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Internet traffic volume is increasing, and this causes scalability issues in content delivery. Information-centric network has been
introduced to support this increase in Internet traffic through caching. While collaborative caching in information-centric
network is a crucial feature to improve network performance and reduce delivery costs in content distribution, the current pricing
strategies on the Internet are not incentive compatible with information-centric network interconnection. In this paper, we focus
on the economic incentive interactions in caching deployment between several types of information-centric network providers
(content provider and Internet service provider). In particular, we develop game-theoretic models to study the interaction
between providers in an information-centric network model where the providers are motivated to cache and share content. We
use a generalized Zipf distribution to model content popularity. We formulate the interactions between the Internet service
providers and between the content providers as a noncooperative game. We use a Stackelberg game model to capture the
interactions between the content provider and Internet service providers. &rough mathematical analysis, we prove the existence
and uniqueness of the Nash equilibrium under some conditions. An iterative and distributed algorithm based on best response
dynamics is proposed to achieve the equilibrium point.&e numerical simulations illustrate that our proposed gamemodels result
in a win-win solution.

1. Introduction

&e growth of Internet traffic data is rapidly increasing due
to the explosion of sites on the Internet such as YouTube,
Dailymotion, and Netflix. Many technologies have been
proposed to control the large volume of information, im-
prove the spectrum efficiency, and increase network ca-
pacity. Besides traditional technologies, information-centric
network (ICN) has drawn researchers’ attention in recent
years, which is a new communication paradigm to increase
the efficiency of content delivery.&emain ideas in ICNs are
the following: (1) content is located by name instead of by IP,
and (2) every ICN node can cache and serve the requested
content. &e advantages motivating the ICN approach are
scalable, persistent, security, mobility, etc [1].

It is considered that network caching can get many
advantages to end-users, the Internet service provider (ISP),
and the content providers (CPs). For end-users, caching
content in ISP cache can minimize the delay in getting
content, which enhances the quality of experience. From the
viewpoint of the ISPs, network caching can lower the traffic
outgoing to the other ISPs or CPs, which reduce the
backhaul bandwidth consumption. So, literature studies
[2–4] suggest that ISPs should deploy a cache with capacity.
Furthermore, for CPs, content requests can be satisfied from
the ISP cache, which can lower the load on the CPs,
economize backhaul bandwidth resources, and avert net-
work congestions. More importantly, when the CP is
temporarily offline, the ISP cache can continue to provide
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content to end-users, which improves the robustness of the
network.

Inspired by the above discussion, ICN has many tech-
nical benefits; however, ICN has so far stayed only in the
research literature, compared to CDN or HTTP caches that
have a massive deployment. &e reason is that the vast
providers (ISPs and CPs) need economic incentives in ad-
dition to benefits of technic to collaborate in the deployment
of the ICN. &is paper aims at designing a flexible economic
model to prompt the deployment of ICN.

In our previous work [5], we study the interaction
among two ISPs in ICN, where each ISP controls the amount
of content cached and adjusts their prices and its quality of
service. In this paper, we extend our previous studies by
considering a general framework for incentive CPs and ISPs
to collaborate in caching and distributing content in ICN.
We consider a hierarchical network model with multiple
CPs and multiple ISPs. We use a game-theoretic approach to
study the interaction between CPs and ISPs.

Our main contributions are summarized as follows:

(i) We formulate the interactions among ISPs based on
four market parameters, network access price,
caching, cache access price, and quality of service. In
addition, we formulate the competition among CPs
as a function of two parameters, content access price
and credibility of content. &e interaction between
providers is analyzed as a noncooperative game.

(ii) We use the Stackelberg game to analyze competition
among CPs and ISPs, and we adopt the method
backward induction to solve the proposed Stack-
elberg game.

(iii) We analytically prove the existence and uniqueness
of the Nash equilibrium.

(iv) &rough simulation, the interactions between
model parameter and provider strategies are rep-
resented. Also, the impacts of model parameter on
provider revenue are revealed. We finally carry out
that the ISPs, the CPs, and end-users can receive
benefit from caching investment.

&e rest of this paper is organized as follows. Section 2
discusses related work. In Section 3, we describe the system
model. In Section 4, we formulate and analyze the nonco-
operative game. In Section 5, we model a Stackelberg game.
&en, we present the numerical results in Section 6. Con-
clusions are provided in Section 7.

2. Related Work

&e existing literature has studied several problems related
to caching in the small cell network, cloud radio access
networks, and ISPs. In [6], the authors have used the mean-
field game to study the problem of distributed caching in a
dense wireless small cell network. In [7], the authors pro-
posed a joint network slicing and content caching for in-
band wireless backhaul-based virtualized wireless networks,
where requested contents can be retrieved from either the
associated base stations or the close content cached at the

edge of the core network.&e authors in [8] propose an ICN-
based caching approach for videos in 5G networks, which
considers both the mobility of users and the popularity of
videos. In [9], the authors designed a proactive caching
policy for a HetNet scenario to jointly optimize the choice of
which files to store at the mobile users and the small base
stations. &e authors in [10] studied distributed cooperative
hybrid caching problems based on content-awareness in
D2D networks. In [11], the authors proposed a dynamic
Stackelberg–Cournot game in which multiple mobile net-
work operators offer payable storage service to multiple CPs
competing for caching space. &e authors in [12] proposed
an edge caching scheme for vehicular content networks to
provide vehicular content delivery. An analytical model is
developed, which takes account of vehicle velocity, road
traffic, and content popularity for characterizing the content
distribution at the edge of vehicular content networks. In
[13], the authors have studied caching with asynchronous
requests and presented a coded joint pushing and caching
method to determine the packets to be pushed and cached.
&e authors in [14] proposed a new cooperative edge caching
architecture for content-centric 5G networks, where mobile
edge computing resources are utilized for enhancing edge
caching capability. &ey show that the proposed scheme
minimizes content access latency and improves caching
resource utilization. &e authors in [15] presented an
interdomain cache-sharing market routing technique based
on the bargaining game, which took full advantage of the
cache resource to extend cache sharing among domains to
Internet service providers.

&e second research line [3, 16–19] attracts more at-
tention compared to the first one, as how to incentivize
network players to collaborate in the deployment of the ICN.
&e authors in [20] explored the interdomain routing
policies in ICN. &ey argued that the network caching will
influence the business relationships between neighboring
autonomous systems. &e authors in [19] model the eco-
nomic incentive independencies between ISPs and CP and
propose a reward-based incentive caching model for content
caching and sharing in ICN, where the CP decides the re-
ward price of caching each content and ISPs decide which
content to be cached.&ey used a Stackelberg gamemodel to
capture the interactions between ISP and CP. In [21], the
authors formalized the profit of ISPs when implementing
content-centric networking and investigate the likelihood of
content-centric networking spreading through numerical
evaluation. &e authors in [22] analyzed the economic in-
teractions in one ISP and proposed a policy to make ICN
economically profitable for ISPs. In [18], the authors pro-
posed a new incentive mechanism that improves both the
ISPs’ and CPs’ profits via the use of auction theory. In the
proposed model, the ISP earns profits from caching by al-
leviating traffic load on transit links and participating in
content selling, where the contents are from multiple CPs.
&e authors in [23] proposed a new incentive mechanism for
paid content caching that satisfies both ISP and CPs through
the use of a reverse auction.&e authors in [3] have modeled
the economic interactions between the different actors of an
information-centric network, using the framework of game
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theory.&ey show the uniqueness of the Nash equilibrium in
the pricing caching game.&e authors of this work show that
caching is profitable. &e authors in [24] proposed a pricing
model to establish an economic incentive mechanism for
caching and sharing content in ICN that consists of an ISP, a
transit ISP, and a CP. In [25], the authors investigate a
noncooperative game between an ISP and a CP, where the
ISP changes its caching strategy, and the CP can control its
pricing strategy. &ey considered that the polarity of the
side-payment (from the ISP to the CP) in an ICN is different
from that in the current Internet model (i.e., host-centric
communication model). In [16], the authors modeled the
content popularity by the generalized Zipf distribution and
used the noncooperative game to decide caching and pricing
strategies in information-centric network (ICN). In [26], the
authors investigated an economical pricing approach to
address caching resource management issues in the 5G
wireless networks. &ey used Cournot, Stackelberg, and
Bertrand models to study this model. &e authors in [27]
analyzed the impact of different factors on the incentives of
related players in ICN, including the ISPs, CDNs, and CPs.
&e authors built a simple model to address the economic
incentive problem of different ICN network players in a
hierarchical caching infrastructure.

All these related works mentioned above economics of
service pricing in the ICN, which consists of an ISP and a CP.
&eir model restricts the network to one CP and few ISPs.
Our work belongs to the second research line but differs
from these existing works in the following five aspects:

(1) We developed an analytical framework for the dis-
tribution of popular content in ICN, which com-
prises multiple CPs, multiple ISPs, and a set of end-
users.

(2) We model and analyze the interplay between ISPs as
a function of four market parameters: network access
price, quality of services, caching, and cache access
price.

(3) We model and analyze the interplay between CPs as
a function of four market parameters: content access
price, the credibility of content, caching cost, and
transmission price.

(4) We study a game between ISPs and among CPs as a
noncooperative game. &e analyzed economic in-
teraction in our model is not involved by the existing
works.

(5) We analytically prove the existence of equilibrium
between CPs and between ISPs, and then we applied
the best response algorithm for learning Nash
equilibrium. In addition, we use the price of anarchy
to evaluate the performance of the system at the Nash
equilibrium.

3. Problem Modeling

&e system model is illustrated in Figure 1, with F ISPs, N

CPs, and several end-users. &ese entities have diverse roles
in ICN, the CPs produce content, the ISP provides access

service or connects end-users, and end-users consume
content. &e strategies of each CP consists of four parts, the
price for delivering content to end-users, the price for selling
content to ISPs, the price for forwarding content trough ISP,
and the credibility of content, which is a function of the
quality of service and quality of content. Each ISP can cache
the entire or portion of all content provided by CPs. Also,
each ISP chooses five market parameters: network access
price, the price to access to content in the cache, caching, the
credibility of content in the cache, and the quality of service.
A detailed summary of notations is presented in Table 1.

3.1. Content Popularity. Let H be the number of items
provided by CPs, and each item has a measure of popularity
reflected by the probability of requests for it. We consider a
model where the popularity of content is the same for all
users. As in previous works (e.g., [28–30]), in this paper, the
probability of requests follows generalized Zipf distribution
function as follows:

ϕh � A
− 1

h
− η

, (1)

where A � 􏽐
H
h�1 h− η, hη is the rank of item h − th, and η is the

skewness of the popularity distribution. &e item ranked in
the order of their popularity where the item h is the h most
popular item, i.e., h � 1 is the most popular item and h � H

is the least popular item.

3.2. DemandModel. Dij is the average demand of end-users
who connect to the CPi through the ISPj which depends on
content access price pci

, credibility ci, network access price
psj

, QoS qsj
, and cache access price pccj

(see [31–33]). &e
demand Dij depends also on prices pc− i

, credibilities c− i,
prices ps− j

, prices pcc− j
, and QoS set by the opponents.

Eventually, Dij is decreasing with respect to pci
, psj

, and pccj

and increasing with respect to pcn
, n≠ i, psf

, pccf
, and f≠ j,

whereas it is increasing with respect to ci and qsj
and de-

creasing with respect to cn, n≠ i, qsf
, and f≠ j. &en, the

demand functions Dij can be written as follows:

Dij � dij − αj
jpsj

+ βj
jqsj

− ρj
jpccj

− δi
ipci

+ σi
ici

− 􏽘
F

f�1,f≠j
αf

j psf
− βf

j qsj
+ ρf

j pccf
􏼒 􏼓

+ 􏽘
N

n�1,n≠i
δn

i pcn
− σn

i cn􏼐 􏼑,

(2)

where dij, α
f
j , β

f
j , ρ

f
i , δ

n
i , and σn

i are the positive constant.&e
parameter dij reflects the total potential demand of end-
users. δn

i and σn
i denote the responsiveness of demand Dij to

price pcn
and credibility cn of CPn. α

f

j , β
f

j , and ρf

j denote the
responsiveness of demand Dij to price psf

, price pccf
, and

QoS qsf
of ISPf.

Assumption 1. &e sensitivity α verifies:

αj

j ≥ 􏽘
F

f�1,f≠j
αf

j , ∀j � 1, . . . , F. (3)
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&e sensitivity β verifies:

βj
j ≥ 􏽘

F

f�1,f≠j
βf

j , ∀j � 1, . . . , F. (4)

&e sensitivity ρ verifies:

ρj
j ≥ 􏽘

F

f�1,f≠j
ρf

j , ∀j � 1, . . . , F. (5)

&e sensitivity δ verifies:

δi
i ≥ 􏽘

N

n�1,n≠i
δn

i , ∀i � 1, . . . , N. (6)

&e sensitivity σ verifies:

σi
i ≥ 􏽘

N

n�1,n≠ i

σn
i , ∀i � 1, . . . , N. (7)

Table 1: Summary of notation.

Notation Description
N Number of CPs
H Number of items that the CP sells
F Number of ISPs
psj

Network access price of ISPj

pccj
Price to access to the content in the cache of ISPj

qsj
Quality of service of ISPj

cj Credibility of content of ISPj

Cih Caching cost of item h provided by CPi

vj Backhaul bandwidth cost
pci

Price to access to content of CPi

ci Credibility of content of CPi

pti
Transmission fee of CPi

αf
j Sensitivity of ISPj to price psf

of ISPf

βf

j Sensitivity of ISPj to QoS qsf
of ISPf

ρf
j Sensitivity of ISPj to price pccf

of ISPf

δn
i Sensitivity of CPi to price pcn

of CPn

σn
i Sensitivity of CPi to credibility of content cn of CPn

dij &e total potential demand of end-users
Dij Demand of CPi through ISPj

Bj Backhaul bandwidth
hη &e rank of item h

η &e skewness of the popularity distribution
λ &e sensitivity of the credibility of content to the quality of service
μ &e sensitivity of the credibility of content to the quality of content
θi &e cost to produce a unit of credibility ci

. . .

ISP2

U1 U2 Ui

ps1

psf

Pcc1 Pcc2

Pccf

Pt2

ps2

… … …

CP2CP1 CPn

ISP1 ISPf
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Figure 1: Interaction between different providers in a simplified model of ICN.
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Assumption 1 will be needed to ensure the uniqueness of
Nash equilibrium.

3.3.UtilityModel of the ISP. &e utility of the ISPj is equal to
revenue minus cost:

UISPj
� psj

􏽘

N

i�1
Dij + 􏽘

N

i�1
􏽘

H

h�1
ϕh τi

jkijhDij pccj
− Cih􏼒 􏼓􏼚

− pti
Dijci 1 − τi

jkijh􏼐 􏼑􏼛

− vjBj 􏽘

N

i�1
H − τj

i 􏽘

H

h�1
kijh

⎛⎝ ⎞⎠ − θjc
2
j .

(8)

psj
􏽐

N
i�1 Dij is the revenue of network access. Cih is the

caching cost of the item h provided by CPi. τi
j is the pro-

portion of demand for content produced by CPi and served
by ISPj cache, which can be expressed as τi

j � max 1, cj/ci􏽮 􏽯.
τi

jDij is the demand served by ISPj cache. ϕhτi
jkijhDij(pccj

−

Cih) is the revenue that results when the ISPj serves the
requested demand ϕhτi

jkijhDij of the item h from its cache.
In ICN models, the ISP pays to the CP the transmission fees
([25]). ϕhpti

Dijci(1 − τi
jkijh) is the transmission fee that the

ISPj pays to the CPi, when the CPi forwards the request
demand ϕhDij(1 − τi

jkijh) of the item h through the ISPj. θj

is the cost to produce a unit of the credibility of content cj.
θjc

2
j is the cost to produce credibility of content cj. vj is the

unit backhaul bandwidth cost paid by ISPj. Bj is the
backhaul bandwidth needed to serve demand 􏽐

N
i�1 Dij.

Bj 􏽐
N
i�1(H − τj

i 􏽐
H
h�1 kijh) is the backhaul bandwidth needed

for serving the demand 􏽐
N
i�1 Dij(H − τj

i 􏽐
H
h�1 kijh). Bj is the

backhaul bandwidth required by the ISPj. &e quality of
service qsj

is defined as the expected delay (see [34]):

qsj
�

1
�����
Delay

􏽰 �

���������

Bj − 􏽘

N

i�1
Dij

􏽶
􏽴

, (9)

which means that

Bj � q
2
sj

+ 􏽘
N

i�1
Dij. (10)

&en, the utility of the ISPj is given by

UISPj
� psj

􏽘

N

i�1
Dij + 􏽘

N

i�1
􏽘

H

h�1
ϕh τi

jkijhDij pccj
− Cih􏼒 􏼓􏼚

− pti
Dijci 1 − τi

jkijh􏼐 􏼑􏼛

− vj q
2
sj

+ 􏽘
N

i�1
Dij

⎛⎝ ⎞⎠ HN − 􏽘
N

i�1
τj

i 􏽘

H

h�1
kijh

⎛⎝ ⎞⎠ − θjc
2
j .

(11)

kijh � 1 means that the ISPj decides to cache the item h

of the CPi, because the revenue of ISPj by serving the

requested demand of the item h from their cache is larger
than the cost for forwarding the request demand of the item
h to the CPi. kijh � 0 means that the ISPj does not cache the
item h of CPi, because the cost for forwarding the request
demand of the item h to the CPi is larger than the revenue of
ISPj by serving the requested demand of the item h from
their cache.

3.4. Utility Model of the CP. &e utility of CPi is equal to
revenue minus cost:

UCPi
� 􏽘

F

j�1
􏽘

H

h�1
ϕh pci

+ pti
ci􏼐 􏼑Dij 1 − τi

jkijh􏼐 􏼑 + τi
jkijhCihDij􏽮 􏽯

− θic
2
i .

(12)

pci
ϕh􏽐jDij(1 − τi

jkijh) is the revenue of CPi by serving
the request demand ϕhDij(1 − τi

jkijh) of item h. pti
is the

transmission fee that CPi charges to ISPs.
pti

ϕhDij(1 − τi
jkijh) is the transmission revenue of the CPi,

when CPi forwards the request demand of item h through
ISPj. τi

jkijhCihDij is the profit of CPi when the demand
τi

jkijhDij are satisfied from the ISPj cache. θic
2
i is the cost to

produce the credibility of content ci. &e credibility of
content ci of CPi is a function of the quality of service qssi

and
quality content qci

, which can be expressed as [33, 35–37]

ci � λqssi
+ μqci

, (13)

where λ and μ are the two positive constants, which rep-
resent, respectively, the sensitivity of the credibility of
content to QoS and QoC. We define the QoS as the “ex-
pected delay,” which is computed by the Kleinrock function
(see [34]). &e quality of content QoC can be specified for a
specific domain of content, e.g., quality of video streaming.

&en, the utility of CPi is given by

UCPi
� 􏽘

F

j�1
􏽘

H

h�1
ϕh pci

+ pti
λqssi

+ μqci
􏼐 􏼑􏼐 􏼑Dij 1 − τi

jkijh􏼐 􏼑􏽮

+ τi
jkijhCihDij􏽯 − θi λqssi

+ μqci
􏼐 􏼑

2
.

(14)

4. Game Analysis

Let G1 � [F, Psj
, Pccj

, Qsj
􏼚 􏼛, UISPj

(.)􏼚 􏼛] denote the nonco-

operative price QoS price game (NPQPG), where
F � 1, . . . , F{ } is the set of ISPs, Psj

is the strategy set of
price, Pccj

is the strategy set of price, Qsj
is the strategy set of

QoS, and UISPj
(.) is the utility function of ISPj defined in

equation (11). We assume that the strategy spaces Psj
, Pccj

,
and Qsj

of each ISPs are compact and convex sets with
maximum and minimum constraints. &us, for each ISPj,
we consider as respective strategy spaces the closed intervals:
Psj

� [p
sj

, psj
], Pccj

� [p
ccj

, pccj
], and Qsj

� [q
sj

, qsj
]. Let, the

Mobile Information Systems 5



price vector ps � (ps1
, . . . , psF

)T ∈ PF
s � Ps1

× Ps2
× · · · × PsF

,
the price vector pcc � (pc1

, . . . , pcF
)T ∈ PF

cc � Pc1
× Pc2

×

· · · × PcF
, and the QoS vector qs � (qs1

, . . . , qsF
)T ∈

QF
s � Qs1

× Qs2
× · · · × QsF

.
Let G2 � [N, Pci

, Qssi
, Qci

􏽮 􏽯, UCPi
(.)􏽮 􏽯] denote the non-

cooperative QoS price QoC game (NQPQG), where N �

1, . . . , N{ } is the set of CPs, Pci
is the strategy set of price, Qssi

is the strategy set of QoS, Qci
is the strategy set of QoC, and

UCPi
(.) is the utility function of CPi defined in equation (14).

We assume that the strategy spaces Pci
, Qssi

, and Qci
of each

CP are compact and convex sets with maximum and
minimum constraints. &us, for each CPi, we consider as
respective strategy spaces the closed intervals: Pci

� [p
ci

, pci
],

Qssi
� [q

ssi

, qssi
], and Qci

� [q
ci

, qci
]. Let, the price vector

pc � (pc1
, . . . , pcN

)T ∈ PN
c � Pc1

× Pc2
× · · · × PcN

, the QoS
vector qss � (qss1

, . . . , qssN
)T ∈ QN

ss � Qss1
× Qss2

× · · · × QssN
,

and the QoC vector qc � (qc1
, . . . , qcN

)T ∈
QN

c � Qc1
× Qc2

× · · · × QcN
.

4.1. Price Ps Game. A NPQPG in price is defined for fixed

pcc ∈ Pcc, qs ∈ Qs as G1(pcc, qs) � [F Psj
􏼚 􏼛, UISPj

􏼚

(., pcc, qs}].

Definition 1. A price vector p∗s � (p∗s1 , . . . , p∗sF
) is a Nash

equilibrium of the NPQPG G1(pcc, qs) if

∀ j, psj
􏼒 􏼓 ∈ F, Psj

􏼒 􏼓,

UISPj
p
∗
sj

, p∗s− j
,pcc, qs􏼒 􏼓≥UISPj

psj
, p∗s− j

, pcc, qs􏼒 􏼓.

(15)

Theorem 1. For each pcc ∈ Pcc, qs ∈ Qs, the game

[F, Psj
􏼚 􏼛, UISPj

(., pcc, qs􏼚 􏼛] admits a unique Nash

equilibrium.

Proof. &e game G1(Pcc, qs) admits at least one equilibrium,
if and only if its second derivative of the utility UISPj

function
with respect to price Psi is nonpositive. psj

is nonpositive.
Indeed, we first compute the first derivative of UISPj

:

zUISPj

zpsj

� − Nαj
jpsj

+ 􏽘
N

i�1
Dij

+ 􏽘
N

i�1
􏽘

H

h�1
ϕh − αj

jτ
i
jkijh pccj

− Cih􏼒 􏼓􏼚

+ αj
jpti

ci 1 − τi
jkijh􏼐 􏼑􏼛

+ vjNαj

j HN − τi
j 􏽘

H

h�1
kijh

⎛⎝ ⎞⎠.

(16)

&en, we calculate the second derivative:

z
2
UISPj

zp
2
sj

� − 2αj
jN≤ 0. (17)

&e second derivative of the utility function is always
nonpositive, then the utility function is concave, which
ensures the existence of a Nash equilibrium.

We use the following proposition that holds for a
concave game [38]: if a concave game satisfies the domi-
nance solvability condition

−
z
2
UISPj

zp
2
sj

≥ 􏽘

F

f�1,f≠j

z
2
UISPj

zpsj
zpsf

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
, (18)

then the game G1(pcc, qs) admits a unique Nash equilibrium
point.

&e mixed partial is written as

z
2
UISPj

zpsj
zpsf

� αf

j N. (19)

&en,

−
z
2
UISPj

zp
2
sj

− 􏽘
F

f�1,f≠ j

z
2
UISPj

zpsj
zpsf

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
� N 2αj

j − 􏽘
F

f�1,f≠ j

αf
j

⎛⎝ ⎞⎠≥ 0.

(20)

&us, the G1(pcc, qs) admits a unique Nash equilibrium
point. □

4.2. Price Pcc Game. A NPQPG in price is defined for fixed

ps ∈ Ps, qs ∈ Qs as G1(ps, qs) � [F, Pccj
􏼚 􏼛, UISPj

􏼚

(ps, ., qs}].

Definition 2. A price vector p∗cc � (p∗cc1
, . . . , p∗ccF

) is a Nash
equilibrium of the NPQPG G1(ps, qs) if

∀ j, pccj
􏼒 􏼓 ∈ F, Pccj

􏼒 􏼓, UISPj
ps, p
∗
ccj

, p∗cc− j
, qs􏼒 􏼓

≥UISPj
ps, pccj

, p∗cc− j
, qs􏼒 􏼓.

(21)

Theorem 2. For each ps ∈ Ps, qs ∈ Qs, the game

[F, Pccj
􏼚 􏼛, UISPj

(ps, ., qs􏼚 􏼛] admits a unique Nash

equilibrium.
7e proof of the above theorem can be found in Appendix A.

4.3. QoS Qs Game. An NPQPG in QoS is defined for fixed

ps ∈ Ps, pcc ∈ Pcc as G1(ps, pcc) � [F, Qsj
􏼚 􏼛, UISPj

(ps,􏼚

pcc, .}].

Definition 3. A QoS vector q∗s � (q∗s1 , . . . , q∗sF
) is a Nash

equilibrium of the NPQPG G1(ps,pcc) if
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∀ j, qsj
􏼒 􏼓 ∈ F, Qsj

􏼒 􏼓,

UISPj
ps,pcc, q

∗
sj

, q∗s− j
􏼒 􏼓≥UISPj

ps, pcc, qsj
, q∗s− j

􏼒 􏼓.

(22)

Theorem 3. For each ps ∈ Ps, pcc ∈ Pcc, the game

[F, Qsj
􏼚 􏼛, UISPj

(ps, pcc, .􏼚 􏼛] admits a unique Nash

equilibrium.
7e proof of the above theorem can be found in Appendix

B.

4.4. Price Pc Game. An NQPQG in price pc is defined for
fixed qss ∈ Qss, qc ∈ Qc as G2(qss, qc) � [N, Pci

􏽮 􏽯, UCPi
􏽮

(., qss, qc)}].

Definition 4. A price vector p∗c � (p∗c1 , . . . , p∗cN
) is a Nash

equilibrium of the NQPQG G2(qss, qc) if

∀ i, pci
􏼐 􏼑 ∈ N, Pci

􏼐 􏼑,

UCPi
p
∗
ci

, p∗c− i
, qs, qc􏼐 􏼑≥UCPi

pci
, p∗c− i

, qs, qc􏼐 􏼑.
(23)

Theorem 4. For each qss ∈ Qss, qc ∈ Qc, the game
[N, Pci

􏽮 􏽯, UCPi
(., qss, qc)􏽮 􏽯] admits a unique Nash

equilibrium.
7e proof of the above theorem can be found in Appendix

C.

4.5.QoCQc Game. AnNQPQG in QoC is defined for a fixed
pc ∈ Pc, qss ∈ Qss as G2(pc, qss) � [N, Qci

􏽮 􏽯, UCPi
􏽮

(pc, qss, .)}].

Definition 5. A QoC vector q∗c � (q∗c1 , . . . , q∗cN
) is a Nash

equilibrium of the NQPQG G2(pc, qss) if

∀ i, qci
􏼐 􏼑 ∈ N, Qci

􏼐 􏼑,

UCPi
pc, qss, q

∗
ci

, q∗c− i
􏼐 􏼑≥UCPi

pc, qss, qci
, q∗c− i

􏼐 􏼑.
(24)

Theorem 5. For each pc ∈ Pc, qss ∈ Qss, the game
[N, Qci

􏽮 􏽯, UCPi
(pc, qss, .)􏽮 􏽯] admits a unique Nash

equilibrium.
7e proof of the above theorem can be found in Appendix

D.

4.6.QoSQss Game. An NQPQG in QoS is defined for a fixed
pc ∈ Pc, qc ∈ Qc as G2(pc, qc) � [N, Qssi

􏽮 􏽯, UCPi
(pc, ., qc)􏽮 􏽯].

Definition 6. A QoS vector q∗ss � (q∗ss1
, . . . , q∗ssN

) is a Nash
equilibrium of the NQPQG G2(pc, qc) if

∀ i, qssi
􏼐 􏼑 ∈ N, Qssi

􏼐 􏼑,

UCPi
pc, q
∗
ssi

, q∗ss− i
, qc􏼐 􏼑≥UCPi

pc, qssi
, q∗ss− i

, qc􏼐 􏼑.
(25)

Theorem 6. For each pc ∈ Pc, qc ∈ Qc, the game
[N, Qssi

􏽮 􏽯, UCPi
(pc, ., qc)􏽮 􏽯] admits a unique Nash

equilibrium.

4.7. Learning Nash Equilibrium. &e idea of best response is
useful when we are trying to find an approach to reach a
steady-state of a game, i.e., a Nash equilibrium of a game.
&e best response dynamics scheme consists of a sequence of
rounds, where in each round after the first, each provider
observes the policy taken by its competitors in previous
rounds and inputs them in its decision process to update its
policy. In the first round, the choice of each provider is the
best response based on its arbitrary belief about what the
other players will choose.

Algorithm 1 summarizes the best response learning steps
that each provider has to perform to find the Nash
equilibrium.

Such as

(i) E denotes CP or ISP
(ii) O refers to N or K
(iii) x refers to the vector price pc, vector price ps, vector

price pcc, vector qs, vector qc or vector qss

(iv) Xo refers to the policy profile price, QoS or QoC

&e proof of the above theorem can be found in Ap-
pendix E.

4.8. Price of Anarchy. &e price of anarchy (PoA) is defined
as the ratio between the performance measures of the worst
equilibrium and the optimal outcome. A PoA close to 1
indicates that the equilibrium is approximately socially
optimal, and thus, the consequences of selfish behavior are
benign.

In [39], we measure the loss of efficiency due to actors’
selfishness as the quotient between the social welfare ob-
tained at the Nash equilibrium and the maximum value of
the social welfare:

PoA �
minps,pcc,qs,pc,qc,qss

WNE ps, pcc, qs, pc, qc, qss( 􏼁

maxps,pcc,qs,pc,qc,qss
W ps, pcc, qs, pc, qc, qss( 􏼁

, (26)

where W(ps, pcc, qs, pc, qc, qss) � 􏽐
M
j�1 Ui(ps, pcc, qs, pc,

qc, qss) is the social welfare function and
WNE(p∗s , p∗cc, q∗s , p∗c , q∗c , q∗ss) � 􏽐

M
j�1 Ui(ps, pcc, qs, pc, qc, qss)

is a sum of utilities of all actors at Nash equilibrium.

5. Stackelberg Game Formulation

&e Stackelberg game is an extension of the noncooperative
game with a bilevel hierarchy. &e Stackelberg game models
a game between two groups of players, namely, leaders and
followers. &e leaders have the privilege of acting the first
while the followers work according to the leaders’ actions.
Backward induction is always utilized to solve the Stack-
elberg game. In the backward induction method, the fol-
lowers’ optimal strategies are solved firstly, given the leader
strategies. Secondly, leader players’ optimal strategies are
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solved. At the first stage of the Stackelberg game, the CP sets
its QoS and QoC. At the second stage of the game, given the
QoS and QoC of the CP, the ISP sets the QoS and QoC of
content in its cache. &e proposed Stackelberg game
modeling is shown in Figure 2.

Firstly, we consider the second stage game. Given the
QoS and QoC of the CP, the ISP needs to determine the
optimal QoS and QoC to maximize this payoff.

Proposition 1. 7e optimal QoS and QoC of the ISPs is given
as follows:

qcj
� 􏽘

N

i�1
􏽘

H

h�1
ϕh

kijhDij pccj
− Cih􏼒 􏼓

2μθjci

+
pti

Dijkijh

2μθj

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
+

vjBj 􏽐
H
h�1 kijh

2μθjci

−
λqssj

μ
,

qssj
� 􏽘

N

i�1
􏽘

H

h�1
ϕh

kijhDij pccj
− Cih􏼒 􏼓

2λθjci

+
pti

Dijkijh

2λθj

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
+

vjBj 􏽐
H
h�1 kijh

2λθjci

−
μqcj

λ
.

(27)

Proof. the optimal condition for QoS and QoC is to let the
first-order differentiation equal to 0 as follows:

zUISPj

zqcj

� 0,

zUISPj

zqssj

� 0.

(28)

On the other hand, we have

zUISPj

zqcj

� 􏽘
N

i�1
􏽘

H

h�1
ϕh

μkijhDij pccj
− Cih􏼒 􏼓

ci

+ μpti
Dijkijh

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
+
μvjBj 􏽐

H
h�1 kijh

ci

− 2μθj λqssj
+ μqcj

􏼒 􏼓,

zUISPj

zqssj

� 􏽘

N

i�1
􏽘

H

h�1
ϕh

λkijhDij pccj
− Cih􏼒 􏼓

ci

+ λpti
Dijkijh

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
+
λvjBj 􏽐

H
h�1 kijh

ci

− 2λθj λqssj
+ μqcj

􏼒 􏼓.

(29)

(1) Initialize vectors x(0) � [x1(0), . . . , xO(0)] randomly;
(2) For each Eo, o ∈ O at time instant t computes:
(a) xo(t + 1) � argmaxxo∈Xo

(UEo
(x(t))).

(3) If ∀o ∈ O, |xj(t + 1) − xj(t)|< ε, then STOP.
(4) Else, t⟵ t + 1 and go to step (2)

ALGORITHM 1: Best response algorithm.

Stage I

Stage II

CPs set QoS and QoC

Noncooperative game
Backward 
induction

St
ac

ke
lb

er
g 

ga
m

e

ISPs set QoS and QoC

Figure 2: Stackelberg game modeling.
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&en, the QoS and QoC that maximize the ISPs’ profits
are given as follows:

qcj
� 􏽘

N

i�1
􏽘

H

h�1
ϕh

kijhDij pccj
− Cih􏼒 􏼓

2μθjci

+
pti

Dijkijh

2μθj

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
+

vjBj 􏽐
H
h�1 kijh

2μθjci

−
λqssj

μ
,

qssj
� 􏽘

N

i�1
􏽘

H

h�1
ϕh

kijhDij pccj
− Cih􏼒 􏼓

2λθjci

+
pti

Dijkijh

2λθj

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
+

vjBj 􏽐
H
h�1 kijh

2λθjci

−
μqcj

λ
.

(30)

Secondly, we solve the first stage of the Stackelberg game,
where the CPs set QoS and QoC. We formulate the game
between CPs as a noncooperative game.&e noncooperative
game is described in the above Sections 4.5 and 4.6. □

6. Numerical Investigation

In this section, we provide the simulation results to illustrate
the competitive interactions in the ICN market. Addition-
ally, we will present a detailed description of the impact of
the system parameters on the provider policies. Further-
more, we will discuss the effect of the caching cost and the
number of cached items on the price of anarchy. To simplify
the complex market environment, we consider a network
scenario that includes two ISPs and two CPs. Simulation
settings are listed in Table 2.

Figures 3–8 show the convergence toward Nash equi-
librium price, Nash equilibrium QoS, and Nash equilibrium
QoC of all providers. Figures 3–8 demonstrate the existence
and uniqueness of a Nash equilibrium point at which no
providers can profitably deviate given the strategies of an-
other opponent.

Figure 9 shows the price pc of the CP under different cost
C. From Figure 9, we can observe that price pc of the
designed model is decreasing as cost C increases. &e reason
is that a higher cost generates a larger profit from caching,
which makes CPs decrease their price pc to induce increased
demand from the end-users.

Figure 10 illustrates the Nash equilibrium price ps with
caching cost C for two ISPs. Figure 10 shows that as the
caching cost C increases, the ISPs set a greater price ps. &e
reason is that as the caching cost C becomes expensive, the

ISPs do not have any motivation to cache content. Hence,
the ISPs forward more requests of content to the CPs, which
increases the transmission fee and the cost of backhaul
bandwidth. &en, the ISPs are obliged to increase their price
ps to compensate for the cost of transmission and the cost of
backhaul bandwidth.

Figure 11 shows the price pcc under different content
popularities. From Figure 11, we can observe that pcc is
decreasing as content popularity increases.&e reason is that
a larger Zipf skewness parameter generates a larger pro-
portion of content requests for the popular contents, which
makes more requests directly satisfied by the ISP caches and
then brings a higher profit.

&e effect of the number of cached items H on QoS and
QoC is shown in Figures 12 and 13. QoS and QoC of the
proposed model are growing as H increases because a more
significant number of cached items can make more content
cached and more requests of end-users satisfied by the ISP
cache. As a result, the revenue of CPs increases because the
revenue from caching increases. &erefore, the CPs increase
their QoS and QoC to induce increased demand from end-
users.

Figure 14 illustrates the Nash equilibrium price with the
number of cached items H for two ISPs. As H increases, the
number of cached item increases. When the number of
cached item increases, the proportion of content requests of
ISP cache increases, the transmission cost decreases, and the
cost of backhaul bandwidth decreases, which brings a higher
profit. &erefore, the ISPs decrease their price ps to induce
increased demand from the end-users.

Figure 15 shows the ISP PoA variation curve as a
function of caching cost C. In that figure, PoA increases with

Table 2: Parameter setting used for numerical examples.

α11 � α22 αf
j , j≠f β11 � β22 βf

j , j≠f ρ11 � ρ22 ρf
j , j≠f d11

0.55 0.45 0.55 0.45 0.55 0.45 250
σ11 � σ22 σn

i , i≠ n δ11 � δ22 δn
i , i≠ n pt1

� pt2
θi, i ∈ 1, 2{ } d12

0.55 0.45 10 0.5 10 2 250
pc1

� pc2
p

c1
� p

c2
qss1

� qss2
q

ss1
� q

ss2
qc1

� qc2
q

c1
� q

c2
d21

1000 1 1000 1 1000 1 200
ps1

� ps2
p

s1
� p

s2
qs1

� qs2
q

s1
� q

s2
pcc1

� pcc2
p

cc1
� p

cc2
d22

1000 1 1000 1 1000 1 250
v1 � v2 H C1h � C2h, ∀h A η θj, j ∈ 1, 2{ } λ � μ
10 40 40 10 0.5 10 0.5
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Figure 3: Nash equilibrium price under the best response dynamic.
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Figure 8: Nash equilibrium QoS under the best response dynamic.

10 Mobile Information Systems



200

220

240

260

280

300

320

340

360

CP
s, 

eq
ui

lib
riu

m
 p

ric
e

4 6 8 10 12 14 16 18 202
C

BR (pc1)
BR (pc2)

Figure 9: Nash equilibrium price pc evolution with respect to caching cost C.

600

610

620

630

640

650

660

670

680

690

IS
P,

 eq
ui

lib
riu

m
 p

ric
e

4 6 8 10 12 14 16 18 202
C

BR (ps1)
BR (ps2)

Figure 10: Nash equilibrium price ps evolution with respect to caching cost C.

740

750

760

770

780

790

800

810

820

830

840

IS
Ps

, e
qu

ili
br

iu
m

 p
ric

e 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.1
η

BR (pcc1)
BR (pcc2)

Figure 11: Nash equilibrium price pcc evolution as a function of Zipf’s factor η.

Mobile Information Systems 11



respect to C. When C is lower, the PoA is lower; then, the
Nash equilibrium is not socially efficient, the ISPs are selfish,
and each one seeks to maximize its profit individually.
However, when C increases, the equilibrium becomes more
and more socially efficient; this increase finds the simple
intuition that when C increases, ISPs cooperate with each
other for optimizing Nash equilibrium.

Figure 16 shows the ISP PoA variation curve as a
function of the number of items cached H. &e price of
anarchy decreases with respect to H. When H is lower, the
price of anarchy is socially efficient; moreover, when H is
lower, the income from caching decreases and ISPs coop-
erate for optimizing the Nash equilibrium. On the other
hand, when H increases, the price of anarchy is lower; then,
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Figure 12: Nash equilibrium QoC qc evolution with respect to H.
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the Nash equilibrium is not socially efficient, ISPs are selfish,
and each one seeks to maximize its profit individually.

Figure 17 shows the CP PoA variation curve as a function
of H. &e price of anarchy increases with respect to H. A
special feature is that the Nash equilibrium performs well,
and the loss of efficiency is only around 6%. &is result
indicates that the Nash equilibrium of this game is fair and
socially efficient.

7. Conclusion

In this paper, we developed an analytical framework for the
distribution of accessible content in an ICN that comprises
multiple ISPs and multiple CPs. &e interaction among ISPs
and among CPs is investigated by using the noncooperative
game. Additionally, we have used a Stackelberg game to
study the interaction between CP and ISP. Each ISP can
control the amount of content cached in the network and
adjust its strategies (network access price, price to access to
content in the cache, QoS, and credibility of content in the
cache). &e CP can adjust its strategy (content access price
and credibility of content). We consider that the popularity
of content follows a generalized Zipf distribution. We
proved the existence and uniqueness of the Nash equilib-
rium in a competitive ICN market. &is result is significant
because it implies that a stable solution with suitable eco-
nomic incentives in collaborative caching is feasible in the
ICN paradigm. Next, we describe a learning mechanism that
allows each ISP to discover accurately and rapidly its
equilibrium policies. Also, we use the price of anarchy to
evaluate the effectiveness of the Nash equilibrium. &e
simulation results show that caching investment is beneficial
for the ISPs, the CPs, and end-users.

Appendix

A. Proof of Theorem 2

&e sufficient condition of existing at least one equilibrium,
if and only if its second derivative of the utility UISPj

function

with respect to price pccj
is nonpositive. Indeed, we first

compute the first derivative of UISPj
:

zUISPj

zpccj

� − Nρj
jpsj

+ 􏽘

N

i�1
􏽘

H

h�1
ϕh − ρj

jτ
i
jkijh pccj

− Cih􏼒 􏼓 + τi
jkijhDij􏼚

+ρj
jpti

ci 1 − τi
jkijh􏼐 􏼑􏽯 + vjNρj

j HN − 􏽘

N

i�1
τi

j 􏽘

H

h�1
kijh

⎛⎝ ⎞⎠.

(A.1)

&en, we calculate the second derivative:

z
2
UISPj

zp
2
ccj

� − 2ρj

j 􏽘

N

i�1
􏽘

H

h�1
ϕhτ

i
jkijh ≤ 0, (A.2)

which ensures existence of a Nash equilibrium.
&e mixed partial is written as

z
2
UISPj

zpccj
zpccf

� ρf

j 􏽘

N

i�1
􏽘

H

h�1
ϕhτ

i
jkijh. (A.3)

&en,

−
z
2
UISPj

zp
2
ccj

− 􏽘
F

f�1,f≠ j

z
2
UISPj

zpccj
zpccf

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
� 2ρj

j − 􏽘
F

f�1,f≠j
ρf

j
⎛⎝ ⎞⎠

· 􏽘
N

i�1
􏽘

M

h�1
ϕhτ

i
jkijh ≥ 0.

(A.4)

&us, the game G1(ps, qs) admits a unique Nash equi-
librium point.

B. Proof of Theorem 3

&e sufficient condition of existing at least one equilibrium,
if and only if its second derivative of the utility UISPj

function
with respect to QoS qsj

is nonpositive. Indeed, we first
compute the first derivative of UISPj

:

zUISPj

zqsj

� Nβj
jpsj

+ 􏽘
N

i�1
􏽘

H

h�1
ϕh βj

jτ
i
jkijh pccj

− Cih􏼒 􏼓􏼚

− βj
jpti

ci 1 − τi
jkijh􏼐 􏼑􏽯

− vj 2qsj
+ Nβj

j􏼒 􏼓 NH − 􏽘
N

i�1
τi

j 􏽘

H

h�1
kijh

⎛⎝ ⎞⎠.

(B.1)

&en,

z
2
UISPj

zq
2
sj

� − 2vj NH − 􏽘
N

i�1
τi

j 􏽘

H

h�1
kijh

⎛⎝ ⎞⎠≤ 0, (B.2)

which ensures existence of a Nash equilibrium.
In order to prove uniqueness, we follow [40] and define

the weighted sum of user utility functions:
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Figure 17: Price of anarchy evolution with respect to H.
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ψ qs, x( 􏼁 � 􏽘
F

j�1
xjUISPj

qsj
, qs− j

􏼒 􏼓. (B.3)

&e pseudogradient of (B.3) is given by

v qs, x( 􏼁 � x1∇U1 qs1
, qs− 1

􏼐 􏼑, . . . , xF∇UF qsF
, qs− F

􏼐 􏼑􏽨 􏽩
T
.

(B.4)

&e Jacobian matrix J of the pseudogradient v(qs, x) is
written as

J �

x1
z
2
UISP1

zq
2
s1

x1
z
2
UISP1

zqs1
zqs2

. . . x1
z
2
UISP1
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z
2
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x2
z
2
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2
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. . . x2
z
2
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zqs2
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. . . .

. . . .

. . . .

xM

z
2
UISPF

zqsF
zqs1

xF

z
2
UISPF

zqsF
zqs2

. . . xF

z
2
UISPF

zq
2
sF
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�

− 2x1v1 􏽘

N

i�1
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1 􏽘

H

h�1
ki1h

⎛⎝ ⎞⎠ 0 . . . 0

0 − 2x2v2 􏽘

N

i�1
1 − τi

2 􏽘

H

h�1
ki2h

⎛⎝ ⎞⎠ . . . 0

. . . .

. . . .

. . . .

0 0 . . . − 2xFvF 􏽘

N

i�1
1 − τi

F 􏽘

H

h�1
kiFh

⎛⎝ ⎞⎠
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⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

(B.5)

&us, J is a diagonal matrix with negative diagonal el-
ements. &is implies that J is negative definite. Henceforth,
[J + JT] is also negative definite, and according to &eorem
(6) in, [40], the weighted sum of the utility functions ψ(qs, x)

is diagonally strictly concave. &us, the Nash equilibrium
point is unique.

C. Proof of Theorem 4

&e sufficient condition of existing at least one equilibrium,
if and only if its second derivative of the utility UCPi

function
with respect to price pci

is nonpositive. Indeed, we first
compute the first derivative of UCPi

:

zUCPi

zpci

� 􏽘
F

j�1
􏽘

H

h�1
ϕh Dij 1 − τi

jkijh􏼐 􏼑 − δi
i 1 − τi

jkijh􏼐 􏼑􏽮

· pci
+ pti

ci􏼐 􏼑 − δi
iτ

i
jkijhCih􏽯.

(C.1)

&en, we calculate the second derivative of UCPi
:

z
2
UCPi

zp
2
ci

� − 2δi
i 􏽘

F

j�1
􏽘

H

h�1
ϕh 1 − τi

jkijh􏼐 􏼑≤ 0, (C.2)

which ensures existence of a Nash equilibrium.
&e mixed partial is written as
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z
2
UCPi
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zpcn

� δn
i 􏽘

F

j�1
􏽘

H

h�1
ϕh 1 − τi

jkijh􏼐 􏼑. (C.3)

&en,

−
z
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zp
2
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− 􏽘
N

n�1,n≠ i

z
2
UCPi

zpci
zpcn

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
� δi

i − 􏽘
N

n�1,n≠i
δn

i
⎛⎝ ⎞⎠

· 􏽘

F

j�1
􏽘

H

h�1
ϕh 1 − τi

jkijh􏼐 􏼑≥ 0.

(C.4)

&us, the game G2(qss, qc) admits a unique Nash
equilibrium point.

D. Proof of Theorem 5

&e sufficient condition of existing at least one equilibrium,
if and only if its second derivative of the utility UCPi

function
with respect to QoC qci

is nonpositive. Indeed, we first
compute the first derivative of UCPi

:

zUCPi

zqci

� 􏽘
F

j�1
􏽘

H

h�1
ϕh μσi

ipci
−
μσi

ipci
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+
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Dijkijhcj
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􏼐 􏼑
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Dij

⎧⎪⎨

⎪⎩

+ μpti
σi

i λqssi
+ μqci

􏼐 􏼑 − μσi
icjpti
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μkijhCihσ

i
icj

λqssi
+ μqci

−
μkijhCihDijcj
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􏼐 􏼑
2

⎫⎪⎬

⎪⎭

− 2μθi λqssi
+ μqci

􏼐 􏼑.

(D.1)

&en,

z
2
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zq
2
ci

� 􏽘
F

j�1
􏽘

H

h�1
ϕh 2μ2σi

ipti
+

2μ2kijhcj

λqssi
+ μqci

􏼐 􏼑
2

Dij

λqssi
+ μqci

− σi
i􏼠 􏼡 Cih − pci

􏼐 􏼑

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
− 2μ2θi. (D.2)

If pci
≥Cih and (2μ2kijhcj/(λqssi

+ μqci
)2)

((Dij/(λqssi
+ μqci

)) − σi
i)(Cih − pci

)≥ 2σ i
ipti

, then

z
2
UCPi

zq
2
ci

≤ 0. (D.3)

&e second derivative of the utility function is always
nonpositive, then the utility function is concave, which
ensures the existence of a Nash equilibrium.

&e mixed partial is written as

z
2
UCPi

zqci
zqcn

� 􏽘
F

j�1
􏽘

H

h�1
ϕh − μ2σn

i pti
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σn
i μ

2
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􏼐 􏼑
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⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
.
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We have σn
i pti
≥ (μ2kijhσn

i cj/(λqssi
+ μqci

)2)(Cih − pci
),

then
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􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
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� 􏽘

F
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􏽘
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􏼐 􏼑

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
.

(D.5)

&us,

−
z
2
UCPi
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2
ci

− 􏽘
N

n�1,n≠i

z
2
UCPi

zqci
zqcn

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
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j�1
􏽘

H

h�1
ϕh

· − μ2pti
−

kijhμ
2σn
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λqssi
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􏼐 􏼑
2 Cih − pci

􏼐 􏼑
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⎪⎩

× 2
Dij

λqssi
+ μqci

− 2σi
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N
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i

⎛⎝ ⎞⎠
⎫⎬

⎭.

(D.6)

We have − (kijhσn
i cj/(λqssi

+ μqci
) 2)(Cih − pci

)(2(Dij/
(λqssi

+ μqci
)) − 2σi

i + 􏽐
N
n�1,n≠ i σ

n
i )≥pti

, and then

−
z
2
UCPi

zq
2
ci

− 􏽘
N

n�1,n≠i

z
2
UCPi

zqci
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􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
≥ 0. (D.7)

&us, the game G2(pc, qss) admits a unique Nash
equilibrium point.

E. Proof of Theorem 6

&e sufficient condition of existing at least one equilibrium,
if and only if its second derivative of the utility UCPi

function
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with respect to QoC qssi
is nonpositive. Indeed, we first

compute the first derivative of UCPi
:

zUCPi

zqssi

� 􏽘
F

j�1
􏽘

H

h�1
ϕh λσi
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−
λσi
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+ μqci

+
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2 + λpti
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σi

i λqssi
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⎧⎪⎨

⎪⎩

− λσi
icjpti

kijh +
λkijhCihσ

i
icj

λqssi
+ μqci

−
λkijhCihDijcj
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2
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− 2λθi λqssi

+ μqci
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(E.1)

&en,
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2
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2
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� 􏽘
F

j�1
􏽘

H

h�1
ϕh 2λ2σi
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+

2λ2kijhcj

λqssi
+ μqci

􏼐 􏼑
2

Dij

λqssi
+ μqci

− σi
i􏼠 􏼡 Cih − pci

􏼐 􏼑

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
− 2λ2θi. (E.2)

If pci
≥Cih and (2λ2kijhcj/(λqssi

+ μqci
)2)((Dij/

(λqssi
+ μqci

)) − σi
i)(Cih − pci

)≥ 2σi
ipti

, then

z
2
UCPi

zq
2
ssi

≤ 0, (E.3)

which ensures existence of a Nash equilibrium.
&e mixed partial is written as
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We have − (kijhσn
i cj/(λqssi

+ μqci
)2)(Cih− pci

)(2(Dij/
λqssi

+ μqci
) − 2σi

i + 􏽐
N
n�1,n≠i σn

i )≥pti
, and then

−
z
2
UCPi
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2
ssi

− 􏽘
N
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z
2
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􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
≥ 0. (E.7)

&us, the game G2(pc, qc) admits a unique Nash equi-
librium point.
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