
Project BK20150786, in part by the Specially Appointed Pro-
fessor Program in Jiangsu Province 2015, in part by the Fun-
damental Research Funds for the Central Universities under
Grant 30916011205, and in part by the Open Research Fund
of National Mobile Communications Research Laboratory,
Southeast University, under Grant 2017D04, and in part by

the Competitiveness Enhancement Program of the National
Research Tomsk Polytechnic University.

REFERENCES

[1] F. Boccardi, R. W. Heath, A. Lozano, T. L. Marzetta, and
P. Popovski, “Five disruptive technology directions for 5G,” IEEE
Commun. Mag., vol. 52, no. 2, pp. 74–80, Feb. 2014.

[2] L. Lei, Z. Zhong, K. Zheng, J. Chen, and H. Meng, “Challenges on
wireless heterogeneous networks for mobile cloud computing,”
IEEE Wireless Commun., vol. 20, no. 3, pp. 34–44, Jun. 2013.

[3] N. Golrezaei, A. Molisch, A. Dimakis, and G. Caire,
“Femtocaching and device-to-device collaboration: A new archi-
tecture for wireless video distribution,” IEEE Commun. Mag.,
vol. 51, no. 4, pp. 142–149, Apr. 2013.

[4] X. Wang, M. Chen, T. Taleb, A. Ksentini, and V. Leung, “Cache in
the air: Exploiting content caching and delivery techniques for 5G
systems,” IEEE Commun. Mag., vol. 52, no. 2, pp. 131–139,
Feb. 2014.

[5] X. Wang, Y. Zhang, V. C. M. Leung, N. Guizani, and T. Jiang,
“D2D big data: Content deliveries over wireless device-to-device
sharing in realistic large scale mobile networks,” IEEE Wireless
Commun. Mag., vol. 25, no. 1, pp. 32–38, Feb. 2018.

[6] M. Maddah-Ali and U. Niesen, “Decentralized coded caching
attains order-optimal memory-rate tradeoff,” in Proc. 51st Annu.
Allerton Conf. Commun. Control Comput., Oct. 2013, pp. 421–427.

[7] N. Golrezaei, P. Mansourifard, A. Molisch, and A. Dimakis,
“Base-station assisted device-to-device communications for high-
throughput wireless video networks,” IEEE Trans. Wireless Com-
mun., vol. 13, no. 7, pp. 3665–3676, Jul. 2014.

[8] M. Ji, G. Caire, and A. F. Molisch, “Wireless device-to-device cach-
ing networks: Basic principles and system performance,” IEEE J.
Select. Areas Commun., vol. 34, no. 1, pp. 176–189, Jan. 2016.

[9] M. Ji, G. Caire, and A. Molisch, “Optimal throughput-outage
trade-off in wireless one-hop caching networks,” in Proc. IEEE Int.
Symp. Inf. Theory Proc., Jul. 2013, pp. 1461–1465.

[10] P. Gupta and P. Kumar, “The capacity of wireless networks,”
IEEE Trans. Inf. Theory, vol. 46, no. 2, pp. 388–404, Mar. 2000.

[11] F. Boccardi, R. Heath, A. Lozano, T. Marzetta, and P. Popovski,
“Five disruptive technology directions for 5G,” IEEE Commun.
Mag., vol. 52, no. 2, pp. 74–80, Feb. 2014.

[12] A. Damnjanovic, J. Montojo, Y. Wei, T. Ji, T. Luo, M. Vajapeyam,
T. Yoo, O. Song, and D. Malladi, “A survey on 3GPP heteroge-
neous networks,” IEEE Trans. Wireless Commun., vol. 18, no. 3,
pp. 10–21, Jun. 2011.

[13] J. Akhtman and L. Hanzo, “Heterogeneous networking: An
enabling paradigm for ubiquitous wireless communications,”
Proc. IEEE, vol. 98, no. 2, pp. 135–138, Feb. 2010.

[14] S. Bayat, R. Louie, Z. Han, B. Vucetic, and Y. Li, “Distributed user
association and femtocell allocation in heterogeneous wireless
networks,” IEEE Trans. Commun., vol. 62, no. 8, pp. 3027–3043,
Aug. 2014.

[15] M. Mirahmadi, A. Al-Dweik, and A. Shami, “Interference model-
ing and performance evaluation of heterogeneous cellular
networks,” IEEE Trans. Commun., vol. 62, no. 6, pp. 2132–2144,
Jun. 2014.

[16] A. Gupta, H. Dhillon, S. Vishwanath, and J. Andrews, “Downlink
multi-antenna heterogeneous cellular network with load bal-
ancing,” IEEE Trans. Commun., vol. 62, no. 11, pp. 4052–4067,
Nov. 2014.

[17] K. Shanmugam, N. Golrezaei, A. Dimakis, A. Molisch, and
G. Caire, “FemtoCaching: Wireless content delivery through dis-
tributed caching helpers,” IEEE Trans. Inf. Theory, vol. 59, no. 12,
pp. 8402–8413, Dec. 2013.

[18] E. Bastug, M. Bennis, and M. Debbah, “Cache-enabled small cell
networks: Modeling and tradeoffs,” in Proc. 11th Int. Symp. Wire-
less Commun. Syst., Aug. 2014, pp. 649–653.

[19] D. Stoyan, W. Kendall, and M. Mecke, Stochastic Geometry and Its
Applications, 2nd ed. Hoboken, NJ, USA: Wiley, 2003.

[20] M. Haenggi, J. Andrews, F. Baccelli, O. Dousse, and M. France-
schetti, “Stochastic geometry and random graphs for the analysis
and design of wireless networks,” IEEE J. Select. Areas Commun.,
vol. 27, no. 7, pp. 1029–1046, Sep. 2009.

[21] J. Li, H. Chen, Y. Chen, Z. Lin, B. Vucetic, and L. Hanzo, “Pricing
and resource allocation via game theory for a small-cell video
caching system,” IEEE J. Select. Areas Commun., vol. 34, no. 8,
pp. 2115–2129, Aug. 2016.

Fig. 9. Social welfare under different costs scost.

1052 IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 18, NO. 5, MAY 2019

Authorized licensed use limited to: NANJING UNIVERSITY OF SCIENCE AND TECHNOLOGY. Downloaded on January 12,2021 at 01:55:38 UTC from IEEE Xplore.  Restrictions apply. 



[22] P. Bolton and M. Dewatripont, Contract Theory. Cambridge, MA,
USA: MIT Press, 2005.

[23] L. Gao, X. Wang, Y. Xu, and Q. Zhang, “Spectrum trading in cog-
nitive radio networks: A contract-theoretic modeling approach,”
IEEE J. Select. Areas Commun., vol. 29, no. 4, pp. 843–855, Apr. 2011.

[24] L. Duan, L. Gao, and J. Huang, “Cooperative spectrum sharing: A
contract-based approach,” IEEE Trans. Mobile Comput., vol. 13,
no. 1, pp. 174–187, Jan. 2014.

[25] D. Lopez-Perez, M. Ding, H. Claussen, and A. H. Jafari, “Towards
1 Gbps/UE in cellular systems: Understanding ultra-dense small
cell deployments,” IEEE Commun. Surveys Tuts., vol. 17, no. 4,
pp. 2078–2101, Oct.–Dec. 2015.

[26] I. Ashraf, L. Ho, and H. Claussen, “Improving energy efficiency of
femtocell base stations via user activity detection,” in Proc. IEEE
Wireless Commun. Netw. Conf., Apr. 2010, pp. 1–5.

[27] M. Cha, H. Kwak, P. Rodriguez, Y.-Y. Ahn, and S. Moon, “I tube,
you tube, everybody tubes: Analyzing the world’s largest user
generated content video system,” in Proc. 7th ACM SIGCOMM
Conf. Internet Meas., 2007, pp. 1–14.

[28] M. Eriksson, S. M. H. Rahman, F. Fraile, and M. Sj€ostr€om,
“Efficient interactive multicast over DVB-T2: Utilizing dynamic
SFNs and PARPS,” in Proc. IEEE Int. Symp. Broadband Multimedia
Syst. Broadcast., Jun. 2013, pp. 1–7.

[29] U. Jennehag and S. Pettersson, “On synchronization frames for
channel switching in a GOP-based IPTV environment,” in Proc.
5th IEEE Consum. Commun. Netw. Conf., Jan. 2008, pp. 638–642.

[30] A. Araldo, G. D�an, and D. Rossi, “Stochastic dynamic cache parti-
tioning for encrypted content delivery,” in Proc. 28th Int. Teletraffic
Congr., Sep. 2016, pp. 139–147.

[31] S. Lee and K. Huang, “Coverage and economy of cellular net-
works with many base stations,” IEEE Commun. Lett., vol. 16,
no. 7, pp. 1038–1040, Jul. 2012.

[32] B. Blaszczyszyn and A. Giovanidis, “Optimal geographic caching
in cellular networks,” in Proc. IEEE Int. Conf. Commun., Jun. 2015,
pp. 3358–3363.

[33] J. Li, Y. Chen, Z. Lin, W. Chen, B. Vucetic, and L. Hanzo,
“Distributed caching for data dissemination in the downlink of
heterogeneous networks,” IEEE Trans. Commun., vol. 63, no. 10,
pp. 3553–3568, Oct. 2015.

Jun Li (M’09-SM’16) received the PhD degree in
electronic engineering from Shanghai Jiao Tong
University, Shanghai, P. R. China, in 2009. From
January 2009 to June 2009, he worked with the
Department of Research and Innovation, Alcatel
Lucent Shanghai Bell as a research scientist. From
June 2009 to April 2012, he was a postdoctoral fel-
low with the School of Electrical Engineering and
Telecommunications, University of New South
Wales, Australia. FromApril 2012 to June 2015, he
was a research fellow with the School of Electrical

Engineering, University of Sydney, Australia. From June 2015 to now, he
has been a professor with the School of Electronic and Optical Engineer-
ing, Nanjing University of Science and Technology, Nanjing, China. His
research interests include network information theory, ultra-dense wireless
networks, andmobile edge computing. He is a senior member of the IEEE.

Shunfeng Chu received the BS degree in elec-
tronic and information engineering from the Nanj-
ing University of Science and Technology, Zijing
College, Jiangsu, China, in 2011. He is currently
working toward the master’s degree in the School
of Electronic and Optical Engineering, Nanjing Uni-
versity of Science and Technology, Jiangsu, China.
His research interests include network economics,
D2D communications, and small-cell caching.

Feng Shu (M’09) received the BS degree from
Fuyang Teaching College, Fuyang, China, in
1994, the MS degree from XiDian University,
Xi’an, China, in 1997, and the PhD degree from
Southeast University, Nanjing, in 2002. From
Sept. 2009 to Sept. 2010, he was a visiting post-
doctor with the University of Texas at Dallas. In
October 2005, he joined the School of Electronic
and Optical Engineering, Nanjing University of
Science and Technology, Nanjing, China, where
he is currently a professor and supervisor of PhD

and graduate students. He is also with Fujian Agriculture and Forestry
University and was awarded with the Mingjian Scholar chair professor in
Fujian Province. His research interests include wireless networks, wire-
less location, and array signal processing. He is currently an associate
editor for the journal IEEE Access. He has published about 200 papers,
of which more than 100 are in archival journals including more than
25 papers in IEEE Journals and more than 50 SCI-indexed papers.
He holds four Chinese patents. He is a member of the IEEE.

Jun Wu (M’01-SM’14) received the BS degree in
information engineering and the MS degree in
communication and electronic system from
Xidian University, in 1993 and 1996, respectively,
and the PhD degrees in signal and information
procesing from the Beijing University of Posts
and Telecommunications, in 1999. He is a profes-
sor with the Computer Science and Technology
Department, Tongji University, Shanghai, China.
He joined Tongji University as an professor in
2010. He was a principal scientist with Huawei

and Broadcom before he joined Tongji. His research interests include
wireless communication, information theory, machine learning, and sig-
nal processing. He is a senior member of the IEEE.

Dushantha Nalin K. Jayakody (M’14) received
the BEng degree (with first-class honors) in Paki-
stan, in 2009 and was ranked as the merit posi-
tion holder of the University (under SAARC
Scholarship), the MSc degree in electronics and
communications engineering from the Depart-
ment of Electrical and Electronics Engineering,
Eastern Mediterranean University, Cyprus, in
2010 (under the University full graduate scholar-
ship) and ranked as the first merit position holder
of the department, and the PhD degree in elec-

tronics and communications engineering from the University College
Dublin, Ireland, in 2014. From Sep. 2014- Sep. 2016, he held a postdoc
position with the Coding and Information Transmission Group, University
of Tartu, Estonia, and the University of Bergen, Norway. Since 2016, he
has been a professor with the Department of Control System Optimiza-
tion, Institute of Cybernetics, National Research Tomsk Polytechnic Uni-
versity, Russia. He is a member of the IEEE and he has served as a
session chair or technical program committee member for various inter-
national conferences, such as IEEE PIMRC 2013/2014, IEEE WCNC
2014/2016, IEEE VTC 2015, etc.

" For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/publications/dlib.

LI ET AL.: CONTRACT-BASED SMALL-CELL CACHING FOR DATA DISSEMINATIONS IN ULTRA-DENSE CELLULAR NETWORKS 1053

Authorized licensed use limited to: NANJING UNIVERSITY OF SCIENCE AND TECHNOLOGY. Downloaded on January 12,2021 at 01:55:38 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


