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Abstract—In the transformative data-driven era, Compute
Continuum - consisting of the edge, fog and cloud - has been
introduced as a viable long-term economic model. In this setting
the problem of utilizing the appropriate compute resources
at optimal processing points (edge, fog, cloud) in the system,
becomes of paramount importance. In this paper, we address this
issue by introducing the novel concept of mutualistic computing.
Specifically, we do not simply account for the interactions among
the involved actors, but we consider that the edge, fog, and the
cloud computing providers establish an obligate symbiosis with
the users in order to serve their computing demands. A network
economics-based analysis is introduced in order to jointly enable
the computing providers and the users to maximize their profit
and utility, respectively. Two pricing models are studied to
determine the computing providers’ optimal prices in terms of
maximizing their profit. The first one - free market pricing model
- enables the full competition among the computing providers and
is formulated as a non-cooperative game among the computing
providers. The second one - oligopoly pricing - is introduced
among the cloud computing provider (leader) and the edge, fog
computing providers (followers), and is treated via a Stackelberg
game. The performance evaluation of the proposed approach is
achieved via modeling and simulation, and the tradeoffs of the
two different pricing models within the mutualistic computing
paradigm are highlighted.

Index Terms—Network Economics, Mutualistic Computing,
Compute Continuum, Game Theory.

I. INTRODUCTION

The explosive growth of Internet of Things (IoT) and
the number of connected devices, as well as the advent of
next-generation applications, such as virtual/augmented reality,
Tactile Internet, have jointly contributed to an unprecedented
need for computing resources [1]. Towards addressing the
increased computing demand, the Compute Continuum has
been introduced as a viable solution, consisting of the edge,
fog, and cloud computing resources [2], [3]. In this paper, we
introduce the novel concept of mutualistic computing in the
Compute Continuum era, where the edge, fog, and the cloud
computing providers establish an obligate symbiosis with the
users in order to serve their computing demands [4]. A network
economics analysis is provided considering the free market and
oligopoly pricing models for the computing providers, aiming

{ The authors had equal contribution.
The research of Dr. Tsiropoulou was partially supported by the NSF CISE
CNS Award # 2219617.

at maximizing their profit, while simultaneously maximizing
the users’ utility from the provided computing resources.

A. Related Work

Several studies have been conducted in the field of resource
allocation and pricing in edge, fog, and cloud computing
environments. Focusing on cloud computing, a price bidding
mechanism is introduced in [5] among the cloud providers
and is formulated as a non-cooperative game. The Nash
equilibrium is determined concluding to the optimal price
announced by each cloud provider that maximizes its benefit
from the consumers. A reinforcement learning-based pricing
mechanism is introduced in [6] enabling the cloud providers to
decide the prices that jointly optimize their profit and cost. The
novel aspect of this research work is that it accounts for the
users’ personality and Quality of Service (QoS) satisfaction,
while designing the pricing decision-making algorithm for the
cloud providers. An incentive-based auction pricing model
is proposed in [7], which incentivizes the users to purchase
computing resources from the cloud computing providers
while guaranteeing a minimum profit rate for the later ones.

Focusing on the edge computing paradigm, the optimization
of the edge computing provider’s (ECP) profit is formulated as
a mixed-integer programming problem in [8] aiming at jointly
determining an optimal resource allocation and pricing. Given
the complexity of solving this problem, a greedy-and-search-
based iterative algorithm is proposed to determine the optimal
solution. A Stackelberg game-theoretic approach is presented
in [9] among the ECPs (leaders) and the users (followers).
The ECPs determine their optimal prices to maximize their
revenue, while the users select an ECP that will be served
from, considering the announced price. Three dynamic pricing
schemes for the ECPs are discussed in [10] based on a bidding,
uniform, and a fairness-seeking differentiated pricing model,
respectively. A detailed comparative evaluation is provided,
highlighting the drawbacks and benefits of each model.

Limited research efforts have been devoted to the pricing
models in a joint edge, fog, and cloud computing environment.
In [11], the interactions among the edge servers and the cloud
provider are studied following a Stackelberg game-theoretic
approach. The cloud provider (leader) determines the optimal
price to maximize its profit while the edge servers determine
the optimal amount of offloaded computing tasks to the
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cloud. A double-layer Stackelberg game-theoretic approach is
discussed in [12] among the cloud provider, edge servers, and
users, aiming at optimizing the benefit of each involved entity,
via determining the optimal announced prices by the cloud
and edge computing providers. In [13], a multi-ECP market
is studied based on a Stackelberg game-theoretic approach
among the ECPs (leaders) and the users (followers). The
proposed model determines the optimal price of each ECP
to maximize its profit, and the optimal partial task offloading
for each user to maximize its utility.

B. Contributions & Outline

The aforementioned research works have concentrated on
designing pricing models, either among the cloud and the
users, or the cloud and the edge, or the edge and users,
thus addressing the problem in a rather fragmented manner.
Therefore, none of the existing studies have designed a pricing
model for the whole Compute Continuum, ranging from the
edge to the fog to the cloud. More fundamentally, the simulta-
neous interactions of the users with the computing providers in
the Compute Continuum in order to conclude to an operational
computing environment, where each involved entity optimizes
its benefit, has not been studied in the existing literature.
This article fills this gap by introducing the novel concept of
mutualistic computing in the Compute Continuum era based
on a network economics analysis. Our main contributions are
listed as follows.

1) The obligate symbiosis among the edge, fog, cloud
computing providers and the users is introduced where
none of those entities can operate without the other,
thus, they engage in a mutualistic partnership. Based
on this analysis, the novel concept of mutualistic com-
puting is proposed following the principles of evolution
in biological ecosystems. Each mutualistic partner aims
to maximize its benefit. Specifically, the users and the
computing providers aim to maximize their utility from
purchasing the computing resources, and their profit from
offering computing services, respectively.

2) Two pricing models are studied to determine the com-
puting providers’ optimal prices in terms of maximizing
their profit. The free market pricing model is introduced
enabling full competition among the computing providers
in order to determine their optimal prices while address-
ing the users’ computing needs. The free market pricing
model is formulated as a non-cooperative game among
the computing providers and the existence of a Nash
equilibrium is shown.

3) Second, an oligopoly pricing model is introduced among
the cloud computing provider (leader) and the edge, fog
computing providers (followers). The oligopoly market
model is captured via a Stackelberg game-theoretic model
and the Stackelberg equilibrium is determined, thus,
calculating the optimal prices of the computing providers.

4) A detailed network economics-based analysis is per-
formed, highlighting the drawbacks and benefits of the

{

Fog Service Area
Edge Service Area

Mutualistic Computing
Fig. 1: Mutualistic computing paradigm in the Compute Con-
tinuum era.

free market versus the oligopoly pricing model in the
mutualistic computing paradigm.

The novel concept of the mutualistic computing in the Com-
pute Continuum era is presented in Section II. The free market
and oligopoly pricing models are presented in Sections III and
IV, respectively. A detailed network economics analysis via
a numerical evaluation is provided in Section V, and finally
Section VI concludes the paper.

II. MUTUALISTIC COMPUTING

A. A Biological Analogy

Following the operational principles of a biological ecosys-
tem, two or more organisms can not survive one without the
other, thus, they engage in an obligate symbiosis. Among the
different types of obligate symbioses, e.g., commensalism,
parasitism, the mutualistic obligate symbiosis presents great
interest. Under mutualistic symbiosis, an organism can offer a
resource to the other organisms, and the latter ones provide a
service as a reward. A well-known mutualistic relationship is
the one between the clownfish and the anemones. Clownfish
are immune to anemone stings in contrast to other small sea
animals, thus, the clownfish can hide in anemone’s stings
from potential predators, and also attract other fish looking
for a meal, via their bright color which will be trapped by
the anemone for ingestion. On the other hand, the anemone
provides shelter to the clownfish as a service. Following
this mutualistic anology from the biological ecosystems, the
edge, fog, and cloud computing providers, called Mutualistic
Computing Components (MCCs), provide their computing
resources to the users, i.e., acting as the clownfish, while
the users provide a reward via the price that they pay, i.e.,
acting as the anemone. The MCCs and the users are called
mutualistic partners, given that they engage into the mutual-
istic relationship. The users need the MCCs to support their
computing demand, and the MCCs need the users to purchase
their computing resources in order to stay in business.

1566

Authorized licensed use limited to: UNIVERSITY OF NEW MEXICO. Downloaded on September 11,2024 at 02:14:14 UTC from IEEE Xplore. Restrictions apply.



WS16 IEEE ICC 2023 Second IEEE Workshop on SIGNIS: Softwarized Next Generation Networks for 10T Services

B. System Model

The MCCs provide safe computing resources, e.g., virtual
machines, and a Common Pool of Computing Resources
(CPCRs), e.g., serverless computing. We denote the set of
MCCs as I = {C, F, E}, i.e., the cloud (C), fog (F), edge
(E) computing providers. For the safe computing resources,
the price is fixed per each MCC P/ e[#cyczes]ﬁi el,
which allocates sufficient computing resources to each of-
floaded computing task by each user in order to guarantee
the users’ QoS prerequisites satisfaction. For the CPCR,
the price is variable, and depends on the users’ computing
demand and the competitive behavior of the MCCs in the
computing market. The MCCs price vector for the CPCR
is P = [PEFOR PEPOR POPOR[ B ——]. Given the
risky nature of the CPCR in terms of its availability, the
pricing of the CPCR is lower compared to the safe computing
resources, which are exclusively allocated to the users [14].

In the following analysis, we consider an indicative topology
of the Compute Continuum (Fig. 1), showing the different
coverage areas of the MCCs. Also, for greater generality in our
analysis, we consider that all the MCCs are independent and
their goal is to maximize their profit via providing computing
services to the users. In the general case, each user requests
two types of applications, i.e., critical and elastic applications.
For critical applications, the user allocates a part of its budget
to purchase safe computing resources, while for its elastic
applications, the user opportunistically shapes its demand
based on its computing needs and the MCCs’ prices.

C. Mutualistic Partners Characteristics

Each user’s goal is to maximize its resource profit by
exploiting the MCCs’ CPCR that serve its area:

Pl:  maxUy,(P)— > PSR b, (1a)
viel

s.t. PEPOR > 0,Vi € I,Va € 4; (1b)

bui >0 (1c)

where b, ;[CPU — Cycles] is the CPCR allocated by the
MCC i to the user u. We denote as U = {1,...,u,...,|U|}
the set of users requesting services in the examined Compute
Continuum and as U, C U the set of users residing in area a,
and the sets of areas that each MCC serves as A;, A;, Ay.
For example, we have A4, = {1,2,...,7} for the cloud,
A; ={2,3,...,7} for the fog, and A, = {3,5,7} for the
edge computing provider. The users’ pure utility U, (P) can
be defined as a quadratic and strictly concave function, where
the corresponding computing demand is linear by extending
the Singh and Vives model [15], as follows:
Bibl
L{u(bu,i, bu,j, bu,k) = ®ibu,i + oybu,j + arbux — 5 >

ﬁjbi,]’ + ﬁkbi,k + 29by,ibu,j + 2€bu, by + 2Cbu,ibuk (2)

2

where the coefficients are real numbers and their relative
values can be derived by the following analysis and i, j, k € I,
with ¢ # j # k. Towards solving the optimization problem
(la) — (Ic), we solve the set of linear equations that are
derived from %[Uu(buyi, bu,jsbuk) — 2 P&PCR bui) =

viel
0,ve € I. Initially, we determine the determinants
Dy, . Dy, ;, Dy, ,,D and by solving the system of

inequalities Dy, , > 0,Dp,, > 0,Dp,, > 0,D > 0
we determine the relative values of all the coefficients
included in Eq. 2. Then, we determine the optimal purchased
CPCR from user v from each MCC 4,Vi € I, as b, ;(P) =
Bu,i _M;LPi%PCR+M1i€kPIcC:fCR+M;€jP]?aPCR’ Where» Bu,i =
ﬂjﬁkaﬁ‘)\?,kad—)\j,iﬁwj—Ak,jkk,z‘aj—Aj,Mk,jOtk-i-)\k,z‘Oék,@j

) ,  with
Aij = Ak = 6Xix = (D = =688k — )\?,k) +
XigNigBie = Ajrdik) = XikNjrdiy = Bidix) wif =
BeBi—=Neys uw _ Akgdi—XiiBe o u

D. ’ui7.k: — . D ’ 1lj .
applying the index rotation for the general case. Focusing on
the users’ aggregated CPCR computing demand in a serving
area a, it can be calculated as D; ,(P) = > b,;(P), and

YueU,
for notation convenience, it can be written as follows:

_ AiAk—AkiB;
o) and

Dia = Bia — wi PO + g POy O+ i, PETCT 3)
where B; ,[CPU — Cycles| denotes the users CPCR comput-
ing demand in area a from the MCC 4,Vi € I. The physical
meaning of the u$ coefficient captures the sensitivity of the
users’ CPR computing demand to a price change, when being
served by MCC . The physical meaning of the 7 and pf ;
reflects the portion of CPR computing demand that flows from
MCC k and j to MCC i for a given price offered by the MCC
k and j, respectively. The profit of each MCC ¢,Vi € I, at an
area a can be defined as follows.

PRi,a(Pz‘?aPCRy ngEJR) _ Di,aPi(:'aPCR 4 N:,ZfEP;afe
_ N;Zfedi[Bireq o Bi;;ﬁi,aﬁ 4)
The first term of Eq. 4 represents the revenue of MCC i
by covering the aggregated CPCR computing demand D; , at
an announced price P{;7“® at a serving area a. The second
term of Eq. 4 captures the MCC i’s revenue from covering
the N; Zf © users safe computing demand at a serving area a.
We consider that the safe computing demand is quantized, and
each safe computing quantity has a fixed price for each MCC,
e.g., request for a virtual machine. In general, Niﬂ:f ¢ can be
greater or smaller than |U,|, but it will be an apriori known
parameter in the system. The third term of Eq. 4 represents the
discount offered by the MCC to the N,f‘;f © users, if the MCC
cannot satisfy their safe computing demand that the users have
already paid for this requested service with a fixed price Pf“f ‘.
The MCC #’s discount factor is denoted as d;% of the price
P;af ¢. The minimum safe computing resources prerequisite of
the users from MCC i is B] “/[C’PU — Cycles|. The MCC i’s
overall profit by allocating its computing resources to the users
\Ual, Va € A; is PR;(PPCR POPCR) = S~ PR, ,.
Ya€A,
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III. FREE MARKET PRICING MODEL

In this section, we introduce a free market pricing model
in the mutualistic computing paradigm, considering full com-
petition among the MCCs in order to determine the optimal
prices that maximize their profit, while supporting the users’
computing demand. Given their full competition nature, the
MCCs profit maximization problem can be formulated as
a non-cooperative game among them. We denote as G =
[I,{P;}vicr, {PRi}vics] the non-cooperative game, where |
is the set of players, i.e., MCCs, P; is the set of pricing
strategies of each MCC 1 for its CPCR, and PR; is the MCC
i’s total profit. We denote as P¢TCF the price vector of
MCC ¢ for all its serving areas. For example, based on Fig.
1, we have PgPCR = [Pca,Pcg, ..., Pc 7] for the cloud,
PYPOR = [Pro, Prs, ..., Ppy] for the fog, and PEPOR =
[Pe.s, Pg 5, Pg 7] for the edge computing provider. Also, we
denote as PEFCF the price vector of the prices of all the
other MCCs except MCC 4. The best response dynamics can
be followed to determine a Nash Equilibrium P*.

Definition 1: (Nash Equilibrium - NE): The
price vector P* = [PGPORx pOPCR« pOPCRY]
is a Nash Equilibrium of the non-cooperative game
G, if for every i € I, PR;(PSPCRs pCPCRy) >
PR;(P§FPOR pCPCRY) ypOPOR ¢ P,

The best response function of the MCC i is given as follows.

Bi(PSTOR PEPORY — argmax PR, (PSTOR PEPOR) (5

PCPCR

Based on Eq. 4 and Eq. 5, it can be easily shown that
the best response function B;(PSTCE PCFPCR) admits
the properties of : (i) positivity: B;(P¢TCR PCPCR) > ¢
considering that the safe computing resources discount
is less than the revenue from these resources;
(ii)) monotonicity: if Pl-CP CR > PZ-CP OR' " then
B; (PiCPCR7 ng’CR) > B; (PZCPCR’ ’ ngCR), and
(iii) scalability: for all « > 1, it holds true that
kB;(PSPCR pOPCRy > B (xP{POR PCPCR) [16].
Thus, the best response function is a standard function and
at least one NE exists. The NE can be determined by solving

. 8PR1 PCPCR’PCPCR
the set of equations ( S PP ) _

0, following
any typical numerical method, Such as the gradient method.
The NE determines the optimal prices of the MCCs at each
serving area considering the full competition among the
MCCs under the free market pricing model.

IV. OLIGOPOLY PRICING MODEL

In this section, we study the mutualistic computing
paradigm under the prism of an oligopoly market, where the
cloud computing provider acts as a leader, given its higher
computing capacity availability. The edge and fog computing
providers act as followers to the price announced by the cloud,
and all the MCCs interact among each other to shape the
market price in order to converge to a smooth symbiosis. The
oligopoly pricing model can be captured via a single-leader
(cloud) multiple-followers (edge and fog) Stackelberg game.
The Stackelberg equilibrium determines the prices of the cloud

computing provider per serving area a, i.e., PSPCE, that
maximize its profit PR.(PSPCR PCECR) and the prices
announced by the edge PEFCF and fog PEPCF computing
providers, as determined by the Nash Equilibrium of a non-
cooperative game among them.

The leader, i.e., cloud computing provider, determines the
optimal prices per area to maximize its profit, as follows.

CPCR CPCR CPCRx
BC(PC P2 ):Pc

= argmax PR¢(
PEPOR

PgPCR,ngCR) (6)

Then, the edge and the fog computing providers participate
in a non-cooperative game among them, competing among
each other in order to maximize their own profit. Their best
response functions can be derived as follows for the edge (Eq.
7) and the fog (Eq. 8) computing provider.

Be(PGFOR pOLCR) _ pOrCR.
= argmax PRy (PSR PCLCRy (1)
PCPOR
Br(PPCR POLCR) _ pOPCR:

= argmax PRp(

CPCR
PE

PgPCR7 PE*IJ;CR) (8)

The NE of the non-cooperative game among the edge and
fog computing providers can be determined by following a
similar approach, as the one presented in Section IIl. The
Stackelberg game is repeated iteratively until it converges to
the Stackelberg Equilibrium (SE). The SE can be determined
by following a numerical method, such as the gradient method.

V. NUMERICAL RESULTS

In this section, a detailed network economics-based analysis
of the proposed mutualistic computing paradigm is provided
under both the free market and oligopoly pricing models.
Initially, in Section V-A, we validate the performance and
operation of the two pricing models. A scalability analysis is
then presented in Section V-B, both from the users’ computing
demand perspective, and the computing providers’ profit. In
Section V-C, a quantitative comparative study of the benefits
of the proposed model compared to the state-of-the-art is
provided. An indicative simulation topology is presented in
Fig. 1. Unless otherwise explicitly stated, the specific system
parameters used throughout our evaluation are as follows:
Pse/e = (1000, 1100, 1200][ zpp2 ] @i = 2 x 107,
Bi = —50.10, B, = —66.82, B, = —100.28, ¢ = 3.26,y7 =
1.59,¢ = 2.42, U, = [25,20,20,15,15,10, 10], NZ?fe =
[1,2,2,3,3,4,4], N}afe = [3,3,4,4,5,5], N;”fe = [4,5,6
Bgﬁq = 30, B? = 20, By? = 10[GCPU — Cycles
de = 30%, dp = 15%, dg = 10%.

8
8

A. Pure Operation & Performance

In this section, we demonstrate the operational characteristic
and the effectiveness of the proposed mutualistic computing
paradigm in terms of optimizing the computing providers
(cloud, fog, edge) profit, while adapting to the users’ comput-
ing demand. Fig. 2a - 2b show the MCCs’ optimal price and
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Fig. 3: Optimal prices under the (a) free market and (b)
oligopoly pricing models.

the users’ aggregated computing demand for the free market
and oligopoly pricing models, respectively. Three indicative
areas # 3, 5, 7 are studied, where all the MCCs coexist and
compete with each other in the computing service market. It
is noted that the higher the service area’s ID, the lower the
users’ CPCR computing demand B, as it can be derived by
their personal coefficients in Eq. 2.

Based on Fig. 2a - 2b, we initially observe that the scarcer
the MCCs’ computing resources become, i.e., ranging from
the cloud to the fog to the edge computing provider, the
higher the announced price by the MCC given the limited
availability of resources both for the free market (Fig. 2a)
and the oligopoly (Fig. 2b) models. Also, given the increased
price, in combination with the limited computing resources
of the MCCs, ranging from the cloud to the fog to the edge,
the corresponding users’ computing demand decreases under
both pricing models. Furthermore, the higher the service area’s
ID, the lower the initial users’ demand Bf, and the total
aggregated demand D; , (Eq. 3) follows the same trend, as
it is shaped by the announced prices of the MCCs under both
pricing models. Focusing on the comparison of the free market
vs. oligopoly, we observe that under the oligopoly pricing
model, the prices are slightly increased for all the service areas
(Fig. 2b). The price increase under the oligopoly pricing model
drives the slight decrease of the aggregated CPCR computing
demand (Fig. 2b).

Fig. 3a - 3b illustrate the behavior of the MCCs’ total profit
as a function of the percentage deviation from the optimal
announced price P{PCR* i ¢ I, for the free market and
oligopoly pricing models, respectively. The results reveal that
under both pricing models, the MCCs cannot achieve a higher
profit if they deviate from the Nash Equilibrium (free market
model, Fig. 3a) or the Stackelberg Equilibrium (oligopoly
model, Fig. 3b). Also, the results show that the free market
model drives the MCCs to decrease their prices compared to

in 53
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Fig. 4: Comparison of (a) total MCCs’ profit and (b) users’
average utility under the free market and oligopoly pricing
models.
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Fig. 5: Computing providers’ profit scalability under the (a)
free market and (b) oligopoly pricing models.

the oligopoly model (Fig. 2), resulting in lower computing
costs for the users, but also lower profit for MCCs (Fig. 3).
Furthermore, Fig. 4a - 4b illustrate the MCCs’ profit difference
under the oligopoly and free market models and the users’
average utility per area, respectively. The results show that
all the MCCs achieve a substantially higher profit under the
oligopoly market model (Fig. 4a), resulting in a lower average
utility for the users (Fig. 4b), who experience a higher price
in order to purchase the CPCR resources. Also, by taking a
closer look at the results of Fig. 4a, we observe that the cloud
provider substantially benefits in terms of profit-making under
the oligopoly market model, given that it acts as a leader in the
market compared to the fog and edge computing providers.

B. Scalability Analysis

In this section, a detailed scalability analysis is provided
both from the users’ average utility, and the total MCCs’
profit perspective, under the free market and oligopoly pricing
models. Fig. 5a - 5b present the total MCC’s profit and the
users’ average utility in all the examined areas under the
scenarios of free market and oligopoly market, respectively, for
an increasing number of users, where the value O represents
the baseline scenario, ie., U; = 25, Uy = 20, U3 = 20,
Uy = 15, Us = 15, Ug = 10, and U; = 10. The results
show that as the number of users increases, the total MCCs’
profit also increases under both market models, as more
users are purchasing computing resources. However, under
the oligopoly market model (Fig. 5b), the MCCs achieve to
make higher profit compared to the the free market model
(Fig. 5a), as the unit price of the CPCR resource is higher,
as explained in Section V-A. Driven by the latter observation,
the users’ average utility decreases faster under the oligopoly
market model (Fig. 5b) as a function of the number of users
requesting computing resources, given the higher announced
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unit price of the CPCR resource. Also, it is noted that under
both market models, the users’ average utility decreases as
the number of users in the areas increase, given that a larger
number of users share the same common pool of computing
resources.

C. Comparative Evaluation

In this section, we provide a detailed comparative evaluation
in order to demonstrate the drawbacks and benefits of the
proposed mutualistic computing paradigm in the Compute
Continuum under both the free market and oligopoly market
modeling. Specifically, the proposed mutualistic computing
paradigm is compared to two alternative scenarios, regarding
the users’ sensitivity to the common pool of computing
resources’ price changes, and its impact on the total MCCs’
profit. The two examined comparative scenarios are: (a) Com-
mon Area Sensitivity (CAS): all the users present the same
sensitivity to the announced price of the common pool of
computing resources per area, and, each user is characterized
by personalized sensitivity metrics, as captured in Eq. 2; (ii)
Common Sensitivity (CS): all the users present the same
sensitivity to the price changes of the common pool of com-
puting resources in all the examined areas. The results show
that our proposed mutualistic computing paradigm that treats
the users in a personalized manner in each area within the
Compute Continuum, regarding their price sensitivity, achieves
the highest total profit for the MCCs under both the free
market (Fig. 6a) and the oligopoly market (Fig. 6b) modeling.
By taking a closer look at the results, we also observe that
the Common Sensitivity scenario, which ignores the users’
personalized sensitivity to the common pool of computing
resources’ price change, results in the lowest profit-making for
the MCCs under both examined market models. Finally, it is
again confirmed that under all the aforementioned comparative
scenarios, the MCCs achieve higher profits under the oligopoly
market modeling.

VI. CONCLUSION

among the computing providers and its Nash Equilibrium is
determined in order to calculate the computing providers’
optimal prices. The oligopoly pricing model is studied via a
Stackelberg game-theoretic approach among the cloud (leader)
and the edge, and fog computing providers (followers). The
Stackelberg Equilibrium is determined and the optimal prices
of the computing providers are derived. A detailed perfor-
mance evaluation is performed, and the drawbacks and benefits
of the free market versus the oligopoly pricing model are
highlighted. Our current and future work focuses on extending
the mutualistic concept in a jointly integrated computing
and communication system, studying the interdependencies
between communication and computing resources.

REFERENCES

[1] D. T. Nguyen, L. B. Le, and V. Bhargava, “Price-based resource
allocation for edge computing: A market equilibrium approach,” IEEE
Transactions on Cloud Computing, vol. 9, no. 1, pp. 302-317, 2018.

[2] DOE, “DOE workshop report: 5g enabled energy innovation
workshop,” 2020. [Online]. Available: https://science.osti.gov/-
/media/ascr/pdf/programdocuments/docs/2020/5G_Workshop_Report
_2020.pdf

[3] M. Diamanti, P. Charatsaris, E. E. Tsiropoulou, and S. Papavassiliou,
“Incentive mechanism and resource allocation for edge-fog networks
driven by multi-dimensional contract and game theories,” /[EEE Open
Journal of the Communications Society, vol. 3, pp. 435-452, 2022.

[4] Y.-C. Liang, R. Long, Q. Zhang, and D. Niyato, “Symbiotic communi-
cations: Where marconi meets darwin,” IEEE Wireless Communications,
vol. 29, no. 1, pp. 144-150, 2022.

[5] J. Hu, K. Li, C. Liu, and K. Li, “A game-based price bidding algorithm
for multi-attribute cloud resource provision,” IEEE Transactions on
Services Computing, vol. 14, no. 4, pp. 1111-1122, 2018.

[6] P. Cong, J. Zhou, M. Chen, and T. Wei, “Personality-guided cloud
pricing via reinforcement learning,” IEEE Transactions on Cloud Com-
puting, vol. 10, no. 2, pp. 925-943, 2022.

[71 S. Li, J. Huang, and B. Cheng, “A price-incentive resource auction
mechanism balancing the interests between users and cloud service
provider,” IEEE Transactions on Network and Service Management,
vol. 18, no. 2, pp. 2030-2045, 2020.

[8] Y. Fan, L. Wang, W. Wu, and D. Du, “Cloud/edge computing resource
allocation and pricing for mobile blockchain: an iterative greedy and
search approach,” IEEE Transactions on Computational Social Systems,
vol. &, no. 2, pp. 451463, 2021.

[91 W. Zhang, X. Li, L. Zhao, X. Yang, T. Liu, and W. Yang, “Service

pricing and selection for iot applications offloading in the multi-mobile

edge computing systems,” IEEE Access, vol. 8, pp. 153 862-153871,

2020.

B. Baek, J. Lee, Y. Peng, and S. Park, “Three dynamic pricing schemes

for resource allocation of edge computing for iot environment,” /[EEE

Internet of Things Journal, vol. 7, no. 5, pp. 4292-4303, 2020.

Z.-L. Chang and H.-Y. Wei, “Flat-rate pricing for green edge computing

with latency guarantee: A stackelberg game approach,” in 2019 IEEE

GLOBECOM. IEEE, 2019, pp. 1-6.

T. Wang, Y. Lu, J. Wang, H.-N. Dai, X. Zheng, and W. Jia, “Eihdp:

Edge-intelligent hierarchical dynamic pricing based on cloud-edge-client

collaboration for iot systems,” IEEE Transactions on Computers, vol. 70,

no. 8, pp. 1285-1298, 2021.

(10]

(11]

[12]

. . . . . . [13] G. Mitsis, E. E. Tsiropoulou, and S. Papavassiliou, “Price and risk aware-
In this paper, inspired by the operation of the biological ness for data offloading decision-making in edge computing systems,”
ecosystems we introduce the novel concept of mutualistic IEEE Systems Journal, pp. 1-12, 2022. , ,
fi ithin the Compute Continuum. by studving th [14] ——, “Data offloading in uav-assisted multi-access edge computing
compu.mg w1 . e ompute L0 uum, by studying . € systems: A resource-based pricing and user risk-awareness approach,”
mutualism relationship among the cloud, edge, fog computing Sensors, vol. 20, no. 8, p. 2434, 2020.
providers and the users. A network economics-based analysis ~ [15] N. Singh and X. Vives, “Price and quantity competition in a differenti-
.. . .. . . ated duopoly,” The Rand journal of economics, pp. 546-554, 1984.
is introduced in order tOJOlntly enable the computing pr0v1ders [16] E. E. Tsiropoulou, G. K. Katsinis, and S. Papavassiliou, “Distributed
and the users to maximize their profit and utility, respectively. uplink power control in multiservice wireless networks via a game
Two types of computing pricing markets are studied. The free th?rgic %EPFOZ;CSh with Con‘ie’;gicingf” ’EEnggféﬂsggiizoﬂs on Parallel
. . . . tribut tems, vol. 23, no. 1, pp. 61-68, .
market pricing model is captured as a non-cooperative game and Pistributed Systems, Vo fo- % pp
1570

Authorized licensed use limited to: UNIVERSITY OF NEW MEXICO. Downloaded on September 11,2024 at 02:14:14 UTC from IEEE Xplore. Restrictions apply.



