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ABSTRACT Future network is envisioned to be a multi-service network which can support more than one
distinct communications service type over the same physical infrastructure. As a potential game changer,
wireless network virtualization (WNV) allows the coexistence of multiple network slices over a shared
physical platform. One key advantage of WNV is to effectively support multiple traffic types in a multi-
service network. In this paper, we propose a novel resource allocation scheme for future wireless networks.
Our proposed scheme is formulated as a joint control paradigm, which consists of upper and lower control
stages. In the upper control stage, the ideas of Kalai and Smorodinsky bargaining solution (KSBS) and
Banzhaf value (BV) are combined to allocate the resource to virtual networks. In the lower control stage,
each virtual network operator distributes its assigned resource into corresponding mobile devices based
on the multi-criteria bargaining solution, which combines the Nash bargaining solution (NBS) and KSBS
to optimize the overall performance subject to different service requirements. To effectively share the
limited physical resource, each stage control mechanism works together in an interactive manner. The main
novelty of our approach is to reach a reciprocal consensus among competitive network agents. Through
system simulations, numerical results show the superiority of our proposed control approach. Especially, the
proposed scheme increases the system throughput, device payoff, and fairness by about 10%, 10% and 15%,
respectively, in comparison with existing state-of-the-art WNV protocols. Finally, we highlight interesting
research challenges and point out potential directions to spur further research in this promising research area.

INDEX TERMS Wireless network virtualization, Kalai and Smorodinsky bargaining solution, nash
bargaining solution, multi-criteria bargaining solution, Banzhaf value.

I. INTRODUCTION
Recently, the Internet-based applications generate a huge
amount of data to provide us with the rich knowledge
and information. With the emergence of various mobile
multimedia applications, the requirements for network capac-
ity and service quality are getting higher. To meet these
extreme demands, fifth-generation (5G) wireless network is
regarded as the essential infrastructure to offer high speed,
low latency, and massive connection services. To cater such
an overwhelming increase of mobile data traffic, 5G networks
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are expected to be equipped with 5 times as many as
base stations (BSs) and utilize 200 times more spectrum
resource than 4G networks. This makes the orchestration
of so many 5G network agents to achieve the desired
goals get even more challenging than before. To promote
the technology, standardization and industrialization of 5G
networks, the extensive research activities have emerged in
both the academic and industrial communities [1], [2].

The main objective of upcoming 5G wireless networks
focuses on the enabling mechanisms to ensure wireless multi-
media services at any time and any place, and in any manner.
However, these services, which are bandwidth-intensive and
time-sensitive over the emerging 5G wireless networks, are

VOLUME 11, 2023
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 87859

https://orcid.org/0000-0003-1967-151X
https://orcid.org/0000-0003-0526-6687


S. Kim: Hierarchical Multi-Service Resource Allocation Scheme for Future WNV

constrained from the limited wireless resources; it imposes
many new challenging problems not encountered in the
4G networks. Nowadays, wireless network virtualization
(WNV) has been proposed as a promising candidate to
solve the contradiction between the limited resources and
the increasing demands of wireless multimedia services by
isolating and sharing network resources among different
slices. Usually, virtualization refers to the creation of a
set of logical infrastructure using a given set of physical
entities, but in a manner that is transparent to end users.
It can provide a new opportunity to effectively improve
the key resource utilization by creating virtual versions of
corresponding physical resources [3], [4], [5].

The WNV technology decouples the role of traditional
network operator into two logical roles: the infrastructure
provider (InP) and the virtual network operators (VNOs).
An InP owns the physical network infrastructures, such as
multiple BSs, antennas, and backhaul, and the associated
wireless resources such as radio spectrum. From the InP,
multiple VNOs can lease these resources, and provide them
to the corresponding users by creating their own virtual
networks. Simply, we can see the WNV technology as an
effective way to mitigate capital and operational expenditures
for the InP while sharing the physical spectrum resource for
multiple VNOs. Even though the WNV is considered as a
promising technology for the 5G networks, it faces a difficult
control problem - how to share the virtualized resource for
multiple VNOs, which must fulfill the dynamic demands of
multiple services. This problem becomes more challenging
in a scenario where individual VNOs behave selfish without
considering the desired social efficiency [4], [6].

With the diverse wireless service types, the quality of
service (QoS) requirements are diverse. According to the ITU
Radio communication sector, there are three generic usage
scenarios such as Ultra Reliable and Low Latency Commu-
nications (URLLC), enhancemobile broadband (eMBB), and
massive machine type communication (mMTC). Especially,
the URLLC focuses on latency-sensitive applications for self-
driving and drone control services. The eMBB concerns high
data rate services like as high definition videos and virtual
reality. The mMTC has high requirements for connection
density for smart city and smart home. An important approach
to wireless network virtualization is to create a resource pool
by combining the InP resource and create logical partitions,
which are called slices, based on the QoS requirements of
different services. Simply, a slice is a virtual network; it is
just like a slice of the substrate network. Therefore, multiple
services, which are executed with slices, are decoupled from
the underlying physical network. This approach enables
efficient resource sharing among heterogeneous services
while fully maximizing the potential of virtualization [4], [7].

Usually, network virtualization works only aimed at
the user-level resource slicing while ignoring the resource
isolation in the service-level allocation. To solve conflicts
in the multi-service wireless network, service-level and
user-level requirements should be taken into account for
the resource allocation problem. Therefore, it is necessary

to develop a two-level resource allocation scheme, which
splits the resource allocation process into two stages: inter-
slice allocation stage and intra-slice allocation stage. Due to
the time-varying property of each data traffic services, two
resource allocation processes dynamically interact with each
other based on the online manner [4].

To implement the two-level resource allocation scheme,
joint control paradigm is vitally important to maximize the
performance gains obtainable from the spectrum sharing
process. Traditionally, joint control is the contractually
agreed sharing of control of an arrangement, which exists
only when decisions about the relevant activities require the
unanimous consent of the parties sharing control. For the joint
control paradigm, cooperative optimization is inspired by the
principle of coordination work, which is a newly discovered
general optimization method for attacking hard optimization
problems. As a branch of cooperative optimization, coop-
erative game theory was introduced. At the 1950, the first
cooperative game solution was proposed by J. Nash, namely,
Nash bargaining solution (NBS), in his pioneering paper.
Since then,a number of cooperative game solutions have been
proposed by redeeming his original idea [4], [8].

In cooperative games, game players take joint actions
so as to realize their goals. However, the players are not
assumed to be altruistic; they only join a coalition if this
helps them increase their individual profit. Therefore, the
main interest in cooperative games is to fairly distribute
the outcome to each player according to their contributions.
In this paper, we aim to design a novel joint control scheme
for the inter and intra slice allocation processes. Based on
the hierarchical cooperative game model, we address two
control issues; i) how to share the spectrum resource in
the inter-slice allocation process, and ii) how to allocate
the assigned spectrum resource in the intra-slice allocation
process. From the perspective of cooperation, network agents
diffuse information to obtain a globally optimal solution in
the 5G multi-service network [8].

The rest of the paper is organized as follows. We describe
the basic ideas of cooperative games and summarize the
major contributions of this study in Section II. Section III
reviews the state-of-the art research papers on resource
allocation protocols for wireless network virtualization.
Section IV presents the system infrastructure and problem
formulation. And then, the bargaining and value solution
concepts are explained in detail. They are adopted in our
joint control paradigm. Finally, the primary steps of our
two-level game model are provided. Simulation results and
performance analysis are described in Section V. In this
section, the settings for the numerical analysis are also
presented and discussed. Finally, we present our concluding
remarks and future work in Section VI.

II. TECHNICAL CONCEPTS AND MAIN CONTRIBUTIONS
Cooperative game situation is usually described by the set of
all possible outcomes or payoff vectors that the players can
obtain through agreement, and status quo point which is the
result obtainable if the players fail to reach an agreement.
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In this game, several players aim to share a surplus that
they are able to generate through cooperation. Therefore, the
major goal of cooperative games is that players agree on
how the surplus should be split. Two different approaches to
solve cooperative games can be found in the literature; one is
bargaining approach and the other is value approach. In 1950,
J. Nash first proposed the NBS as a simple cooperative game
solution. It predicts an outcome based only on information
about each player’s preferences. His bargaining game model
is formulated by an expected utility function over the set of
feasible agreements and the outcome which would result in
case of disagreement [8].

Another relevant bargaining solution that has to be taken
into account in cooperative environments is the Kalai and
Smorodinsky bargaining solution(KSBS). By anchoring on
the utopia point, which is the maximal aspirations for all
players, the KSBS is the intersection point between the
bargaining set and the line from utopia point to the status
quo point. Both the NBS and KSBS aim to recommend
feasible results which can be accepted by all agents on
the basis of several rationality principles. They provide
several axiomatic characterizations with different properties.
Recently, the multi-criteria cooperative game is concerned
with situations in which a number of players must take
into account several criteria; each of which depends on
the decision of all players. As a generalization of classic
cooperative games, the multi-criteria cooperative game is
useful to support the evaluation, selection and ranking criteria
and alternatives to aid game players in making a decision.
However, until now, the study on multi-criteria bargaining
solutions is scarce [8], [9].
Banzhaf value(BV) is a new solution concept for coopera-

tive games. It is looking for a fair allocation of collectively
gained profits between cooperating players. In the value
based approach, any subset of players is assumed to be free to
form a coalition. Therefore, a value solution concept may be
viewed as a real-valued function defined on the collection of
all subsets of players. Simply, we can think that the BV is the
probabilistic valuewhen coalitions not containing a player are
equally to arise. As is well known, the BV is useful especially
for analyses of voting situations. In this study, we aim
to optimize the performance of virtualized multi-service
wireless networks. Based on the NBS, KSBS and BV, our
proposed scheme is designed as a joint control paradigm in
an interactive fashion. In the proposed scheme, the upper
and lower control stages are sophisticatedly combined, and
work together to achieve a socially optimal solution. The
significant major contributions of our study are summarized
as follows [10];

• To maximize the system performance for the virtualized
multi-service network platform, we design a hierarchical
cooperative game model based on the NBS, KSBS and
BV. To the best of our knowledge, our joint control
paradigm based on cooperative game theory is the first in
the literature for the 5G network virtualization scenario.

• To allocate the spectrum resource in the upper level
stage, we formulate the inter-slice allocation process,

and select best strategies based on the combination of
KSBS and BV.

• To distribute the assigned spectrum resource in the lower
level stage, we implement the intra-slice allocation
process according to the multi-criteria cooperative game
model. For different criteria, the NBS and KSBS are
combined to get a compromised solution.

• In our joint control paradigm, upper and lower control
stages are jointly combined, and work together to
effectively share the limited spectrum resource in the
virtualized network platform.With the cooperative game
solutions, our approach explores the sequential interac-
tions between network agents, and obtains reciprocal
advantages for the excellent system performance.

• Simulations are implemented to analyze the perfor-
mance of proposed algorithms. Numerical results show
that our approach is more suitable for multi-service
network platform compared with the existing state-of-
the-art virtualization control protocols.

III. RELATED WORK
In recent years, a number of protocols have been proposed
to enable virtualization in 5G networks. In this section,
we touch on currently published state-of-the-art papers
relevant to the research topic of our study. In [4], Y.
Han proposed the Resource Allocation for Multi-Service
Virtualization (RAMSV) scheme for hierarchical wireless
networks. Based on three 5G generic scenarios, the RAMSV
scheme decomposes the resource slicing problem into sub-
problems; the inter-slice and intra-slice resource allocation
processes. First, the inter-slice process is conducted by
modeling the packets arriving and serving model in a
coarse-grained manner. For the spectrum pre-allocation
among slices, this process is formulated as a multi-objective
optimization problem. Second, the intra-slice process is
formulated as a stochastic optimization problem in a fine-
grained manner. By considering dynamic traffic arrivals
and channel conditions, this process is transformed into
a delay-aware optimization problem, which is solved by
a distributed heuristic algorithm. Extensive simulations
are conducted to study the performance evaluation, and
numerical results validate that the RAMSV scheme has a
good performance close to the optimal solution with a lower
complexity [4].

The paper [7] developed the Multi-Service Virtualized
Resource Allocation (MSVRA) scheme for future wire-
less networks. Usually, the virtualized resource allocation
problem for multi-services is a very difficult optimization
problem; it should not only optimize the performance but
also satisfy various QoS requirements. To reduce the problem
complexity, the MSVRA scheme decouples the resource
allocation problem into two simpler control mechanisms
such as inter-slice and intra-slice resource scheduling
mechanisms. For the inter-slice mechanism, a discrete
optimization problem is designed, and a sub-optimal solution
is obtained by using a heuristic algorithm. For the intra-slice
mechanism, novel scheduling algorithms are developed for
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TABLE 1. Thee notations for abbreviations, symbols, and parameters.

several specific multi-services. In these mechanisms, utility
functions are designed to represent the slice’s satisfaction
degree. Simulations are implemented to analyze the system
performance, and numerical results show that the MSVRA
scheme is more suitable for specific services compared with
the existing protocols [7].

Authors in [11] introduced the Market-Driven Stochastic
Resource Allocation (MDSRA) scheme for wireless network
virtualization. In this scheme, there are three main entities,
i.e., resource owners, resource buyers, and a resource aggre-
gator. By comprising multiple resource owners and resource
buyers, a robust virtualized network architecture is defined.
And then, a matching game model is implemented to pair
resource buyers with existing resource aggregators according
to their particular trading preferences. In this matching game
model, technical and nontechnical parameters are considered
in the resource selection process. To handle optimization
under uncertainty, a chance-constrained stochastic program
is adopted for the virtual resource allocation. It can maximize
the utilization of the resources while satisfying the resource
buyer demands. Finally, simulation results show that the
MDSRA scheme has good performance with reasonable com-
putational complexity, and affordable network overhead [11].

As discussed above, the earlier schemes in [4], [7], and
[11] have been studied on the resource allocation problem
for 5G virtualized wireless networks. Although these studies
tackled the same control issues, which we concern in this
study, they did not consider a joint control paradigm based
on the cooperative game theory. Unlike the aforementioned
the RAMSV, MSVRA and MDSRA schemes, our proposed
scheme concerns the combination of different cooperative
game solutions for controlling the activities of VNOs and
mobile devices, and guides them toward a fair-efficient
outcome in the wireless network virtualization.

IV. PROPOSED RESOURCE ALLOCATION SCHEME FOR
NETWORK VIRTUALIZATION
This section introduces the multi-service network platform
with theWNV technology that we focus on. Then, we explain
the basic ideas of NBS, KSBS and BV, which are adopted
to design our hierarchical joint control game. After that,
our proposed resource allocation algorithm is described
strategically in the nine-step procedures.

A. NETWORK VIRTUALIZATION INFRASTRUCTURE AND
COOPERATIVE GAME MODELS
In the network virtualization environment, infrastructures
are decoupled from the services it provides. As a result,the
network operator is decoupled into InP and VNO in
wireless virtualization. Specifically, the InP owns the network
infrastructure and spectrum resource, and the VNO realizes
virtualization while i) allocating the physical resource to
each virtual network, and ii) scheduling multiple application
services. In this study, we assume a virtualized wireless
network with a single InP that has a set of BSs denoted
by B = {B1, . . . ,Bn} . In each BS, there are three VNOs
(VI , VII , VIII ) for three slice types; they are Type-I slice
(SI ) for the URLLC network, Type-II slice (SII ) for the
eMBB network, and Type-III slice (SIII ) for the mMTC
network. Mobile devices D = {D1, . . . ,Dm} are randomly
distributed in the network area while connected to their
corresponding BSs. Each individual BS carries out the
spectrum resource management, scheduling, admit control,

87862 VOLUME 11, 2023



S. Kim: Hierarchical Multi-Service Resource Allocation Scheme for Future WNV

FIGURE 1. A general platform in the multi-service network virtualization.

and more functionalities for their corresponding devices.
As shown in Fig. 1, we assume that each BS is virtualized
and sliced into three isolated slices, and we summarize the
notations used in this paper in Table 1 [4], [7].

In our proposed scheme, we assume that each BS and
spectrum resource are owned and managed by a single InP
which provides its network infrastructure as a service to
VNOs. In each BS, the resource allocation is performed
in the two-level stages. In the upper level stage, the BS
estimates service demands from all slices and its resource is
orthogonally divided into three parts for each type slice; it
is called the inter-slice resource allocation where MI

B, MII
B

andMIII
B are the amounts of allocated resources for the Type-

I, Type-II and Type-III slices, respectively. In the lower level
stage, the VI , VII , and VIII distribute the assigned MI

B, MII
B

and MIII
B resources into their corresponding devices; it is

called the intra-slice resource allocation [4], [7].
In this paper, we develop two cooperative games in

the upper and lower level stages; they are hierarchically
organized based on the joint control paradigm, and work
together to achieve reciprocal advantages. The upper level
cooperative game

(
GB

V

)
allocates the spectrum resource

for VNOs, and the lower level cooperative game
(
GV

D

)
distributes the allocated resource into corresponding mobile
devices. Through the GB

V and GV
D games, the InP, VNOs

and devices are interactively associated with each other in
an coordinated manner. Therefore, a mutually acceptable
solution is obtained for different network agents. Formally,
we define the tuple entities in our proposedGB

V andGV
D game

models, such as

G

=

{
GB

V , GV
D

}

=


B, (VI , VII , VIII ) , D,

GB
V =

{
X ∈ {I , II , III } |MB, VX , MX

B,UVX (·)
}
,

GV
D =

{
GVX∈{I ,II ,III }

D , MX
B|DVX , γD, UD (·)

}
,

T

.

• B and D represent the sets of BSs, and mobile devices,
and the VI , VII and VIII are the VNOs of the URLLC,
eMBB, and mMTC networks,respectively.

• In the upper level game GB
V , VNOs are game players,

which exist in each B. MB is the total spectrum amount

of B, and MX
B is an allocated spectrum amount for the

VX where MB =
⋃

X∈{I ,II ,III }
MX

B.

• In the GB
V , the MX

B and UVX (·) are the strategy and
utility function of VX , respectively.

• The lower game GV
D consists of three sub-games, such

as GVI
D , GVII

D , and GVIII
D , for three type slices. They are

operated in a distributed parallel fashion.
• In theGV

D, theDVI ,DVI andDVIII are the corresponding
device sets of VI , VII and VIII , respectively, where D =

DVI∪DVI∪DVIII .
• In the GVI

D , GVII
D , and GVIII

D games, mobile devices in
the DVI , DVI , and DVIII are game players, and the γD is
assigned spectrum resource of each device. For theDk ∈

DVX , the γDk and UDk (·) are its strategy and utility
function, respectively, where MX

B =
⋃

Dk∈DVX
MX

Dk
.

• Discrete time model T ∈ {t1, . . . ,tc, tc+1, . . .} is
represented by a sequence of time steps. The length of
tc matches the event time-scale of GB

V and GV
D games.

B. TECHNICAL CONCEPTS AND IDEAS OF NBS, KSBS AND
BV
In this subsection, we quickly review the fundamental
concepts of NBS, KSBS and BV for cooperative games.

1) BARGAINING GAME SOLUTIONS FOR COOPERATIVE
GAMES
To characterize the basic concept of bargaining solutions,
we preliminarily define some mathematical expressions. In a
bargaining game, the set N = {1, 2, . . . , n} represents
game players, who jointly decide on an agreed-upon point
in the set S of all feasible outcomes. The status quo
or disagreement point d is the result obtainable if the
players fail to reach an agreement. Each player i ∈ N
has his utility function ui : S→ R where R is the set of
real numbers. Intuitively, players attempt to maximize their
utility functions. Generally, we assume that there are points
in the agreement set that are mutually beneficial to all
players. So, all players are incentivized to cooperate. Let
U = {(u1 (X) , u2 (X) , . . . , un (X)) |X ∈S} be the set of
the payoffs of all possible agreement points, and d =

{d1, d2, . . . , dn} . Formally, an n− player cooperative game
is described by the pair (S, d) where S⊆Rn. Therefore, the
major challenge is that which point in the agreement set will
be a solution they decide upon [12].

J. Nash gave some axioms to provide the concept of
efficiency and fairness for desirable bargaining solutions. If a
solution can fulfill his axioms, it is called as the NBS, which
is a unique and fair Pareto optimal solution. Mathematically,
the NBS maximizes a product of payoffs [8], [12];

NBS : U = arg max
ui(X)∈U

n∏
i=1

(ui (X) − di) ,

s.t., ∀i : ui (X) > di (1)

The KSBS provides a payoff that is proportional to the
achievable maximum payoff while ensuring efficiency.
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Therefore, each player gets the same fraction of his maximum
possible payoff. Geometrically, the KSBS is the intersection
point between the S and the straight line between the d
and the utopia point. This interpretation has considerable
intuitive appeal, and makes the KSBS an attractive approach
in situations where one wishes to balance individual fairness
with overall outcome.Mathematically, theKSBS is defined as
follows [8], [12];

KSBS = max
ui(X)∈U

{
S|
u1 (X) − d1
u∗

1 − d1
= . . . =

ui (X) − d2
u∗
i − d2

= . . . =
un (X) − dn
u∗
n − dn

}
(2)

where u∗
i is achieved to allow the player i to occupy all

resources, and thus it is his utopia payoff. When the d is zero,
the KSBS is similar to the weighted balancing problem in a
cooperative game (S, d).

2) THE BASIC IDEA OF BANZHAF VALUE
The notion of value is one of the most important solution
concepts in cooperative game theory. In the value based
approach for cooperative games, a central problem is to define
a value, that is a payoff to be given to each player, taking
into account his contribution into the cooperative game. Until
now, different kinds of value solutions have been introduced.
Among them, the BV has deserved a lot of attention; its
main idea has necessarily the form of a weighted average of
the marginal contribution of a given player into coalitions.
In the BV, the marginal contributions are equally weighted.
Therefore, the weights do not depend on the size of the
coalition. Generally, a value on N is a function Φ: G

(
2N)

→

Rn, which assigns a payoff Φi (υ) to each player i ∈ N in a
game υ ∈ G

(
2N). Mathematically, the BV of a player i in a

game υ, i.e., ΦN
i (υ), is defined as follows [13];

ΦN
i (υ) =

∑
T⊆N\i

(
1

2n−1 × (υ (T∪i) − υ(T ))
)

(3)

where T is a possible coalition in the υ, and N\i means
N−{i} . Applications of the BV are found in many fields, and
also have a great appeal into the legal community, because
of its intuitive definition. For example, we can assume that
a cooperative voting game, which is 0-1 valued, the value 1
indicating that the coalition wins the election. In this context,
the BV can be interpreted how central a player is for making
a coalition winning, called a swing. For counting swings,
no weight should be applied; it directly leads to the BV [13].

C. THE PROPOSED RESOURCE ALLOCATION SCHEME FOR
MULTI-SERVICE NETWORKS
To develop our joint control scheme for multi-service
networks, we construct the upper

(
GB

V

)
and lower

(
GV

D

)
game models. In each BS, the GB

V is operated in a distributed
manner by the URLLC, eMBB, and mMTC VNOs. For
example, the GBi

V is designed by the Bi∈ B to share the MBi

for its VI , VII and VIII . In this study, we adopt the KSBS for
the solution of GBi

V . Especially, the KSBS has the property of

individual monotonicity, which means that the increasing of
bargaining set (S) in a direction favorable to a specific player
always benefits that player. Therefore, the idea of KSBS is
suitable to share the MBi for different type services. To get
the KSBS for the GBi

V , we first define the disagree point in
the GBi

V . For this decision, we employ the concept of BV; it
is commonly used to measure the bargaining power. The BV
of VI , i.e., ΦN

I (υ), is calculated as follows;

ΦN
I (υ) =

∑
T⊆N\VI

(
1

2|N|−1 × (υ (T∪VI ) − υ(T ))
)

s.t., N = {VI , VII , VIII } (4)

where υ (·) is estimated based on the bankruptcy allocation
method; it is an economic concept where the available
resource amount is not sufficient enough to fulfill the
demands of all resource claiming agents. In this study,
the bankruptcy allocation of Bi is formulated in a triple(
N,MBi , c

)
where c =

(
cVI , cVII , cVIII

)
is a claim vector

of VNOsand 0 ≤ MBi ≤
∑

i∈N ci. The υ (·) : 2N
→ R

describes the worth of a coalition T⊂N can be written as
follows [14];

υ(T ) = max


MBi −

∑
i∈N\T

ci

 , 0

 , s.t.,T⊂N

(5)

According to (4)-(5), the ΦN
I (υ), ΦN

II (υ), and ΦN
III (υ) are

obtained in the same manner, and the disagree point of VI ,
i.e., dVI , is calculated as follows.

dVI =
ΦN
I (υ)

ΦN
I (υ) + ΦN

II (υ) + ΦN
III (υ)

× RBi (6)

where RBi is the equity base amount of spectrum resource.
By using (6), dVII and dVIII are given in the same manner.
In the GBi

V , the VI , VII and VIII are game players, and their
utility functions, i.e., UVI (·), UVI (·), and UVI (·), are given
as follows;

UVI

(
RVI , M

I
Bi

)
=

exp

min
(
RVI , M

I
Bi

)
RVI

− δ

× MI
Bi

UVII

(
RVII , M

II
Bi

)
=

µ × log

η −

min
(
RVII , M

II
Bi

)
RVII

× MII
Bi

UVIII

(
RVIII , M

III
Bi

)

=

ϱ

min
(

RVII
,MII

Bi

)
RVII


− ε

× MIII
Bi

(7)
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where δ is a adjustment parameter for the UVI (·), and µ, η

are adjustment parameters for theUVII (·). ϱ and ε are control
factors for the UVIII (·). The RVI , RVII and RVIII ( orM

I
Bi
,

MII
Bi

and MIII
Bi

) are the total resource request sums from the
VI ,VII andVIII , (or the allocated resources for theVI ,VII and
VIII ), respectively. With the dVI , dVII and dVIII values, the
KSBS for GBi

V , i.e., KSBSBi
V

(
MBi

)
, is obtained as follows;

KSBSBi
V

(
MBi

)
= max(

MI
Bi

,MII
Bi

,MIII
Bi

)



UVI (·) − dVI

U∗

VI
(·) − dVI

=
UVII (·) − dVII

U∗

VII
(·) − dVII

=
UVIII (·) − dVIII

U∗

VIII
(·) − dVIII


s.t. ,

∑
X∈{I ,II ,III }

MX
Bi

≤MBi (8)

where U∗

VI
(·) is the maximized payoff for the VI , and thus it

is his ideal payoff. According to (8), theMI
Bi
,MII

Bi
, andMIII

Bi
are obtained. Based on these values, the intra-slice allocation
process is executed in the lower level stage. Individually,
the VI , VII and VIII operate their GVI

D , GVI
D , and GVI

D
games, respectively, in a distributed parallel fashion. In the
GVI

D game, the VI ’s corresponding devices in the DVI are
game players. In the viewpoint of individual devices, there
are two performance criteria. One is the throughput based
measure, and the other is QoS based measure. Therefore, the
utility function of Dj ∈ DVI , i.e., UDj (·), consists of two

sub-functions where UDj (·) =

{
UTDj

(·) , U
Q
Dj

(·)
}
. They are

given as follows;

UDj

(
UTDj

, U
Q
Dj

|MI
Bi

, RDj , γDj

)

=



UTDj

(
MI

Bi
, RDj , γDj

)

=

β ×

 1

1 + exp

(
−

min
(
RDj ,γDj

)
RDj

) − θ


× γDj

U
Q
Dj

(
MI

Bi
, RDj , γDj

)
=

[
ξ − exp

(
κ ×

min
(
RDj , γDj

)
RDj

)]
× γDj

s.t. ,
∑

Dk∈DVI

γDk≤MI
Bi

(9)

where β, θ are control parameters for the throughput based
function UTDj

(·), and ξ , κ are control parameters for the QoS

based function U
Q
Dj

(·).RDj is the requested resource amount
from the Dj, and γDj is the allocated resource for the Dj.
In the GVI

D , the assigned MI
Bi

is distributed for the devices
in the DVI . To implement this intra-slice allocation process,
we develop a new multi-criteria cooperative game based on
the of NBS and KSBS. By considering two different criteria,
the multi-criteria solution for the GVI

D , i.e., MCS
(
GVI

D

)
,

is obtained as follows (10), shown at the bottom of the next
page, where U∗

Dj
(·) is the Dj ’s ideal outcome, and dDj

is his disagreement point. The γ TDj
, γ

Q
Dj

are obtained by

maximizing ST and SQ, respectively. Based on the γ TDj
, γQDj

values, the finally allocated resource for the Dj, i.e., ΓDj ,
is decided as follows;

ΓDj =

Y∗

Dj∑
Dk∈DVI

γ ∗

Dk

× MI
Bi

s.t., Y∗

Dj
=

γ TDj
+ γ

Q
Dj

2

(11)

The resource allocation processes in theGVII
D andGVII

D games
are operated as the same manner as the GVI

D game according
to (10)-(11). In the lower level stage, the GVI

D , GVII
D and GVII

D
games are independently executed in a distributed parallel
fashion.

D. MAIN STEPS OF OUR HIERARCHICAL JOINT
COOPERATIVE GAME ALGORITHM
Recently, the WNV technology has been proposed as a
promising candidate to solve the contradiction between the
limited resource and the increasing demands of multiple
services. It allows the coexistence of multiple network
slices by isolating and sharing network resources. Especially,
spectrum is an expensive commodity, so it must be managed
among these slices in the most efficient way. However, there
are still some challenges to effectively control the slices
in the virtualized network platform. This study is the first
literature to share the spectrum among multiple VNOs based
on the hierarchical cooperative game model, which consists
of upper and lower level stages. In the upper level game(
GB

V

)
, three VNOsare game players, and they share the

MB based on the combination of KSBS and BV.In the
lower level game

(
GV

D

)
, mobile devices are game players,

and they share their corresponding slice MX
B according to

the multi-criteria bargaining approach, which combines the
ideas of NBS and KSBS. In the proposed scheme, the
upper and lower level games are jointly combined to get
reciprocal advantages. Our hierarchical game approach can
explore the sequential interactions among VNOsandmobiles,
and ensures the excellent flexibility and responsiveness
to a dynamically changing WNV environment. Therefore,
we can strike an appropriate network performance while
guiding selfish agents toward a socially optimal outcome.
The primary steps of the proposed scheme are described as
follows, and they are described by the following flowchart:
Step 1: To carry out the simulation analysis, system param-

eters and control factors used in our simulation are
displayed in Table 2. Our simulation scenario is
described in Section V.

Step 2: At a sequence of time steps, the GB
V and GV

D games
are operated sequentially and interactively to reach
a mutually advantages.

Step 3: In the upper level stage, the GB
V game is designed to

share the MB for the URLLC, eMBB, and mMTC
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FLOWCHART 1. Flowchart of the proposed algorithm.

networks. In this game, the VI , VII and VIII are
game players, and their utility functions are defined
using (7).

Step 4: For the GB
V game, the idea of KSBS is adopted as

a solution concept. By using the BV, we decide
the disagree point d . According to (3)-(6), the d is
calculated. And then, the KSBS for the GB

V game is
obtained based on the equations (2) and (8).

Step 5: In the lower level stage, three GV
D games are

operated in a distributed manner. In these games,
individual VNOs distribute their assigned slices
into their corresponding devices based on the
combination of NBS and KSBS.

Step 6: In eachGV
D game, mobile devices are game players,

and their utility functions are defined using (9).

By considering two different performance criteria,
each utility function consists of two sub-functions.

Step 7: In each GV
D game, the throughput based solution

is obtained based on the NBS, and the QoS based
solution is obtained based on the KSBS. Finally, the
resource allocation for each device is decided by
using (10) and (11) equations.

Step 8: In our hierarchical joint control paradigm, the GB
V

and GV
D games are sophisticatedly combined, and

work together to achieve a reciprocal consensus.
Step 9: Constantly, individual VNOs and mobile devices

are self-monitoring the current WNV system con-
dition, and it proceeds to Step 2 for the next game
iteration.

V. PERFORMANCE EVALUATION
This section evaluates the performance of our proposed
scheme for both inter-slice and intra-slice allocation prob-
lems. System-level simulation is conducted by MATLAB
software to calculate the average performance. We show
the obtained results compared against the existing RAMSV,
MSVRA and MDSRA schemes [4], [7], [11]. System
parameters and their values are listed in Table 2, and the
simulation environment and system scenario are given as
follows:

• Simulated the multi-service network platform consists
of five BSs, and fifty mobile devices, i.e., |B| = 10 and
|D| = 300.

• Each BS has three VNOs for the SI , SII and SIII slices.
• Mobile devices randomly select their service types
among the URLLC, eMBB, and mMTC networks.

• Devices are randomly distributed over in the BS
covering area, and each device D1≤i≤m generates six
different type service requests (RD).

• The arrival process of RD is the rate of Poisson
process (ρ). The offered range is varied from 0 to 3.0.

• The total spectrum resource of each BS (MB)

is 150 Gbps, and the equity base amount (RB)

is 15 Gbps.
• We assume the absence of physical obstacles in the
network area.

MCS
(
GVI

D

)
=

(
Dj ∈ DVI |γ

T
Dj

, γ
Q
Dj

)
= max(

γ TDj
,γ

Q
Dj

) ST , SQ

s.t.,



ST =

∏
Dj∈DVI

(
UTDj

(
MI

Bi
, RDj , γ

T
Dj

)
− dDj

)

SQ =

U
Q
Dj

(
MI

Bi
, RDj , γ

Q
Dj

)
− dDj

U∗

Dj

(
MI

Bi
, RDj , γ

Q
Dj

)
− dDj

= . . . =

U
Q
Dk

(
MI

Bi
, RDj , γ

Q
Dj

)
− dDk

U∗

Dk

(
MI

Bi
, RDj , γ

Q
Dj

)
− dDk


Dj, Dk ∈ DVI andU

T
Dj

(·) , U
Q
Dj

(·) > dDk

(10)
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TABLE 2. System parameters used in the simulation experiments.

• The resource allocation process through the cooperative
games is specified in terms of basic allocation units
(BAUs) where one BAU is 16 Mbpsin this study.

• The disagreement points (dD) for the lower level stage
games arezeros.

• The virtualized multi-service network performance
measures obtained on the basis of 100 simulation runs
are plotted as functions of the Poisson process (ρ).

To evaluate the proposed scheme, we compare its perfor-
mance in terms of system throughput, mobile device payoff
and fairness over offered service request generation ratios.
Table 2 shows the control parameters and system factors used
in the simulation.

In Fig. 2, the system throughput in the multi-service
platform is shown to evaluate the proposed scheme and the
existing RAMSV, MSVRA and MDSRA protocols. In the
viewpoint of system operator, the system throughput is a
main performance criterion. Essentially, it is synonymous to
system resource utilization. It is obvious that our scheme can
ensure a much more system throughput than other existing
protocols. The main reason of performance improvement is
that we make control decisions based on the interactive coop-
erative game model; our hierarchical approach adaptively
approximates the optimal system throughput under widely
different and diversified multi-service network situations.

Fig. 3 displays the performance comparison results of
device payoff. When the service request ratio increases, the
device payoff of all protocols also increases. It is intuitively
correct. Compared with the other existing schemes, we can
attain the highest device payoff among the four different
schemes. In the proposed scheme, each individual VNO
adaptively distributes the assigned slice into mobile devices
based on the multi-criteria bargaining mechanism. This
means that we can guide selfish mobile devices to effectively
share the limited resources while considering two different

FIGURE 2. System throughput in the WNV system.

FIGURE 3. Normalized device payoff.

FIGURE 4. Fairness for the intra-slice allocation process.

criteria. Based on the desirable features of NBS and KSBS,
our cooperative game based approach is quite adaptable to
maximize the device payoff.

Fig. 4 illustrates the Jain’s fairness index for mobile
devices. As shown in the curves, our proposed scheme outper-
forms the existing RAMSV, MSVRA and MDSRA protocols
by a large margin. In the proposed scheme, each VNO can
dynamically allocate its resource based on the combination
of NBS and KSBS. Originally, bargaining solutions are
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developed to fair-efficiently share the limited resource. Our
combined bargaining approach can collectively capture how
to negotiate the difference between the throughput and QoS
basedmeasures. Therefore, all devices fairly share the limited
resource in the intra-slice allocation process. Simulation
results confirm that the excellency of our proposed scheme
for the fairness index of mobile devices.

VI. SUMMARY AND CONCLUSIONS
With the explosive growth of demands for a variety of
wireless communication services, the spectrum scarcity has
become an inevitable fact for the network operators. Recently,
the WNV technology has been proposed as a promising
candidate to effectively maximize the multi-service network
performance. In this paper, we investigate a hierarchical
resource allocation scheme for the multi-service network
system. Based on the WNV technology, we develop a novel
hybrid control mechanism. At the upper level stage, the
inter-slice allocation process is addressed according to the
idea of KSBS. In this process, we use the BV method to
decide the disagreement point of VNOs. At the lower level
stage, the intra-slice allocation process is formulated as
the multi-criteria resource allocation problem.By combining
the NBS and KSBS, we can effectively negotiate the
measure difference. Through the VNO-device coordinated
association, our joint control method canreach a mutually
acceptable solution under dynamically changing virtual
network conditions. Finally, simulation results show the
overall performance of multi-service resource allocation
problem, which can be well modelled by using WNV
technology. Through the numerical analysis, we demonstrate
the performance gains brought by our proposed scheme, and
verify the superiority of our hierarchical control paradigm
by comparing the existing RAMSV, MSVRA and MDSRA
schemes.

As a future work, we will consider the allocation problem
of different kinds of resources between multiples InPs and
MVNOs. Furthermore, it is interesting to formulate the multi-
input multi-output orthogonal frequency division method
for increasing the flexibility and efficiency of virtualized
wireless communications. Moreover, in future versions of
our proposed scheme, a new optimization model can be
considered related to economic policies of the virtualizing
entities, security, and the hardware designs.
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