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Abstract— The Internet of Things (IoT) connects mobile and
wireless devices, and enables the IoT service providers to deliver
IoT services to the mobile users in various applications, e.g.,
transportation and communications. In this paper, the problem
of IoT service delivery management is studied with the con-
sideration of substitutability, complementarity, and externalities
of delivering IoT services due to the diversity of different IoT
components in mobile systems. The substitutable IoT services
have similar functionalities to serve IoT users, and the IoT users
can switch to buy service from any IoT service provider. The
complementary IoT services have different functionalities to serve
IoT users, and the IoT users may request a bundle of IoT services
from multiple IoT service providers as their IoT services can
be integrated. Externalities represent the situation in which IoT
users in the same system can affect the utilities of each other
due to the connections and interference among the IoT users,
which leads to the presence of network effect and congestion
effect. To analyze the impact of these factors on the performance
of IoT systems, a multi-leader multi-follower Stackelberg game

Manuscript received April 8, 2019; revised August 15, 2019; accepted
September 29, 2019. Date of publication October 15, 2019; date of current
version January 15, 2020. This work was supported in part by National Natural
Science Foundation of China under Grant 61601336, Singapore NRF National
Satellite of Excellence, Design Science and Technology for Secure Crit-
ical Infrastructure NSoE DeST-SCI2019-0007, A*STAR-NTU-SUTD Joint
Research Grant Call on Artificial Intelligence for the Future of Manufac-
turing RGANS1906, WASP/NTU M4082187 (4080), Singapore MOE Tier
1 2017-T1-002-007 RG122/17, MOE Tier 2 MOE2014-T2-2-015 ARC4/15,
Singapore NRF2015-NRF-ISF001-2277, Singapore EMA Energy Resilience
NRF2017EWT-EP003-041, Canada NSERC Discovery grant RGPIN-2019-
06375, the U.S. National Science Foundation under Grants CCF-0939370
and CCF-1513915, and National Research Foundation of Korea (NRF) Grant
funded by the Korean Government under Grants 2014R1A5A1011478 and
2017R1A2B2003953. The associate editor coordinating the review of this
article and approving it for publication was V. Aggarwal. (Corresponding
author: Zehui Xiong.)

Y. Zhang is with the School of Computer Science and Technology, Wuhan
University of Technology, Wuhan 430070, China, and also with the Energy
Research Institute, Nanyang Technological University (ERI@N), Singapore
637141 (e-mail: yangzhang@whut.edu.cn).

Z. Xiong and D. Niyato are with the School of Computer Science
and Engineering, Nanyang Technological University, Singapore (e-mail:
zxiong002@e.ntu.edu.sg; dniyato@ntu.edu.sg).

P. Wang is with the Department of Electrical Engineering and Com-
puter Science, York University, Toronto, ON M3J 1P3, Canada (e-mail:
pingw@yorku.ca).

H. V. Poor is with the Department of Electrical Engineering, Princeton
University, Princeton, NJ 08544 USA (e-mail: poor@princeton.edu).

D. I. Kim is with the Department of Electrical and Computer Engineering,
Sungkyunkwan University (SKKU), Suwon 16419, South Korea (e-mail:
dikim@skku.ac.kr).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCOMM.2019.2947509

model is introduced. Therein, the IoT service providers and IoT
users make their strategic decisions in terms of pricing and
service requests, respectively, toward their individual objectives
in a distributed manner. A closed-form equilibrium solution is
derived analytically through backward induction.

Index Terms— Internet of Things, service pricing, game theory,
substitutability, complementarity, externality.

I. INTRODUCTION

THE Internet of Things (IoT) is a novel paradigm that
has the potential to connect a large number of IoT end

devices, which leads to the explosive growth of data in various
industrial and business areas. Data can be transferred from the
devices over wireless or wired networks with minimal human
intervention. The devices can be actuators, sensors or mobile
terminals that collect sensing data and perform a series of
functionalities related to phenomena such as temperature, traf-
fic situations, and location-based real-time data. As such, IoT
is capable of facilitating domain-specific usage and enabling
different IoT service providers to offer their services for
IoT users in various applications, e.g., energy management,
healthcare, transportation, smart home and smart city [1].

Generally, the IoT service provider collects and processes
sensing information and then delivers the processed informa-
tion as IoT services to IoT users [2]. For example, Waze,1 the
well-known traffic and navigation application, introduces the
IoT services for real-time traffic monitoring and route plan-
ning. The sensing data is obtained from smart devices, vehicle
sensors or cameras, and sent to the Waze servers through 4G
or Wi-Fi channels for further processing. Thereafter, the Waze
service provider can provide traffic information service to
Waze users, and thus the users can receive more reliable, safer
and more efficient route guidance.

Accordingly, in a complex IoT system due to mobility and
diversity of IoT devices, IoT services can be treated as the
“public goods”, and users can buy IoT services for their
usage from multiple IoT service providers [3], [4]. There
are two major properties of IoT services: substitutability and
complementarity. Substitutability means that users regard the
IoT service as a “substitutable good” and can choose to
buy from the best service. In this regard, substitutable IoT
services provide similar functionalities, which therefore can

1https://www.waze.com
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be replaced by each other. For example, if a user Alice wants
to know the traffic information of a certain location, she may
only subscribe to one of the IoT service providers that offer
the similar traffic report. Complementarity means that users
treat the IoT services as a “complementary good”. Users may
request a bundle of IoT services from multiple IoT service
providers, in which the services can be combined to obtain
better sensing accuracy. For example, the user Alice wants
to explore the environmental information of certain build-
ings. She may request the temperature, humidity and lighting
information together from multiple IoT service providers for
better sensing accuracy. Thus, users gain more benefit from
requesting complementary IoT services together than that from
requesting them alone.

Inherently, in IoT services, there exist network externalities
among IoT users, which can be positive (network effect) or
negative (congestion effect) [5]–[10]. Network effect origi-
nates from the social impacts that positively influence the
actions and performances of IoT users. In some IoT services
such as healthcare where users can record and upload their diet
and exercise information to the server, the service provider is
able to analyze such data, provide a health report and give
some fitness advice [11]. For example, if Alice shares her diet
information as well as a health report from DietSensor2 in
her Facebook post, it is more likely that her social friends
will notice and download the same application to join for
collecting and sharing similar information in the service. That
is, the participation of one user in such an IoT service can
potentially promote his/her social friends to join and enjoy
the IoT service. In turn, the user may feel more motivated
and assured to purchase the IoT service provided that his/her
social friends are also in the same IoT service. This network
effect in the social domain potentially increases the benefit
(in terms of utility) of the users since more of them can
share information and motivate each other [12]. A number
of IoT service providers have already noticed and exploited
the potential of the network effect to generate higher revenue
for themselves. For example, Waze and DietSensor allow the
users to connect the accounts with their Facebook or Twitter
accounts, and share their user experiences with friends.

Likewise, when an externality is negative, one user can
be negatively influenced by the presence of other users in
the same system due to congestion effects [13], [14]. The
reason is that most IoT service provisioning is subject to
limited wireless capacity in physical communication networks,
e.g., bandwidth or spectrum resources [7]–[10]. When users
increase their usage on a certain IoT service, they also experi-
ence more congestion, e.g., service delay, which consequently
discourages them from consuming more. For example, when
there are a large number of IoT users uploading their dietary
information to the server of IoT service provider DietSensor,
the service delay increases due to the limited processing
capacity of the central server.

As a result, complementarity, substitutability, and exter-
nalities are three crucial properties that inherently exist in
IoT services. In this work, we jointly consider the three

2www.dietsensor.com

properties in the service request and provisioning process
in order to develop an IoT service management strategy.
This leads to a series of market-oriented interactions, since
various IoT service providers and IoT users can be independent
individuals. Game theory is a promising tool to model such
market-oriented interactions among self-interested players, and
predict their strategies and payoffs [15]. Thus, we model the
service interactions among IoT service providers and IoT users
as a multi-leader multi-follower Stackelberg game, considering
the substitutability and complementarity of different services,
as well as the network externalities among the service users.
In the game model, the IoT service providers determine their
pricing strategies in Stage I and the IoT users decide their
service demand strategies in Stage II.

To our best knowledge, the analytical Stackelberg game
approach to model IoT service management with complemen-
tarity and substitutability, as well as externalities of users was
not jointly considered before. Hence, it is the objective of this
work. The major contributions of this work include:

• We jointly consider the complementarity, substitutability
as well as externalities that inherently exist in IoT ser-
vices, in order to investigate the service management in
the context of IoT.

• We employ a multi-leader multi-follower Stackelberg
game to model the interactions among IoT service
providers and IoT users. The game model is able to
jointly maximize the utility of the IoT service providers
and the utility of IoT users.

• Using backward induction, the best response user requests
strategies of IoT service users are first derived analytically
as the Nash equilibrium solution of Stage II. Thereafter,
we address the best response pricing strategies of IoT
service providers in Stage I given the equilibrium solution
of users in Stage II.

• Moreover, we study two typical service pricing schemes
in an oligopolistic IoT service provider scenario, i.e., col-
lusive and competitive pricing schemes. In the collusive
pricing scheme, the IoT service providers jointly deter-
mine the pricing to maximize their total utility. In the
competitive pricing scheme, each IoT service provider
determines the pricing individually to maximize its indi-
vidual utility.

• In performance evaluation, we examine the performance
metrics of both the IoT service providers and users.
We observe that complementarity, substitutability as well
as externalities of the system have super-additive and
sub-additive effects on the utilities of all the system
participants. Additionally, as a market-oriented approach,
price can be leveraged to enable market-oriented transac-
tions among service providers and users in the system.

The rest of this paper is organized as follows. In Section II,
we provide a review of the related work. In Section III,
we present the system description and model for IoT services
management. In Section IV, we formulate the multi-leader
multi-follower Stackelberg game to capture the interactions
among the IoT service providers and IoT users. We analyze
the subgame perfect equilibrium of the game using back-
ward induction method. Simulation results are presented in
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Section V. Section VI concludes this paper and discusses some
promising areas for future work in this area.

II. RELATED WORK

A. Resource Pricing With Complementarity/Substitutability

Pricing is an efficient economic technique that can be
utilized not only for revenue generation, but also for effi-
cient resource or service management, e.g., in wireless net-
works [16], IoT systems [3], and cloud systems [17]. In the
existing literature on pricing, complementarity and substi-
tutability issues of network services or resources have been
studied in a few works.

In mobile cloud systems, Zhang et al. [18] and
Xu et al. [19] modeled a premium factor and a discount
factor to indicate the reward and punishment terms of user
and auctioneer utilities for complementary and substitutable
resource, respectively. Zhao et al. [20] and Zaman and
Grosu [21] studied the virtual machine (VM) allocation
problems for cloud data centers. Participants in the proposed
systems prefer bundles of VMs rather than bidding for each
VM instance separately. Otherwise, there is a risk that the
participant only acquires a subset of the VM bundle required.
Auction approaches are promising to efficiently allocate
limited resources. Only the cloud users with high valuations
have much chance to obtain cloud services. However,
in the proposed auctions, a centralized external auctioneer
is required in the market, i.e., the auctions are centralized
approaches. Niyato et al. [4] proposed a game theoretic
approach to study the price competition of IoT sensing
services, in which the substitutability and complementarity
of IoT services were considered. However, the complicated
interactions among users were neglected.

B. Externality: Network and Congestion Effects

Besides the correlations among different types of services
or resources, it is worth noting that the interactions among
service users during the service allocation may also impact
each other due to the network externalities.

The concept of externality is introduced to describe and
analyze such impacts, including network effect and congestion
effect [7], [8], [22], [23]. Several recent studies have applied
the concept of externality and Stackelberg game theory to
model distributed wireless service, such as wireless data ser-
vice and social-enabled mobile content service. For example,
Gong et al. [7] considered both network effect and congestion
effect among users for the pricing and data traffic resource
allocation. In particular, a Stackelberg game is adopted to
model the interactions among the monopoly service provider
and users, in order to address the pricing strategies of the
service provider. Zhang et al. [8] employed the similar model
to that in [7] to study a mobile data offloading scheme,
in which the users influence each other due to the network
effect and congestion effect.

C. Game Theoretic Market Oriented Service Trading
in Communication Systems

Game theory is a promising tool for modeling and
analyzing service and resource allocation in network and

communication systems. Altman et al. [24] presented a com-
prehensive survey on the fundamentals of game theoretic
techniques in telecommunications. Non-cooperative and coop-
erative game formulations in network resource provisioning,
routing, as well as flow control are framed. Han et al. [15]
included the state-of-art solutions of implementing game the-
ory in wireless communication networks.

In network and communication systems, services and
resources are usually allocated from the providers to users.
Resource allocation processes involve transactions among mul-
tiple network components, which can be modeled as staged
games with multiple leaders to provide services/resources,
and multiple followers to utilize the allocated services or
resources [25], [26]. For example, Zhang et al. [8] proposed
the multi-leader multi-follower Stackelberg game to model
the interactions among the service providers and users in the
context of wireless data service.

System components can have impacts on the action strate-
gies of other components as players in the service/resource
trading games. The impacts can be modeled in the form of
market externalities, including network effect and congestion
effect [7]. As found in [8], the network effect strengthens
the competition among the service providers and the con-
gestion effects lead to the profit of the service provider
increasing slowly and even decreasing. Xiong et al. [9] and
Xiong et al. [27] conducted economic analysis on the role of
network effect on sponsored content scheme and observed that
the network effect leads to the greater sponsorship. Network
effect was considered in [10] to design the data trading in
IoT, and derived the equilibrium market decisions of the
IoT service provider and IoT users using a game theoretic
approach. In [28], [29], network effect was employed to design
the incentive mechanism for crowdsensing that potentially
promotes the participation of users. Chen et al. [23] studied an
oligopolistic competition market where multiple social service
providers sell heterogeneous social products to users in a social
network with network effect.

Nevertheless, all of the previous studies on network exter-
nalities did not consider the interactions among multiple
service/resource/product providers, i.e., complementarity and
substitutability. Thus, this motivates us to investigate the
network externalities together with complementarity and sub-
stitutability for the IoT service management or allocation.

III. SYSTEM MODEL

A. System Description

In this work, we consider multiple IoT service
providers (SPs) and IoT service users exist in a general
IoT system, as depicted in Fig. 1. There are a set of K IoT
service providers, denoted as K = {κ1, κ2, . . . , κK}. Each
service provider offers an IoT service (e.g., data sensing).
Service users obtain the IoT services from the service
providers. The set of N IoT service users in the system is
denoted as N = {ν1, ν2, . . . , νN}. In each request, each user
νi requests an amount xk

i of IoT service from the service
provider κk. Without loss of generality, we assume that
each service provider κk only provides one IoT service,
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Fig. 1. System description.

denoted as service k. Each service provider κk delivers all the
requested services, and charge a unit price pk

i for the service
delivered to the user νi. We consider a market-oriented
approach, where IoT services are traded as commodities
in the market among rational and self-interested service
providers and users. Service providers and service users
respectively maximize their utilities in the process of IoT
service trading by determine optimized service prices pk

i ,
∀i ∈ {1, 2, . . . , N}, ∀k ∈ {1, 2, . . . , K}, and service requests
xk

i , ∀i ∈ {1, 2, . . . , N}, ∀k ∈ {1, 2, . . . , K}.
Since IoT services are considered as the market commodi-

ties, complementarity and substitutability among different IoT
services are considered in the proposed system. IoT services
that are defined as complements given that the demand of
one service increases when the demand of the other services
increases. An IoT service user will obtain an additional utility
when requesting for a bundle of complementary IoT services,
e.g., sensing data and bandwidth. On the other hand, IoT
services are defined as substitutes given that one service can
partially or completely replace the other similar services in the
IoT service market, e.g., different communication channels.
The utility of each user will be affected if substitutable services
are obtained together.

On the user side, the externalities are considered, since the
attitude and responses of each user towards other users in the
system can be mixed. For example, a user may be attracted
to a popular service if other users are observed to be using
the service, too. However, the user may encounter low quality
of service due to the existence of other users competing for
the same service, e.g., communication interferences from other
users. As aforementioned, network effect and congestion effect
among different users are incorporated in the proposed system,
which introduce super-additive and sub-additive utilities to the
users, respectively.

B. Utilities of IoT Service Users

A utility model is formulated to describe the payoff of both
IoT service providers and users in the system. The utility
function Ui(·) for each user νi is defined as follows:

Ui = ui,pro + ui,comp/sub + ui,ext − ui,cost, (1)

where

ui,pro =
K∑

k=1

ak
i xk

i −
K∑

k=1

bk
i (xk

i )2, (2)

ui,comp/sub =
K∑

k=1

xk
i

K∑
m=1

ck,m
i xm

i , (3)

ui,ext =
K∑

k=1

xk
i

N∑
j=1

gk
i,jx

k
j , (4)

ui,cost =
K∑

k=1

pk
i xk

i . (5)

The utility function (1) and the components (2)-(5) in the
utility function are explained as follows.

xk
i denotes the amount of IoT service that the user νi obtains

from the service provider κk. We denote the profile of the user
requests as an KN × 1 matrix, i.e., x =

[
x�

1 x�
2 · · · x�

N

]�
,

where xi =
[
x1

i x2
i · · · xK

i

]�
denoting the amounts of ser-

vices which the user νi requests from all the service providers
κk ∈ K.

The utility component ui,pro in (2) denotes the intrinsic and
direct profit that the user νi gains when a set of services xi

is requested from all the service providers. The coefficients
ak

i and bk
i are positive coefficients which indicate the intrinsic

demand valuation and demand elasticity of each demand xk
i ,

respectively. a and b are defined as x in the same manner. The
linear term

∑K
k=1 ak

i xk
i denotes part of utility that each user νi

can directly obtain by successfully requesting the service xk
i .

The quadratic term −∑K
k=1 bk

i (xk
i )2 indicates the diminish-

ing marginal returns. Specifically, the diminishing marginal
returns indicates that the user utility does not always increase
as more services are used. With the term −∑K

k=1 bk
i (xk

i )2,
the growth rate of utility component ui,pro decreases as
the overall amount of the used services {x1

i , x
2
i , . . . , x

K
i }

increases. As shown in (2), ui,pro can even decrease if too
much services are used, e.g., from an overhead. We denote
ak

i and bk
i as internal factors (or coefficients) of the service

users.
The utility terms in (3) and (4) denote the utilities from

the mutual complementarity/substitutability of IoT services
and the mutual externalities of users, respectively. Given the
coefficient ck,m

i > 0 (or ck,m
i < 0) in (3), IoT services

provided by service providers κk and κm are complements
(or substitutes). Note that ck,m

i = cm,k
i by the definition of

complementary/substitutable commodities. Super-additive (or
sub-additive) utility occurs to the service user in such a case.
In the utility component (4), gk

i,j is a constant coefficient
indicating the impact of externalities resulted from the demand
of the user νj in the system. The term

∑N
j=1 gk

i,jx
k
j is the

overall externalities caused by the overall demands of other
users {xk

1 , . . . , xk
i−1, x

k
i+1, . . . , x

k
i }, including mixed mutual

externalities, depending on the sign of gk
i,j , where gk

i,j > 0
and gk

i,j < 0 denote network effect and congestion effect,
respectively.
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The last utility component ui,cost in (5) is the overall
payment made by the user to purchase the services, where pk

i

is the unit service price that the service provider κk charges
to the user νi for the service delivered. The profile of the unit
service price is denoted as p =

[
p�

1 p�
2 · · · p�

N

]�
, where

pi =
[
p1

i p2
i · · · pK

i

]�
.

C. Utilities of IoT Service Providers

In the proposed system, each service provider is assumed
to provide a single IoT service. A service provider that offers
more than one IoT service can be considered as several virtual
different service providers. The utility of the service provider
κk is formulated as follows:

V k =
N∑

i=1

(pk
i − qk

i )xk
i +

(
N∑

i=1

xk
i

)
K∑

m=1

N∑
i=1

hk,mxm
i (6)

The first term in the service provider utility in (6) is the
direct profit of providing service k to all the service users.
As defined in (5), pk

i is the charged unit price. qk
i is the unit

service cost incurred to the service provider when providing
the service k to the user νi. The profile of the unit service
cost is denoted as q =

[
q�

1 q�
2 · · · q�

N

]�
, where qi =[

q1
i q2

i · · · qK
i

]�
. In the following, we denote the coefficients

related to externalities and complementarity/substitutability,
i.e., ck,m

i , gk
i,j , and hk,m, as external market factors (or

coefficients).
The second term

(∑N
i=1 xk

i

)∑K
m=1

∑N
i=1 hk,mxm

i in (6)
is an additional utility term denoting the the interactions
among different service providers, which are mainly caused
by the complementary/substitutable relations of the provided
services. Typically, the existence of another service provider
κm ∈ K, m �= k, which provides a complementary (or
substitutable) service may potentially increase (or decrease)
the overall utility of the current service provider κk. The
reason is that, complementary services are expected to be
more popular among users requesting bundles of services.
On the contrary, less utility is achieved by each service
provider if there are already substitutable services in the
market to serve the users. In (6), the coefficient hk,m denotes
the interactions between the services k and m caused by the
complementarity/substitutability of the services provided by
the service providers νk and νm. hk,m is positive or negative,
if the services provided by νk and νm are complementary or
substitutable, respectively.

IV. STACKELBERG GAME FORMULATION

In the IoT system, both the service providers and service
users aim to optimize their behaviors. Specifically, the ser-
vice providers and users make independent and autonomous
decisions to maximize their own utilities. As we consider
all the system participants to be rational and self-interested,
a game theoretic approach is applied to model the system and
obtain the optimal strategies of all the service providers and
users.

A. Stackelberg Game: A Two-Stage Service Model

As a market-oriented approach, a multi-leader multi-
follower Stackelberg game [30], [31] is employed to model the
IoT service transactions in the proposed IoT system. Service
providers and users are rational and self-interested, aiming
for the maximization of their utilities when delivering and
receiving IoT services, respectively. The Stackelberg game
includes two stages (i.e., subgames) of strategies made by
the participants in the game. For each service provider κk,
a pricing strategy to determine pk is applied in the upper stage,
and a service request strategy xi is adopted in the lower stage
of the game by the user νi.

Stage I - Pricing stage: The IoT service providers
act as the leader of the game. The service providers
participate a subgame denoted as Gp = {{1, 2, . . . , K},
{V k}κk∈K, [[−∞, +∞]N ]K}. Each service provider κk

quotes a set of different equilibrium prices to provide the
service k to users. The objective of the service provider is to
maximize the utility V k as in (6) by quoting the equilibrium
price pk∗ =

[
pk∗
1 pk∗

2 · · · pk∗
N

]�
. Each service provider will

not change the current equilibrium pricing strategy unilaterally
in response to the strategies of the other service providers and
users, since there will be no extra benefit gained by changing
the price quote. The optimal pricing problem for each service
k is denoted as:

max
pk∗

V k(pk∗,p−k∗,x), (7)

where pk =
[
pk
1 pk

2 · · · pk
N

]�
, and p−k∗ denotes the equilib-

rium pricing strategies of all the other providers in K except
κk, i.e., K\κk.

Stage II - Service request stage: An IoT service user
acts as the follower of the Stackelberg game. The service
users form a subgame denoted as Gx = {{1, 2, . . . , N},
{Ui}νi∈N, [[−∞, +∞]K ]N}. Given the quoted prices by the
service providers, each user decides the bundle of services x∗

i

requested from all the service providers in order to maximize
the utility Ui as follows:

x∗
i = arg max

xi

Ui(xi,x∗
−i,p). (8)

B. Preliminary Definitions and Notations

Before the solving the Stackelberg game model, for ease
of reference, we define the following notations. Moreover,
Table I summarizes some important notations used in the game
formulation.

To include all the coefficients ck,m
i which affects the

complementarity/substitutability among different services,
we define a matrix C = diag(C1, . . . ,CN ), where each
entry Ci = [ck,m

i ] is a K × K sub-matrix, ∀k ∈ [1, K],
∀m ∈ [1, K]. The coefficient ck,m

i is defined as in (3). For
the externalities among the service users, we define a matrix
G = [gij ] where each entry gij = diag(g1

i,j , . . . , g
K
i,j) is an

K ×K sub-matrix, where gk
i,j is the coefficient indicating the

externalities impacted to the user νi by the existence of another
user νj in the system. Additionally, from the perspective of
service providers as in the utility (6), we define a matrix
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TABLE I

NOTATIONS

H0 = [hk,m], ∀k ∈ [1, K], ∀m ∈ [1, K] including all the inter-
action coefficients of each service provider, i.e., hk,m, ∀k ∈
[1, K], ∀m ∈ [1, K].

Note that each service provided by the service provider νk

does not affect the service itself. That is, the service is neither
complementary nor substitutable to itself. We let ck,k

i ≡ 0,
∀i, ∀k. With similar reasons, we have gk

i,i ≡ 0 and hk,k ≡ 0,
∀i, ∀k in the proposed model.

C. Service Request Strategy for Users

The Stackelberg game model formulated in Section IV-A
can be solved by employing backward induction starting
from the Stage II of the game. Firstly, given the market prices
of all the IoT services already quoted by the service providers,
all the users select their requests as best responses to the
quoted service prices in the market. The equilibrium user
service requests can be determined as follows.

Assumption 1: bk
i >

K∑
m=1

|ck,m
i |+

N∑
j=1

|gk
i,j |+ N

K∑
m=1

|hk,m|
Assumption 1 indicates the system setting that the coeffi-

cients of complementarity/substitutability and externalities are
relatively small comparing with the elastic demand elasticity
coefficient bk

i of the user i. That is, bk
i � ck,m

i , bk
i � gk

i,j , and
bk
i � hk,m, i, j ∈ N, k, m ∈ K. The major factors which have

effects on the utility of each user are the internal factors of
the user itself, rather than external market factors from other
users and the system. With the Assumption 1, we prove the
existence and the uniqueness of the Nash equilibrium of the
two-stage Stackelberg game in the following.

Theorem 1 (Existence of the Equilibrium): The subgame
Gx of each user at the service request stage admits the Nash
equilibrium.

Proof: The first-order condition of the user utility Ui

in (1) with respect to xk
i is employed for user νi to decide

the best response when obtaining the IoT service from the

service provider κk. In particular, the best response value
of xk

i , denoted as xk∗
i , can be obtained from the following

equation:

∂Ui

∂xk
i

= ak
i − 2bk

i xk
i + 2

K∑
m=1

ck,m
i xm

i +
N∑

j=1

gk
i,jx

k
j − pk

i = 0,

(9)

Denote max
j,m

{xm
j } as xk∗

i .

From (9), we derive

2bk
i xq∗

i = (aq
i − pq

i ) + 2
K∑

m=1

ck,m
i xm∗

i +
N∑

j=1

gq
i,jx

q∗
j

< (aq
i − pq

i ) + 2
K∑

m=1

ck,m
i xq∗

i +
N∑

j=1

gq
i,jx

q∗
i

= (aq
i − pq

i ) + xq∗
i

(
K∑

m=1

2ck,m
i +

K∑
i=1

gk
i,j

)
(10)

From Assumption 1, 2bk
i >

K∑
m=1

|2ck,m
i | +

K∑
i=1

|gk
i,j | ≥

K∑
m=1

2ck,m
i +

K∑
i=1

gk
i,j , then the following inequality holds:

xq∗
i <

aq
i − pq

i

2bk
i −

(
K∑

m=1
2ck,m

i +
K∑

i=1

gk
i,j

) (11)

As xq∗
i is the maximum in x, the strategy space is bounded

by any given x where x ≥ aq
i −pq

i

2bk
i −
�

K�
m=1

2ck,m
i +

K�
i=1

gk
i,j

� . In similar

manner, a lower bound x of strategy space also exists.
As the utility function Ui in (1) is continuous and concave

with respect to each xk
i , the sub-game admits the Nash

equilibrium [32]. The existence of the Nash equilibrium is
then proved.

Theorem 2 (Uniqueness of the Equilibrium): Under
Assumption 1, the Nash equilibrium of the subgame Gx is
unique.

Proof: We define the utility profile u(x) �
{U1(x), U2(x), . . . , UN(x}. The Jacobian matrix of u(x) is
given by

∇u(x) = −(2diag(b) − 2C− G) (12)

where diag(b) is defined as a square diagonal matrix whose
main diagonal entries are all the entries in b.
∇u(x) is a matrix with KN × KN dimension. Given

Assumption 1, we have [2diag(b) − 2C − G]ii >
KN∑
j=1

|[2diag(b) − 2C− G]ij |, ∀i ∈ [0, KN ]. As a result,

the matrix −∇u(x) is strictly diagonally dominant and posi-
tive definite, and u(x) is diagonally strictly concave [32]. The
uniqueness of the equilibrium is proved.

Lemma 1 (Invertibility): Under Assumption 1, the matrix
2diag(b) − 2C− G is invertible.

Proof: We can prove that the matrix 2diag(b)−2C−G
is a strictly diagonally dominant matrix. That is, we need to
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prove the following inequality by definition:

|2bk
i |>

K∑
m=1

|2ck,m
i +

1
2
hk,m|+

N∑
j=1

|gk
i,j |+(N − 1)

K∑
m=1

|1
2
hk,m|

(13)

From Assumption 1,

|2bk
i | = 2bk

i

>

K∑
m=1

|2ck,m
i | + 2

N∑
j=1

|gk
i,j| + 2N

K∑
m=1

|hk,m|

=

(
K∑

m=1

|ck,m
i | + 1

2

K∑
m=1

|hk,m|
)

+
N∑

j=1

|gk
i,j | + (N − 1)

K∑
m=1

|1
2
hk,m| (14)

Then (13) is proved. The matrix 2diag(b)−2C−G is invert-
ible. Similarly, diag(b) − C is also proved to be invertible
under Assumption 1

Theorem 3: Under Assumption 1, a unique equilibrium of
user service requests exist:

x∗ = (2diag(b) − 2C− G)−1(a − p). (15)
Proof: (9) is equivalent to:

(2diag(bi) − 2Ci)xi = (ai − pi) +

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

N∑
j=1

g1
i,jx

1
j

N∑
j=1

g2
i,jx

2
j

...
N∑

j=1

gK
i,jx

K
j

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (16)

Similar to Lemma IV-C, diag(b) − C can also be proved to
be invertible. As a result, 2diag(bi) − 2Ci is also invertible
for all i ∈ [1, N ]. By solving (16), the best response of service
request x∗

i can be made by user νi. We define the best response
function BRi(x−i) of user νi, given the service requests x−i

made by other users, as follows:

BRi(x−i) � x∗
i = (2diag(bi) − 2Ci)

−1

×

⎛
⎜⎜⎜⎜⎜⎜⎝

ai − pi +

⎡
⎢⎢⎢⎢⎢⎢⎣

N∑
j=1

g1
i,jx

1
j

...
N∑

j=1

gK
i,jx

K
j

⎤
⎥⎥⎥⎥⎥⎥⎦

⎞
⎟⎟⎟⎟⎟⎟⎠

. (17)

To obtain the equilibrium of the service requests made by
all of the users, denoted as x∗, the fixed point equation is
solved as follows:

x∗ =

⎡
⎢⎣

x∗
1
...

x∗
N

⎤
⎥⎦ = BR(x∗) =

⎡
⎢⎣

BR1(x∗
−1)

...
BRN (x∗

−N )

⎤
⎥⎦ . (18)

The equation x∗ = BR(x∗) indicates that all of the users
will not change the strategy of service requests as their best
responses. (18) can be expressed as:

(2diag(bi) − 2Ci)x∗ = a − p + Gx∗. (19)

Given that the coefficient matrix terms 2diag(bi) −
2Ci−G is invertible as in Lemma IV-C, the expression in (15)
is derived from (19). Theorem 3 is proved.

Note that equilibrium x∗ can include negative entries, which
denotes a general situation that users can also contribute
services to the system, given the profit earned by contributing
becomes higher than requesting. However, in practical IoT
systems, to solve the equilibrium on xk

i ∈ [0, +∞), ∀i, ∀k,
we replace the negative entries of the matrix x∗ with zero
when solving (19).

D. Competitive Pricing Strategy and Equilibrium
for Service Providers

We consider the general case in which IoT service providers
adopt discriminatory pricing strategies, i.e., charging different
unit prices for the same service to different users. In the
case of competitive pricing scheme, each provider indepen-
dently makes pricing decisions in response to the user service
requests. For each provider κk, the best response pricing
scheme can be obtained by solving

max
pk

V k,

s.t. (9), ∀i. (20)

where the constraint in (20) indicates that all of the users
νi ∈ N choose their Nash equilibrium service request strate-
gies. The pricing strategy of each service provider can be
determined by the following theorem.

Theorem 4: Under Assumption 1, the unique equilibrium of
competitive pricing strategies of IoT service providers is

p∗ = p∗
competitive

= a − (2diag(b) − 2C− G)
· [2(2diag(b) − C − G) − H]−1 (a − q) (21)

where H is defined as

H = (1N ⊗ IK)H0(1�
N ⊗ IK) = IKN ⊗ H0 (22)

with H0 as the K × K matrix containing all the interaction
coefficients hk,m, ∀k, m ∈ {1, 2, . . . , K}, among the service
providers, defined in (6). 1N is an N × 1 matrix of ones.
IK is a K × K identity matrix. The operator ⊗ denotes the
Kronecker product.

Proof: In the competitive market, a service provider κk

determines the price pk
i charged to all users νi ∈ N as the best

response to user requests x∗.
From the constraint in (20), when the users settle their

equilibrium service requests x, the best response of the service
provider is to propose a service price pk

i for delivering the
service k to each user νi, denoted as follows:

pk
i = ak

i + 2
K∑

m=1

ck,m
i xm

i +
N∑

j=1

gk
i,jx

k
j − 2bk

i xk
i , ∀i. (23)
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The objective function V k is maximized as the best response
to the equilibrium service requests x of all users. Similar to the
method in [33], we substitute pk∗

i as in (23) into the objective
V k as in (20) to eliminate pk

i . Then the first-order derivative of
the objective function with respect to xk

i is derived as follows:

∂V k

∂xk
i

= 0

= (ak
i − qk

i ) + 2
K∑

m=1

ck,m
i xm

i + 2
N∑

j=1

gk
i,jx

k
j − 4bk

i xk
i

+
K∑

m=1

N∑
j=1

hk,mxm
j , (24)

which can be expressed as:

x = (4diag(b) − 2C− 2G− H)−1 (a − q). (25)

With the constraint in (20), when V k is maximized, the ser-
vice request x by the users is the equilibrium x∗. In this
case, the service request matrix x in (25) is x∗. The service
requests solved in (25) is identical to those in Theorem 3.
By comparing the coefficients of (25) with those in (15),
x is eliminated. The expression of Nash equilibrium pricing
schemes for all the service providers can be derived, as in (21).
Similar to Theorem IV-C, by eliminating x, the Jacobian
matrix of the utility profile v � {V 1(p), V 2(p), . . . , V K(p)}
can be proved to be negative definite. The optimal pricing
strategy is unique.

Note that the pricing equilibrium p can include negative
price entries, denoting a general situation that the service
provider may reward users for requesting services. The neg-
ative price case may occur in the case of service oversup-
ply, i.e., the demand for service by users is extremely low.
However, with Assumption 1, service pricing strategies can be
restricted to be non-negative by simply replacing the negative
price entries with zeros in p.

E. Oligopoly Market and Collusive Pricing

In an oligopoly market, collusive pricing is the case that
providers agree to jointly determine the optimal prices to
maximize their total utility. In this case, the pricing scheme
is obtained as if there is a single monopolistic provider
which provides all the services. The pricing problem is then
formulated as follows:

max
p̃

M∑
k=1

V k,

s.t. x∗ = (2diag(b) − 2C− G)−1(a − p). (26)

Theorem 5: Under Assumption 1, the unique optimal collu-
sive pricing strategies of IoT service providers is expressed by

p∗ = p∗
collusive = a − (2diag(b) − 2C− G)(4diag(b)

− 2G)−1(a − q) (27)

Proof: Service providers determine the actions in a
collusive manner. By substituting the constraint of optimal

user request in (15), the objective function of the collusive
pricing problem in (26) can be expressed by
M∑

k=1

V k =
M∑

k=1

N∑
i=1

(pk
i − qk

i )xk
i +

M∑
k=1

(
N∑

i=1

xk
i

)
K∑

m=1

N∑
i=1

hk,mxm
i

= (p − q)�x∗ + x∗�Hx∗

= (p − q)�Φ(a − p) + (a − p)�Φ�HΦ(a − p),
(28)

where H is as defined in (22).
The first-order condition of the objective

∑M
k=1 V k with

respect to p is employed to obtain the optimal pricing strate-
gies. The following equation can be derived:

1�Φ(a − p) − (p − q)�Φ1− 1�Φ�HΦ(a − p)
− (a − p)�Φ�HΦ1 = 0. (29)

where Φ = (2diag(b)−2C−G)−1. Note that (p−q)�Φ1 =
1�Φ�(p − q) and (a − p)�Φ�HΦ1 = 1�ΦH�Φ(a − p),
because the matrix Φ is symmetric, i.e., Φ� = Φ. The matrix
H is also symmetric as defined in (22), i.e., H = H�.

The matrix (I − HΦ) can be proved to be invertible as
follows. I − HΦ = (Φ−1 − H)Φ) is invertible, since the
matrices Φ−1 − H = 2diag(b) − 2C − G − H and Φ are
both invertible, similar to the proof in Lemma IV-C.

Given the conditions that Φ = [2diag(b) − 2C− G]−1

and (I−HΦ) are both invertible, the optimal pricing scheme
can be solved as follows:

p∗ =
1
2

(I − HΦ)−1 [(I − 2HΦ)a + q]

= a − 1
2

(I− HΦ)−1 (a − q)

= a − 1
2
Φ−1 (Φ− H)−1 (a − q)

= a − (2diag(b) − 2C− G)(4diag(b) − 4C
− 2G− 2H)−1(a − q). (30)

Theorem 5 is proved.

F. Discussions on Pricing Strategies

In this section, we discuss the differences and correlations
between the optimal competitive and collusive pricing strate-
gies of the service providers.

Corollary 1: Given that each service provider does not
consider the interaction coefficients in H0 among service
providers, i.e., H0 = 0, the optimal collusive pricing strategy
by the service providers can be denoted as:

p∗
collusive =

1
2

(a + q) . (31)

Proof: Corollary 1 is provided based on Theorem 5 by
substituting H0 = 0 into (30).

Corollary 2: Given that each service provider does not
consider the interaction coefficients in H0 among service
providers, i.e., H0 = 0, the optimal competitive pricing
strategy by the service providers can be denoted as:

p∗
competitive =

1
2

(a + q) +
1
2
C (2diag(b) − C − G) (32)

Proof of Corollary 2 is omitted for brevity.
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As indicated by Corollary 1, when the interaction coeffi-
cients in H0 among the service providers are not considered,
i.e., service providers do not significantly affect each other,
the optimal prices p∗ determined by each service provider
is only decided by the intrinsic demand coefficients a of the
service users, as well as the costs q of providing the services.
Externalities among the service users do not affect the optimal
strategies of the service providers.

However, as shown by Corollary 2, given H0 = 0 only,
the optimal competitive pricing strategy is also affected by
complementarity/substitutability and externality coefficients,
i.e., C and G, as shown in (32). In this case, the competitive
prices of IoT services will deviate from the optimal collusive
prices. Nevertheless, deviation of each competitive price from
the corresponding optimal collusive price can still be either
positive or negative. As shown and analyzed in the numerical
results in Section V-D, collusive service providers can even
lower down the prices to attract more users to obtain IoT ser-
vices and increase the overall utilities of the service providers,
which is counterintuitive.

Corollary 3 denotes the case when the simple condition
of complementarity/substitutability coefficients holds, the opti-
mal competitive and collusive pricing strategies are identical,
as follows.

Corollary 3: Given that 2C + H = 0, the optimal
competitive and collusive prices are identical, i.e., p∗ =
p∗

competitive = p∗
collusive, as follows:

p∗ = a − (2diag(b) − 2C− G)(4diag(b) − 4C
− 2G− 2H)−1(a − q).

Proof: We substitute (21) and (27) into p∗
competitive =

p∗
collusive, as 2diag(b)− 2C−G is invertible, 2C + H = 0

derived. Corollary 3 is proved.

V. NUMERICAL RESULTS

In this section, experimental results for several system
scenarios are presented and examined as the examples of the
proposed system model.

A. Experimental Scenarios and Performance
Evaluation Measures

The following five system scenarios are examined in the
experiments:

• COMPOS scenario: The system includes complementary
services with network effect (i.e., a positive externality)
among users.

• COM scenario: The system includes complementary ser-
vices only. No externality among users exists.

• NEG scenario: Only congestion effects exist among
users, i.e., a negative externality. Complementarity/
substitutability among services do not exist.

• SUBNEG scenario: The system includes substitutable ser-
vices with congestion effects (i.e., a negative externality)
among users.

• BASE scenario: The baseline system where neither com-
plementarity/substitutability nor externalities exists.

In the experiments, the following performance measures are
examined:

• Average price p = 1
KN

∑N
i=1

∑K
k=1 pk

i , indicating the
average price level of services in the IoT market.

• Average user utility U = 1
KN

∑N
i=1 Ui.

• Average provider utility v = 1
KN

∑K
k=1 V k.

• Average service usage x = 1
KN

∑N
i=1

∑K
k=1 xk

i , indicat-
ing the level of successful IoT service requests by the
users.

For each performance measure, we discuss the competitive
pricing and collusive pricing cases.

B. Parameter Settings

Unless otherwise stated, the parameter settings of our exper-
iments are as follows.

We consider five IoT service providers in the experiments.
That is, 5 IoT services are provided in the system. Unit costs of
providing services are set to be 1.0 for all the service providers,
i.e., qk

i = 1.0, ∀i, ∀k.
The number of IoT service users is 20. In the experiments,

we consider the coefficient ak
i in the utility of each user νi

to be randomly distributed. The direct gain coefficient ak
i , ∀i,

∀k, is uniformly distributed in [1.0, 10.0] for different users.
With the random generated ak

i , each experiment is executed
for 100 rounds for averaged results. The demand elasticity
coefficient bk

i , ∀i, ∀k is set as 10.0.
The parameters for complementarity and substitutability of

services in the system are set as follows. In the experiments
with complementary IoT services (i.e., COMPOS and COM
scenarios), elements in the complementarity/substitutability
matrix C are set as ck,m

i = 1.0, ∀i, ∀k, ∀m. Note that
interaction coefficients among all the service providers is in
accordance with the complementarity and substitutability of
the services provided. In particular, each service provider κk

can be affected by a positive effect on the utility, given that
the other service providers deliver complementary services in
the market. As service providers are usually major market
participants, we assume that each service provider will not
be significantly affected by the supply level of other service
providers. In this case where ck,m

i = 1.0, the coefficient hk,m

of the service provider κk is set as a positive value 0.1 in
C and H, respectively. In similar manner, in the experiments
for substitutable IoT services, i.e., SUBNEG, coefficients in
C are set as ck,m

i = −1.0. At the service provider side,
hk,m = −0.1.

Both the network and congestion effects among users are
considered in the experiments. The externality coefficients gk

i,j

are set as 0.1 and −0.1, respectively.

C. Impacts of Direct Coefficients for User Utility

Figures 2(a) and (b) show the impacts of different values of
ak

i in the user utility function (1). From the service provider
and user utility formulations, it is intuitive that an increase
of coefficient ak

i can result in higher service request xk
i , user

utility Ui, and quoted price for the requested service, as shown
in Figures 2(a) and (b).
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Fig. 2. Impacts of direct coefficient a to (a) average price p determined by service providers, and (b) average service usage x determined by users. Impacts
of direct coefficient b to: (c) average price p, and (d) average service usage x.

Fig. 3. Impacts of direct coefficient b to (a) average utility U of all the
users, and (b) average utility V of all the service providers.

Impacts of the marginal return coefficient bk
i are slightly

more complicated in the experimental analysis. From the user
utility formulation (1) and the user service request formula-
tion (15), an increase of bk

i directly reduces average user utility
U and average service request x, as shown in Figure 3(a) and
Figure 2(d).

However, bk
i also indirectly affects both the user service

requests and the quoted prices by the service providers. The
term [2diag(b) − 2C− G]−1 in the user service request
formulation (19) is a function of b, where each service request
xk

i as in x∗ decreases with respect to an increase of bk
i . On the

other hand, x∗ is affected by the price quotes p, as shown
in (15), where p is also a function of b in both collusive
and competitive pricing schemes, as shown in (27) and (21).
A large bk

i can both increase and decrease the average service
price p in different scenarios (e.g., with complementary or
substitutable services), as shown in Figure 2(c).

As shown in Figures 3(a) and (b), although the service prices
increase in some cases, the utilities of both service providers
and users decrease because of the decrease of user service
requests. The reason is that the service requests decrease

too sharply that the utility gain from the increasing price
by the service provider is completely eliminated. With each
decreasing service request xk

i , the overall service provider
utility decreases as expressed in (6).

D. Impacts of the Number of Service Users

We vary the number of users from 5 to 35 in the experi-
ment. As the number of users increases, the average price of
services remains unchanged in the case of BASE, as shown
in Figure 4(a). The reason is that both collusive and compet-
itive service prices charged for service requests in the BASE
scenario only depend on constant coefficients of a and q,
as in (27) and (21). Compared with the system performance
of the BASE scenario, complementarity, substitutability, and
externalities in the system can generate additional or less
utilities to both users and service providers.

Externalities in the system affect the utilities of users
directly. As formulated in (4), when the number of user N
increases, network effect can result in additional positive utility
for each user, as shown in Figure 4(c) by comparing the
results of the COMPOS scenario with network effect and the
COM scenario without network effect. Similarly, as shown
by the results of the NEG scenario, congestion effect directly
decreases the average user utility as the number of users N
increases.

As defined in (3), complementarity and substitutability do
not directly change as the number of users N changes. How-
ever, prices quoted by service providers change as the number
of users N increases, as shown in Figure 4(a). For the sce-
narios of complementary services, i.e., COMPOS and COM,
as extra utilities can be achieved when more complementary
services are delivered to users, service providers lower down
the quoted service prices to achieve higher utilities, as shown
in Figure 4(a). As a result, the average service usage x of
complementary services increases as shown in Figure 4(b).
Both the utilities of service providers and users increase
under this circumstance, as shown in Figures 4(c) and (d).
On the other hand, utility loss may incur when substitutable
services are obtained as a bundle by users. As depicted
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Fig. 4. Impacts of the number of users N to (a) average price p determined by service providers, (b) average service usage x determined by users, (c) average
utility U of all the users, and (d) average utility V of all the service providers.

Fig. 5. Impacts of the number of service providers K to (a) average price p,
and (b) average utility V of all the service providers.

in Figures 4(a) and (b), market demand in terms of user ser-
vice usage for substitutable services is suppressed by higher
prices from the service providers.

From Figures 4(a), (c) and (d), we observe that collusive
pricing scheme does not intuitively lead to higher quoted prices
of IoT services or utilities. On the contrary, the collusive
pricing scheme can lower the prices in some cases, as shown
in Figure 4(a). The reason is that the objective of service
providers when determining a pricing scheme collusively
is to maximize their own utilities, instead of setting high
prices. As shown in Figure 4(d), the collusive pricing scheme
outperforms the competitive pricing scheme in terms of the
average service provider utility V in COMPOS, COM and
SUBNEG experimental scenarios.

E. Impacts of the Number of Service Providers

We discuss the impacts of service supply in the system by
changing the number of service providers. In the experimental
setting, the number of users is N = 10. We increase the
number of service providers K from K = 2 (i.e., duopoly
service providers) to K = 15.

As observed in Figure 5(a), when complementary and sub-
stitutable services exist, prices quoted by the collusive pricing
scheme are much more sensitive to the number of service

providers, compared with the quoted prices in the competitive
pricing scheme. As we analyze in the optimization prob-
lem (26), service providers make their price quotes together
in a collusive manner, aiming for the maximization of the
utilities of all the service providers. In this case, the collusive
service providers, as the supply side, have more control on
the service prices of the whole system. Although the average
price p may decrease in some cases, e.g., the COMPOS
scenario, the utility gained from the market demand of users
can remain high, as shown in Figure 5(b). However, in the
case of competitive pricing scheme, the service providers only
maximize their individual utilities in a self-interested manner.
The average prices for services in this case remain stable. The
utilities gained by the service providers become relatively low,
as shown in Figure 5(b).

F. Impacts of Complementarity, Substitutability and
Externality Parameters

We examine the coefficient ck,m
i which indicates the com-

plementarity or substitutability among the IoT services k and
m from the perspective of the user νi. We change ck,m

i from
ck,m
i = −1.0 to ck,m

i = 1.0, i.e., substitutable to comple-
mentary services (the SUB/COM scenarios in Figure 6, indi-
cating the scenarios with substitutability or complementarity).
As aforementioned in Sections III-B and III-C, complementary
and substitutable services have impacts on utilities of both
service providers and users. For any service provider κK ,
other service providers in the system providing complementary
(or substitutable) resources positively (or negatively) affects
the utility function V k. In the experiment, we also change
the coefficient hk,m indicating the interactions among service
providers from hk,m = −0.1 to hk,m = 0.1.

When ck,m
i ∈ [−1.0, 0), the IoT services are substitutable.

The users do not prefer bundles of services due to the
sub-additive utility component (3) in the utility function (1)
of each user. From the results of SUB/COM scenarios shown
in Figure 6, the system has a very low service request level
when ck,m

i ∈ [−1.0, 0). Under this circumstance, the service
providers try to increase the prices of services to cover the loss
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Fig. 6. Impacts of the complementarity/substitutability coefficient to (a) average price p determined by service providers, (b) average service usage x
determined by users, (c) average utility U of all the users, and (d) average utility V of all the service providers.

Fig. 7. Impacts of the externality coefficient to (a) average price p determined
by service providers, and (b) average service usage x determined by users.

caused by the low service requests. As ck,m
i increases, services

become complementary when ck,m
i ∈ (0, 1.0]. Successful

delivery of bundled services can bring in super-additive utility
to both the service providers and the users. In this case, the ser-
vice providers decrease the quoted service prices to stimulate
the demand x from the users. With the decreased service
prices as well as the increased service requests, the utilities
of service providers and users increase as ck,m

i increases,
as shown in Figures 6(c) and (d).

Results from the scenarios without complementarity
and substitutability are also depicted as reference results
in Figures 6(a)-(d). It is clearly shown in Figures 6(c) and (d)
that extra loss and gain are incurred when substitutable and
complementary services exist in the system, respectively.

Moreover, the impacts of externality coefficient gk
i,j are

shown in Figures 7(a) and (b), which are observed to be
similar to the impacts of complementarity/substitutability
coefficient ck,m

i .

G. Analysis of Collusive and Competitive Pricing Schemes

As shown in the experimental results, prices quoted by the
service providers may reach 0 in some cases. We analyze and
examine some special pattern of pricing in both collusive and
competitive pricing schemes in the following.

In Figure 4(a), as the number of users increases to
N = 24, the collusive service price reaches zero in the

Fig. 8. (a) The trend of average price p determined by service provider,
and (b) the trend of average service usage x determined by users.

COMPOS scenario. The competitive service price becomes
zero after N = 28. However, as shown in Figure 4(b),
the service providers still deliver IoT services to users,
i.e., x increases even after N = 24 for the collusive pricing
scheme (or N = 26 for the competitive pricing scheme), only
with a slightly slower increasing rate. The intuition behind the
results is the super-additive externality component for each
service provider when hk,m > 0, as shown in the utility
function (6). Although the term

∑N
i=1(p

k
i − qk

i )xk
i becomes

zero or even a negative value when pk
i < qk

i , ∀i, ∀k, the service
provider may still have a positive utility because of the
externality term

(∑N
i=1 xk

i

)∑K
m=1

∑N
i=1 hk,mxm

i . As afore-
mentioned, this indicates that the service providers actively
participate in the market by delivering “free services” in
the market, in order to attract potential users as “future
customers”. For the case in Figures 4(a) and (b), as the number
of users becomes large, the externality term of the service
provider utility

(∑N
i=1 xk

i

)∑K
m=1

∑N
i=1 hk,mxm

i increases in
a fast rate, which covers the loss due to the cost of providing
services. Figure 4(b) shows the fact that the increasing average
utility of each service provider is not affected by the zero price.

When the term
∑N

i=1(p
k
i − qk

i )xk
i in the utility function (6)

decreases too fast that the externality utility component fails to
cover the service cost, the service provider may adjust pricing
strategies. As shown in Figure 8(a), we change the values of

complementarity/substitutability coefficient ck,m
i for services

(as well as the interaction coefficients hk,m for the service
providers, i.e., hk,m = ck,m

i ) from −0.5 to 1.5. The average
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prices p generated by collusive and competitive pricing
schemes both decrease to zero and then sharply increase. The
reason is as follows. When ck,m

i and hk,m begin to increase,
extra utilities from complementarity/substitutability increase.
The service provider quotes lower or even zero prices to
attract users to gain more utility, e.g., when ck,m

i > 0.20 in
the collusive pricing scheme in Figure 8(a). However, when
the prices approach zero, the service provider is not able to
leverage the price tool further. In this case, newly attracted
user demand increases slowly after the average price hits
zero, as shown in Figure 8(a) when ck,m

i > 0.20. As a

result, the externality term
(∑N

i=1 xk
i

)∑K
m=1

∑N
i=1 hk,mxm

i

increases slowly, which may not cover the utility loss of the
service provider from the service cost q. As ck,m

i and hk,m

continue to increase, the service provider decides to increase
the quoted price to a high level, preventing the service cost
term

∑N
i=1(p

k
i − qk

i )xk
i from being negative.

VI. SUMMARY

In this work, we have introduced a market-oriented model
for IoT service management in general mobile IoT systems
with complementary and substitutable services, as well as
externalities from the perspective of users. A multi-leader
multi-follower Stackelberg game has been proposed to model
the IoT service interactions between the service providers and
users. By solving the Stackelberg game, we have analytically
obtained a closed-form equilibrium solution for pricing and
service request. We have then examined two pricing schemes
for the service providers, i.e., collusive and competitive
pricing.

Finally, performance evaluation has been studied to show
the impacts of different system parameters on the provider
and user strategies and overall service performance. From the
numerical results, we have also found that collusive pricing
does not always result in higher service prices and lower user
utilities. In some scenarios when the collusive pricing scheme
is adopted, a “win-win” situation may occur in which the
utilities of both service providers and users increase compared
with the competitive provider pricing case. For future works,
we will study the IoT service management under the incom-
plete information scenario, where IoT users and providers have
their private information.

Nevertheless, some potential issues and further applications
of game theoretic approches to tackle the resource pricing and
allocation problems in future communication systems are yet
to be explored. Possible future research directions of interest
are briefly outlined as follows.

Resource Pricing and Allocation in Large-scale IoT
Systems: In the current study, the scenario of multiple service
users is considered with Assumption 1. However, in large-scale
IoT systems, the number of service users N can be extremely
large so that this assumption does not hold. The analytical
solutions of the optimal service prices and requests are not
able to be obtained directly, since the ranks of coefficient
matrices as in (3), (21), and (27) will be zero. Case-by-case
discussions on the solutions of the subgames are required.
For example, as discussed in [34], when the number of users

is sufficiently large, i.e., n → +∞, the pricing strategy of
bandwidth allocation has an asymptotic behavior.

Complex Market Behavior and Pricing Strategy:
We have discussed full competitive and collusive pricing
strategies of the service providers. In future work, we plan to
consider, partial collusive [35] and conflict [36] among service
providers where a service provider only partially influence
the pricing strategies of other service providers. For example,
in this case, the objective function of the pricing problem
only partially takes into account the profits of other service
providers, e.g., V k +

∑
m �=k αmV m, where αm denotes the

degree of collusion [37].
Online Pricing and Competition: In a dynamic com-

munication system, the system components and parameters
can occasionally change over time. Service providers and
users need to adjust their corresponding strategies. Repeated
Stackelberg games [38] can be adopted when the system com-
ponents act in response to unknown or dynamic opponents.
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