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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. Through 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. The numerical simulations illustrate that our proposed game models result

in a win-win solution.

1. Introduction

The 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 efliciency, 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. The main 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. The 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. The 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. This 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. The 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.

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

(iv) Through 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.

The 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.
Then, we present the numerical results in Section 6. Con-
clusions are provided in Section 7.

2. Related Work

The 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
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edge of the core network. The 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. The 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. The 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.
The 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. They show that the proposed scheme
minimizes content access latency and improves caching
resource utilization. The 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.

The 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.
The authors in [20] explored the interdomain routing
policies in ICN. They argued that the network caching will
influence the business relationships between neighboring
autonomous systems. The 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. They used a Stackelberg game model 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. The 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.
The 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. The 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. They show the uniqueness of the Nash equilibrium in
the pricing caching game. The authors of this work show that
caching is profitable. The 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. They 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. They used Cournot, Stackelberg, and
Bertrand models to study this model. The authors in [27]
analyzed the impact of different factors on the incentives of
related players in ICN, including the ISPs, CDNs, and CPs.
The 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.
Their 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. The 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

The system model is illustrated in Figure 1, with &% ISPs, N
CPs, and several end-users. These entities have diverse roles
in ICN, the CPs produce content, the ISP provides access

service or connects end-users, and end-users consume
content. The 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:

¢, =A"H", (1)

where A = Y1, ™", h' is the rank of item h — th, and 7 is the
skewness of the popularity distribution. The item ranked in
the order of their popularity where the item h is the h most
popular item, i.e., 4 = 1 is the most popular item and h = H
is the least popular item.

3.2. Demand Model. D;; is the average demand of end-users
who connect to the CP; through the ISP; which depends on
content access price p, credibility ¢;, network access price
b5 QoS g, and cache access price P (see [31-33]). The
demand D depends also on prices pc » credibilities ¢_;,
prices p; , prlces Pec and QoS set by the opponents.
Eventuall}i, jis decreasmg with respect to p, p;,and p,.,
and i 1ncreas1ng w1th respect to p,, n#i, P, Pec» and f#7j
whereas it is increasing with respect to ¢ "and’ q, and de-

creasing with respect to ¢, n#i, 9s,» and f#j. ’Then the
demand functions D;; can be wrltten as follows:
ij = dij - (ijsj + ﬂ‘]quj _pjpccj - (Si'pc,- + Gici
F
— Z <“{P5f_ﬁ{qu+P{pccf) (2)
f=Lf#j
N
+ Z (6:lpcn_a?cn)’
n=1,n#i

whered;, a; [5f p; »0;,and ¢ are the positive constant. The
parameter d reﬂects the total potential demand of end-
users. &7 and o denote the responsweness of demand D;; to
price p. and credlblhty ¢, of CP,,. oc /3 ;> and p denote the
responsiveness of demand D;; to prlce psp price Pecp and
QoS g, of ISP .

Assumption 1. The sensitivity a verifies:

F
EED a{, Vi=1,...,F. (3)
F=Lf#i
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FIGURE 1: Interaction between different providers in a simplified model of ICN.

TaBLE 1: Summary of notation.

Notation Description

N Number of CPs
H Number of items that the CP sells
F Number of ISPs
Ps Network access price of ISP;
Price to access to the content in the cache of ISP;
Quality of service of ISP;
Credibility of content of ISP,
Caching cost of item h provided by CP;
Backhaul bandwidth cost
Price to access to content of CP;
Credibility of content of CP;
Transmission fee of CP;
Sensitivity of ISP; to price ps, of ISP,
Sensitivity of ISP; to QoS qs, of ISP
Sensitivity of ISP; to price Pec, of ISP,
Sensitivity of CP; to price p. of CP,
Sensitivity of CP; to credibility of content c, of CP,
The total potential demand of end-users
Demand of CP; through ISP;
Backhaul bandwidth
The rank of item h
The skewness of the popularity distribution
The sensitivity of the credibility of content to the quality of service
The sensitivity of the credibility of content to the quality of content
The cost to produce a unit of credibility c;

= 00
=

~
o

Kal

)
S AT RAN

i

DT > T
o =

The sensitivity 8 verifies: The sensitivity § verifies:

F N
pi= Y Bl Vj=1...,F (4) iz Y &, Vi=1,...,N. (6)
f=1:f¢j n=1,n#i
The sensitivity p verifies: The sensitivity o verifies:

F ‘ N
Pl Y p{, Vj=1,...,F. (5) gz Y o, Vi=1,..,N. (7)
f=L1#j n=lyn#i
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Assumption 1 will be needed to ensure the uniqueness of
Nash equilibrium.

3.3. Utility Model of the ISP. 'The utility of the ISP; is equal to
revenue minus cost:

N N H
Usse, = Ps, Z D;; + Z Z ‘/’h{T}kithij(Pccj - Cih)

i=1 i=1 h=1

- Pt,-DijCi(l - Tj‘kijh)} (8)

(rotgon) o

ps, >N 1 Djj is the revenue of network access. Cy, is the
cachlng cost of the item h provided by CP,. 7, is the pro-
portion of demand for content produced by CP,; and served
by ISP; cache, which can be expressed as T; = max{l, c j/ci}.
7D, is the demand served by ISP; cache. ¢, 7:k;;,D;; ( Pec, =
Cip) is the revenue that results when the ISP; serves the

- VjBJ

Mz

Il
—

requested demand gbh'r;ki jnD;j of the item h from its cache.
In ICN models, the ISP pays to the CP the transmission fees
([25]). ¢y, p,,Djjc; (1 — T'k;jp,) is the transmission fee that the
ISP; pays to the CP;, when the CP; forwards the request
demand ¢, D;; (1 — 7k;j,) of the item h through the ISP;. 0;
is the cost to produce a unit of the credibility of content c;.
jS§ is the cost to produce credibility of content c;. v; is the
unit backhaul bandwidth cost paid by ISP;. B; is the
backhaul bandwidth needed to serve demand YN D, 5+
B; YN, (H - 7] ¥}L ki) is the backhaul bandwidth needed
for serving the demand Zfil D;;(H - T{ ZhH:1 ki]-h). B; is the
backhaul bandwidth required by the ISP;. The quality of
service qs, is defined as the expected delay (see [34]):

(9)

which means that

N
Bj=q, +) D (10)
Then, the utility of the ISP; is given by

Ussp, = s, ZD + Z Z ¢h{T kz]hD1]<pcc Cin )

i=1 h=1

N ptiDij ( -T k’]h)}
N N H
_vj<q§j +;Dij><HN—;T{ Zkijh> - 6;c}.

(11)

kij, = 1 means that the ISP; decides to cache the item h
of the CP;, because the revenue of ISP; 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 CP;. k;j, = 0 means that the ISP; does not cache the
item h of CP;, because the cost for forwarding the request
demand of the item & to the CP; is larger than the revenue of
ISP; by serving the requested demand of the item h from
their cache.

3.4. Utility Model of the CP. The utility of CP; is equal to
revenue minus cost:

F H
UCPi = Z Z ¢h{(pcf + ptici)Dij(l N

lekijh) + lekijhcihDij}

j=1h=1

- 9iciz.
(12)
Pepn2 ;D (1 -7 k, ) is the revenue of CP; by serving

the request demand (/)hD,J 1-7 k,]h) of item h py, is the
transmission  fee  that CP charges to  ISPs.
P D (1 =7 k,lh) is the transmission revenue of the CP;,
when CP forwards the request demand of item h through
ISP;. 7} k,]hCIhD is the profit of CP; when the demand
T k, JhD are satlsﬁed from the ISP, cache 0;c? is the cost to
produce the credibility of content ;. The credibility of
content c; of CP; is a function of the quahty of service g, and
quality content g, which can be expressed as [33, 35-37]

¢ = Aqss, + Hqci’ (13)

where A and p 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]). The quality of content QoC can be specified for a

specific domain of content, e.g., quality of video streaming.
Then, the utility of CP, is given by

F H .
Uep, = Z Z ‘Ph{(Pc,. + Pr,(/\qss,. + .“qc,.))Dij(l - lekijh)
=1h=1
+ T;kijhcihDij} - ei(Aqssi + .”qci)z-
(14)

4. Game Analysis

Let G, = [#, {st, Pccj’Qs]}’ {UISP]- (.)}] denote the nonco-

(NPQPG), where
is the strategy set of

operative price QoS price game
F ={1,...,F} is the set of ISPs, P

e, 18 the strategy set of price, Q;, is the strategy set of
QoS, and UISPJ- (.) is the utility function of ISP; defined in
equation (11). We assume that the strategy spaces P P

Sj

price, P,

CC ’
and Q; of each ISPs are compact and convex sets w1th
maximum and minimum constraints. Thus, for each ISP},
we consider as respective strategy spaces the closed intervals:

=[PPy Pec; = [p, > Pec ) and Q = [, 4 ]. Let, the



price vector p, = (p;,...,p,) € Pf = P X P, XX P
the price vector p. = (p;- ..,pc) € PF P. x P, ><

-xP,, and the QoS vector q,= (qs1 . ,qu) €
Q Qsl X QX+ X Q.

Let G, = [V {Pci, stt’Qci}’ {UCP,-(')}] denote the non-
cooperative QoS price QoC game (NQPQG), where /4 =
{1,..., N} isthe set of CPs, P, is the strategy set of price, Q,,
is the strategy set of QoS, Q. is the strategy set of QoC, and
Uep, (.) is the utility function of CP; defined in equation (14).
We assume that the strategy spaces P, , Q,,, and Q, of each
CP are compact and convex sets with maxim{lm and
minimum constraints. Thus, for each CP;, we consider as
respective strategy spaces the closed 1ntervals P.=1p.p.)
Q [& S qss] and Q. = [q qc] Let, the prlce Vector

= (P, ..,pc) eP —P xP X--x P, the QoS
VeCtOI' Qss = (qss1 o ’qss\,)T € Qﬁ\s] - st1 stz X Q SN
and the QoC vector q = (G- ’ch) €

Qi\T:QCIXQCZX”'XQCN'

4.1. Price P, Game. A NPQPG in price is defined for fixed
P € Pcc’ qs € Qs as Gl (pcc’ qs) = [‘O}:{Ps]}’ {UISPJ-
(> Peer G}

Definition 1. A price vector p; = (ps1
equilibrium of the NPQPG G, (p...q,) if

in)<(0)

UISPj<p:j’ p:j’ Pco> qs) 2 UISPj<psj’ p:,j’ Pco> qs)'

..,p;‘F) is a Nash

(15)

Theorem 1. For each p, € P, the game

qs € Qy
[9,{st},{UISPj(.,pCC,qS}] admits a unique Nash

equilibrium.

Proof. The game G;(P,, qs) admits at least one equilibrium,
if and only if its second derivative of the utility Ussp, function
with respect to price Psi is nonpositive. ps is nonposmve
Indeed, we first compute the first derivative of Usp,:

oU gp ) N
iI- _Nd& ,
ast = Noc]psj+;D,]

+ i‘ph{ (x]lezjh(pcc _Cih)

h=

M=z

Il
—
—

(16)
+ ocj:ptic,»(l - T;kijh)}

H
j i
+ vjNocj<HN -7, hz kijh>.
=1

Then, we calculate the second derivative:
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aZ UISP
2
op;,

I = —2aij <0. (17)

The 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
2 2
0 Ulse, 0 Ulse,

, (18)
op,0p,,

2
ast f=Lf#j

then the game G, (p.., q,) admits a unique Nash equilibrium

point.
The mixed partial is written as
O’Usp.
> = ol N (19)
ops0ps, 7
J f
Then,
o'U o’'U i
—ﬁ— 3 alspj :N<2(x§— Z a{)zo.
0P f=i7+i|%Ps0Ps, fAT 4]

(20)

Thus, the G, (p..»q,) admits a unique Nash equilibrium
point. O

4.2. Price P, Game. A NPQPG in price is defined for fixed
ps € P5> qs € Qs as G1 (ps> qs) = [9;’ {Pccj}’ {UISP]-
(Ps> s}

Definition 2. A price vector p;. = (p; »-
equilibrium of the NPQPG G, (p,, q,) if

V(j’pcc]) € <g>Pccj>’ UISPj<ps’p:cj’p:c,j’qs>

2 UISPj(ps’ pccj’ P:c,}-’ qs)

--» P,) is a Nash

(21)

Theorem 2. For each p,€P, q,€Q, the

[9“,{PCC1},{Ulspj(ps,.,qs}] admits a unique Nash

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

game

4.3. QoS Q, Game. An NPQPG in QoS is defined for fixed
Ps € Ps’ Pec € Pcc as G1 (Ps’ pcc) = [g’ {Qsj}’ {UISP}- (Ps’
Pees 1

Definition 3. A QoS vector q; = (q;,...,q; ) is a Nash
equilibrium of the NPQPG G; (p,, pcci if
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ia)<(70.)

(22)

UISPj(Ps’ Pce> q:j’ q:,j) 2 UISP]-(ps’ | qu’ q:,j>'
Theorem 3. For each p,€ P, p.€P. the game
[F, {QSJ}, {U,SPJ_ (ps pcc,.}] admits a unique Nash

equilibrium.
The proof of the above theorem can be found in Appendix
B.

4.4. Price P, Game. An NQPQG in price p,. is defined for
fixed qss € st’ q. € Qc as GZ (qss’ qc) = [‘/V’ {Pc,}’ {UCPi
(> Qs g}

Definition 4. A price vector p} = (pI,...
equilibrium of the NQPQG G, (q, qcs if

V(i, pci) € ('/V’ Pci)’

,PZ,) is a Nash

. . ) (23)

Ucp, (P25 P! »959.) 2Ucp Py Pl 90 9.).
Theorem 4. For each q, €Q,, q.€Q, the game
(A, {Pci}, {Ucpi(.,qss,qc)}] admits a  unique Nash

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

4.5.QoCQ. Game. An NQPQG in QoC is defined for a fixed
P € Pc’ qss € st as G2 (pc’ qss) = ['/V’ {Qc,}’ {UCPi
(P> Qs> -

Definition 5. A QoC vector q} = (g ,...
equilibrium of the NQPQG G, (p,.q.,) if

V(i’ qci) € ('/V’ QC:‘)’

»q; ) is a Nash

UCPi(Pc’ qss> qci’ qc,,.) 2 UCP,(Pw qss> qc,-’ qc,,. )
Theorem 5. For each p.€P., q,€Q, the game
(A, {Qc,}’ {Ucp’_ (Po> 9ss .)}] admits a unique Nash

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

4.6. QoS Q,, Game. An NQPQG in QoS is defined for a fixed
P € Pc’ q € Qc as GZ (pc’ qc) = ['/V’ {sti}’ {UCP,- (pc’ - qc)}]

Definition 6. A QoS vector g = (g5, - --
equilibrium of the NQPQG G, (p..q,) if

V(i’ qssi) € ('/V’ QSS;’)’
Ucr(Po @i @ »9c) 2 Ucp,(Pe> 9p 03 9c)-

»qs,) is a Nash

(25)

7
Theorem 6. For each p.€P, q.€Q, the game
(A, {sti}, {Ucpi (P> - qc)}] admits a unique Nash

equilibrium.

4.7. Learning Nash Equilibrium. The 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.
The 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 A/ or K

(iii) x refers to the vector price p,, vector price p,, vector
price p.., vector g,, vector g, or vector g,

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

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

4.8. Price of Anarchy. The 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:

minps,pcc,qs,pc,qc,qsszE (P5> Pec>9s> Pe> 9> qss)
maxps,pcc,qs,pc,qc,qssw (Ps’ Pec>9s> P> e qss)

PoA = ,  (26)

where W(ps’ pCC’ qs pC’ 9c> qss) = Zﬁl Ui (ps’ pcc’ ds> pc’
4.-9s) is  the  social A\yelfare function  and
WNE (p:’ p:c’ q:’ P:’ q:’ q:s) = Zj:l Ui (ps’ Pec>9s» Pe> 9o qss)

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

5. Stackelberg Game Formulation

The Stackelberg game is an extension of the noncooperative
game with a bilevel hierarchy. The Stackelberg game models
a game between two groups of players, namely, leaders and
followers. The 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



solved. At the first stage of the Stackelberg game, the CP sets

(1) Initialize vectors x(0) = [x,(0),...,x (0)] randomly;
(2) For each E,, o0 € O at time instant ¢ computes:

(@) x,(t+1)= argmax, cx_ (UEO (x(1))).

(3) If Yo € O, |xj (t+1) - x; (t)| <&, then STOP.

(4) Else, t —t + 1 and go to step (2)

ALGORITHM 1: Best response algorithm.
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its QoS and QoC. At the second stage of the game, given the el GICSITSY
QoS and QoC of the CP, the ISP sets the QoS and QoC of
content in its cache. The proposed Stackelberg game g ‘ N ;
.. L. s oncooperative game ‘
modeling is shown in Figure 2. o Backward
Firstly, we consider the second stage game. Given the 8 — Srhciem
QoS and QoC of the CP, the ISP needs to determine the ZZ
optimal QoS and QoC to maximize this payoff. &
Proposition 1. The optimal QoS and QoC of the ISPs is given | StageII ISPs set QoS and QoC

as follows:

Proof. the optimal condition for QoS and QoC is to let the

FIGURE 2: Stackelberg game modeling.

first-order differentiation equal to 0 as follows:

aL]ISP i
o4,

i 4,1 kithij<Pij - Cih) . P Dijkijn [ viB; Thi K B %
Pt h 2y6jci 2;40]- 2‘146]@ Y
‘ (27)
i¢ kithij<p“j - Cih) N P.Dijkiju [ v;B; Py ki 44,
h -
= 200,c; 210, 200,c; A
On the other hand, we have
(28)
A“kithij(pcc- - Cih) wvB: YL ki,
c. } +upy Dyjkijn ¢ + # - ztuej(Aqssj + #qc})’
(29)

|

Akithij(Pccj - Cih)

Ci

~

MBS k.
+ Apt,vDijkijh + @
1

- 2A6j<lqssj + chj)'
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TABLE 2: Parameter setting used for numerical examples.
of =3 o, j#f Bi =P, Bl it f Pl =} Pl it S dyy
0.55 0.45 0.55 0.45 0.55 0.45 250
ol =2 o, itn 8% = 82 8 i#n pi, = P, 0, i€{1,2} dy,
0.55 0.45 10 0.5 10 2 250
Fcl = ﬁcz Bcl = Ecz qssl = qssz stl = ﬂssZ qcl = qcz gcl = ﬂcz le
1000 1 1000 1 1000 1 200
ﬁsl = psz le = Esz qsl = Z152 = ﬂsz ﬁ“l = fccz Eccl = Bccz dzz
1000 1 1000 1 1000 1 250
v =, H Cin=Cys Yh A n 0;, je{l,2} A=uy
10 40 40 10 0.5 10 0.5
Then, the QoS and QoC that maximize the ISPs’ profits
are given as follows:
D, - C; H
g = i i p lihD’J (p“j C”‘) N pt,-Dijkijh - v;B; i1 kijh /\qssj
= e - ,
9 g4 2ubjc; 2ub), 2ubjc; U
(30)

2M8;¢;

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. The noncooperative
game is described in the above Sections 4.5 and 4.6. O

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

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

N H 'ki'hDi'<pcc-_Cih> D. k.. ‘ vB. YH k. uq.
Gec =Zz¢h< J J j +Pti ij™ijh - j ]Zh:] z]h_ cj

216, 200,c; r

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. Then, the ISPs are obliged to increase their price
P, to compensate for the cost of transmission and the cost of
backhaul bandwidth.

Figure 11 shows the price p.. under different content
popularities. From Figure 11, we can observe that p,. is
decreasing as content popularity increases. The 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.

The 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. Therefore, 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. Therefore, the ISPs decrease their price p, 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
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F1GURE 13: Nash equilibrium QoS g, evolution as a function of H.

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. The 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 17: Price of anarchy evolution with respect to H.

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. The 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%. This 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. The 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). The 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. This 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. The
simulation results show that caching investment is beneficial
for the ISPs, the CPs, and end-users.

Appendix
A. Proof of Theorem 2

The sufficient condition of existing at least one equilibrium,
ifand only if its second derivative of the utility Ugp function
)

13

with respect to price Pe, is nonpositive. Indeed, we first
compute the first derivative of Uisp,:

aUISP
P _Np]ps +zz¢h{ pJT]kljh(pcc -
P i=1 h=1

i
) + Tjkithi]-

N H

1
275 D ki |-
i=1 h=1

(A1)

+p§ptic,»(1 - T;-kijh)} + vijj(HN -

Then, we calculate the second derivative:

Uy, Ho
= ~2p] Z Y Tk <0,
apcc i=1 h=1

(A.2)

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

I N e
apccjapccf < hgl (/)hT] ijh

. F
- <2P§ -2 >
f=1f#j

(A.4)

(A.3)

Then,
2
0 UISP}- r

>

azUISPj

3 — - 7
apccj _f=1,_f¢j apccjapccf
N M

Z Z ¢hr k,lh >0.

T
5
=
I
L5

Thus, the game G, (p,,q,) admits a unique Nash equi-
librium point.

B. Proof of Theorem 3

The sufficient condition of existing at least one equilibrium,
if and only if its second derivative of the utility Ussp, function
with respect to QoS qs, is nonpositive. Indeed, we first
compute the first derivative of Uisp;:

NﬂJPs +Zz¢h{ I kl]h<pcc _Cih)

i=1 h=1

_ﬁj:pttci( -7 kz]h)} (B.1)
N H
—v <2qS +N/3’><NH—ZIT';;’W>
i=1 k=1
Then,
az[]ISP}- N i q
=, NH—ZTjZkijh <0, (B.2)
s, =1 h=1

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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(B.3)

F
1//(qs’ X) = Z ijISPj(qu’ qs,]->'
j=1

The pseudogradient of (B.3) is given by

1)(qs’x) = [xIVUl (qsl’ qs,l)’ tee xFVUF(qu’ qs,F)]T'

(B.4)
azUlspl aZUISPl azUISPl
" og $159.0q., *13q,,0a,,
az[]ISP a UISP azUISPZ
zaqszaqsl *opl 234,04,
]:
aZUISP o’ Ussp, X aZUISPF
39,00, Foq,0q, T oq.

N H
2, Y 1=1 Y Ky, 0
i=1 h=1

Thus, J is a diagonal matrix with negative diagonal el-
ements. This implies that ] is negative definite. Henceforth,
[J + JT] is also negative definite, and according to Theorem
(6) in, [40], the weighted sum of the utility functions y (q;, x)
is diagonally strictly concave. Thus, the Nash equilibrium
point is unique.

C. Proof of Theorem 4

The sufficient condition of existing at least one equilibrium,
if and only if its second derivative of the utility Ucp, function
with respect to price p. is nonpositive. Indeed, we first
compute the first derivative of Ucp;:
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The Jacobian matrix J of the pseudogradient v(q, x) is

written as

(B.5)
0
N H
—2XpVp Z(l - T} Z kth>
i1 h=1
) =Y Y iDL - ki) — (1 - Tikip)
Pe,  Sha (C.1)
. (Pci + P ) 6 T kl]hC,h}
Then, we calculate the second derivative of Ucp,ﬁ
U F H
0 - _2612 Z ( l]h) 0, (C.2)
Pc,. J=lh=1

which ensures existence of a Nash equilibrium.
The mixed partial is written as
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P Uqp F H Thus, the game G,(q,q.) admits a unique Nash
L=4 Z Z (ph(l lkljh) (C.3)  equilibrium point.
apclapcyl j=1h=1
Then, D. Proof of Theorem 5
aZUCPi N aZUCPi (s N 5 The sufficient condition of existing at least one equilibrium,
P 7 - Z 1op.op. |\ Z i if and only if its second derivative of the utility Uc, function
e, n=Ln#il“FcCFc, n=Lni (C.4) with respect to QoC g, is nonpositive. Indeed, we first
F oH ' compute the first derivative of Ugp:
12 2 (1= Tikiju) 20,
=1h=1
aUCP» L. /’lo'i:pc.ki 'hC lblpC z hC
S = D b b =+ up D
qc,- j=1h=1 qssi ‘uqc (Aqssi + uq.. )
i ; pkiy,Cayoic;  pkiCyDyjc (D.1)
+Aupt,0-i(Aqssi + Hqci) — UoiC;p ki 1 ! n R ! ]2
s, * e, (Mg, +pq,.,)
- 2u6,(Aqy, + pq,.).
Then,
azUCP» - & i zﬂzki ih€j D,
7 = Z o zﬂzaipt,. + = 2 (A - 1)(Cih - Pc,.) - 2H29i- (D.2)
aqci j=1h=1 (Aqssi + #qci) qss,- + ‘uqcf
U, X |0Uep| &&
If pe,2Cy, and (2u? kineil (Aqg, +‘uqc) ) ™ i Z |a = = Z z ),
((D;/ (g, +,qu)) ) (Cy, — p.)>20;p,, then e, n=tn#il99c9%c,|  =nm
aZUCP 2 n
‘<0 D.3 ki ;¢
o (D3) A p, - (Ch-p) (D)
‘ (g, + pa,,)
The second derivative of the utility function is always
nonpositive, then the utility function is concave, which N
ensures the existence of a Nash equilibrium. m Z ‘T
The mixed partial is written as = . n=lnsi
We have —(k;;,07ci/ (Mg +1q.) *)(Cy — p.)(2(D;;/
aZUCP. F H [Jzki 1 .lfh ss; ¢ ih — P if
s b= ) WP 5 (Cumpe) o (M, +pa)) — 200+ 3,04, 07) 2 g and then
9c99c,  j=1hm1 (M, + 4c,) 2 N |3
(D.4) -——t- ) H>0. (D.7)
aqci w1990,

We  have O-:Lpgi 2 (.uzkijha?cj/ (Aqssi + Auqc,-)z) (Cih - Pc,.)’
then

§5 Lo st e
= oi N ih =~ Fe; )
=1 h=1 M (/\st,- + /“‘qci)z o

(D.5)

Thus, the game G,(p.q,) admits a unique Nash
equilibrium point.

E. Proof of Theorem 6

The sufficient condition of existing at least one equilibrium,
if and only if its second derivative of the utility Up function
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with respect to QoC g, is nonpositive. Indeed, we first

compute the first derivative of Ucp;:
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aUCP. Ll i )‘U:Pc.ki ih€j AP D kz ih€
- = o AO’;‘DC_ - Ty Ll +/\P D;; +/\p /\qss + U4,
aqss, ]:Zl };1 ' )‘qss,- + chl (Aqssi + ‘uqc i g ( )
(E.1)
i /\kz hctho- /lkz hcthz
Adiepikin + ! . L4 =200, (Ag, + pa, ).
qss + AquC (Aqssi + ch )
Then,
Uy, &E 2%k, e D;; ,
F= N ¢ 2Wdlp, + disi 2( i -a;>(c,.h ~p.) t —20%6,. (E.2)
aqss,- j=1 h=1 (Aqssi + chi) Aqss,- + ‘uqc[
If p.2Cy and  (2Akc;/ (A, +pq.)*) (Dyj/ We have of'p, > (Vk;j,07c;l (Aqy,, + uq.)*) (Cy, = p.);
(Ady,, + uq.,) - 0)) (Cyy, - p,)) > 201p;, then and then
az CP, azUC FH Azk..hgﬂc.
7 <0, (E3) = $pi Vol p, - —"5(Cu—po) -
aqssi aqss,aqssn ;h:l ! (Aqssi + .uqc,-)z ( )
which ensures existence of a Nash equilibrium. (E.5)
The mixed partial is written as Thus
FUsp £ & , INk; e
== )ty Aoip 5 (Cu-pe) -
aqssiaqssn ]:Zl ;;1 ' (/\qss,. + [,tqci)z ( )
(E.4)
U, |0, | L& ) kiAol N
bn ‘/\Pi——l] Cin=pe,) x| 27— ol | +. (E®6)
qss nzzn;e aqss aqss ; ];1 ‘ (Aqssi + chi) ( ‘ ) )qus + ch n:;#
We have —(k; ]ha cil (Aqy;, + uq.)") (Cy— p.)(2(D;;/  Conflicts of Interest
Mgy, +uq.) =200+ Y, n11)> , and then
o T 2o ’ p; The authors declare that there are no conflicts of interest
B o’ Ucp, B i 90Uy, >0 (E7) regarding the publication of this paper.
aqisi n=1,n#i aqss;aqssn -

Thus, the game G, (p.,q.) admits a unique Nash equi-
librium point.
Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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