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Abstract

As an increasing number of cloud service providers begin to provide cloud computing services,
they form a competitive market to compete for users. Due to different resource configurations
and service workloads, users may observe different response times for their service requests and
experience different levels of service quality. To compete for cloud users, it is crucial for each
cloud service provider to determine an optimal price that best corresponds to their service
qualities while also guaranteeing maximum profit. To achieve this goal, the underlying rationale
and characteristics in this competitive market must be clarified. In this paper, we analyze price
competition in the multimedia cloud service market with two service providers. We characterize
the nature of non-cooperative games in a duopoly multimedia cloud service market with the goal
of capturing how each cloud service provider determines its optimal price to compete with the
other and maximize its own profit. To do this, we introduce a queueing model to characterize
the service process in a multimedia cloud data center. Based on performance measures of the
proposed queueing model, we suggest a price competition problem in a duopoly multimedia cloud
service market. By solving this problem, we can obtain the optimal equilibrium prices.
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1. Introduction

Cloud computing is a new paradigm for the
provisioning of a variety of computing resources,
such as infrastructure, platforms, and software
applications, to reduce the cost of operating and
managing hardware and software resources by
converting the locations of computing resources to
networks. Through cloud computing services, users
can focus on their core business processes without
the hindrance of ICT obstacles[1-4].

The main enabling technology for cloud computing
is virtualization. Virtualization software creates a
temporarily simulated or extended version of
computing resources such as processors, operating
systems, storage devices, and network resources. The
simulated or extended version (virtual machine) will
resemble an actual resource. There are numerous
objectives of virtualization. First, this strategy seeks
to utilize shared resources fully by applying
partitioning and time-sharing. Second, it centralizes
resource management. Third, it enhances cloud data
center agility and provides the required scalability and
elasticity for on-demand capabilities. Fourth, it can
improve the testing and running of software
diagnostics on different operating platforms. Fifth, it
seeks to improve the portability of applications and
the capability of workload migration. Sixth, it can
provide the isolation required for a high degree of
reliability, availability, and security. The seventh goal
is to enable server consolidation, and the eighth is to
provide self-management frameworks[5].

Among the various cloud-based software services
currently available, multimedia services are crucial for
cloud computing. As is well known, multimedia
services such as the media retrieval,
video-on-demand (VOD), free viewpoint video
(FVV), and over-the-top (OTT) services typically

require intensive computation and network resources,
which are burdens to client devices, especially to
resource-constrained mobile devices[6]. Various
multimedia cloud services provide a way to resolve
this problem. By migrating multimedia processing to
the cloud, the hardware requirements on the user side
are dramatically reduced. Users are able to access
targeted cloud services without restrictions on time
and/or place. The elastic and on-demand
characteristics of resource provisioning in the cloud
effectively satisfy the intensive resource demands of
multimedia processing[7].

Given that a user’'s level of multimedia service
demand may be met by any multimedia cloud service
provider (CSP), a rational user will choose the one
that maximizes the user’'s net reward, ie., its utility
obtained by choosing the multimedia cloud service
minus the required payment. The utility of a user is
not only determined by the importance of the task
(i.e., the magnitude of the benefit received by the user
when finishing this task), but is also closely related to
the urgency of the task (i.e., how quickly it can be
finished). The same task is able to generate more
utility for a cloud user if it can be completed within
a shorter period of time. Because diversity among
CSPs leads to different net rewards, multiple
multimedia CSPs form a market to compete for cloud
users. Existing real-world measurement results [8]
reveal that different CSPs complete tasks with
different completion times, with a CSP possibly
becoming less competitive with an inappropriate price
setting. With different price settings, payments made
to finish each benchmarking task are also different
across different CSPs. As a consequence, CSPs are
presented with a question: How can each multimedia
CSP determine the optimal price to maximize its
profit in such a competitive market, in which the

demands from users are sensitive to both the
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finishing time and the payment related to the
completion of a task? It turns out that answering this
question is nontrivial. On the one hand, CSPs may
wish to increase prices to generate more profit. On
the other hand, increasing prices excessively in a
competitive environment may risk losing potential
users, which then results in reduced profits.
Moreover, although reducing the price should
intuitively be an effective means of attracting users,
these users may overwhelm the CSP due to an
unreasonably low price, which then leads to longer
finishing times with regard to the tasks to be
completed. Hence, the reduced utility will prohibit
future users to choose this CSP.

This study explores price competition in a
formed by
multimedia CSPs. More specifically, we present an
analytical result of a duopoly multimedia cloud

service market in which two multimedia CSPs are

multimedia cloud service market

competing with each other. We use a tandem
queueing network to model a multimedia cloud data
center. Given that the pricing strategy of a CSP
depends on its competitor, we take a game theoretic
perspective to study the strategic situation. To the
best of our knowledge, this is the first study to
investigate price competition in a duopoly multimedia
cloud service market. The topic of price competition
has been of interest in numerous studies in the
context of economic markets with multiple service
providers. Petri et al.[9][10] studied the effects of risk
in service-level agreements in service provider
communities. Chen and Frank[11] presented an
analysis of equilibrium prices in a monopoly market,
and Chen and Wan[12] dealt with equilibrium prices
in a duopoly market with varying levels of demand.
Allon and Federgruen[13] analyzed a general market
for an industry of competing service facilities. Firms

differentiate themselves by their price levels and the

waiting times experience by their customers as well
as by different attributes not determined directly
through

competition game among multiple service providers

competition. A simultaneous  price
was also considered in networking research. Anselmi
et al.[14] studied a load balancing game with multiple
network links, each of which was under the control of
a profit-maximizing provider. Employing the theory
of a processor-sharing queue, they discussed the
existence of an oligopolistic equilibrium price for a
network al[15] studied a

non-cooperative price competition model in an IaaS

service. Feng et

(infrastructure-as—a-service) cloud service market
and derived equilibrium prices for both monopoly and
duopoly markets. However, they modeled a very
complex data center as a simple M/M/1 queueing
Kilcioglu and Rao[16]
introduced a price-quality competition game in not

system. More recently,

only a monopoly cloud service market but also a
duopoly cloud service market. For more details on
price competition in a duopoly market, readers are
recommended to see [15][16], and references therein.

The rest of this paper is organized as follows: In
section 2, we model a multimedia cloud data center as
a queueing network and introduce the utility function
of a cloud user. In section 3, we analyze price
competition in a duopoly market and present Nash
equilibrium prices for each multimedia CSP. In section
4, we briefly deals with price competition in a
oligopoly market and shows the method to derive
Nash equilibrium prices. Section 5 discusses certain
characteristics of Nash equilibrium prices with

several numerical experiments.

II. Model description and assumptions

In this section, we present our system model,
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including the data center architecture and its
queueing model. The data center architecture
characterizes the infrastructure of a multimedia cloud;
therefore, the queueing model is built to identify the
response time for service requests from users. We
also determine the structure of user utility functions
to describe duopoly price competition in the

multimedia cloud service market.

1. Queueing analysis

Currently, the vast majority of clouds are in the
form of data centers. [Figure 1] shows a simplified
version of the architecture of a multimedia cloud data
center. It is composed of a scheduler server, a number

of computing servers, and a transmission server.

Multimedia Cloud
Data Center

Scheduler Sewk[ Asmlssmn Server

Computing Server

Service Results or
Media Contents

o 425 4%

Figure 1. Multimedia cloud data center architecture

Service Requests

All of the servers in the data center are configured
by multiple virtual machine instances in order to
ensure more powerful resource capacity and higher
resource efficiency levels. When requests which
generated by multiple users arrive at the multimedia
cloud data center, the scheduler server receives all of
the requests and then distributes each request to a
computing server. As an actual processor, the
computing server utilizes the allocated computation

resources and the associated media contents to serve

the request. After processing, the service results or
the requested media contents will be sent back to
users. The transmission server acts as a gateway
node which controls the overall traffic and directs the
given packets to a specific destination. All servers in
the data center are usually connected with reliable
and high-speed communication links. Therefore, we
assume that the latency for transferring requests is
negligible and that no link connection errors occur
between servers.

We now introduce a queueing model to determine
the performance measures of the multimedia cloud
data center, in this case the response time for a
request. Based on the above architecture, a
corresponding queueing model is given in [Figure 2].
The model is expressed as a three-phase serial
queueing network (or a tandem queueing network)
which consists of a schedule queue, computation

queues, and a transmission queue.
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Figure 2. Queueing model of multimedia cloud data
center

All arriving requests are initially buffered at the

schedule queue on a first-in-first-out basis.
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According to Cao et al.[17], a request arrival on a web
server can be modeled as a Poisson arrival process.
Thus, we assume that the request arrival for a
multimedia cloud service follows a Poisson arrival
process with a rate of A. The requests are scheduled
to be sent to one of the computing servers at a rate
of u, by the scheduler server. The processing time
for a request in the scheduler server is assumed to
follow an exponential distribution. Therefore, the
mean response time for a request in the schedule
queve is given by T°“=(p,—X)"". Suppose that
there are N computing servers in the data center.
Each computing server manages its corresponding
computation queue to process requests. The scheduler
server allocates requests to the computing servers in
a round-robin fashion for proper load-balancing
among the virtual machine instances. According to
the decomposition property of a Poisson process[18],
subflows resulting from the even splitting of a
Poisson flow also follow a Poisson flow. Therefore, a
the " (i=1,2, -, N)

computation queue is modeled as a Poisson arrival

request arrival to
process with a rate of A\/N. The requests are sent to
the transmission server at a rate of pu, by each
computing server. The processing time for a request
in each computing server is assumed to follow an
exponential distribution. Therefore, the mean response
time of a request in the computation queue is given
by T"™=(p,~A/ N)~'. After being processed,
service results or media contents are sent back to
users through the transmission server at a rate of .
We also assume that the processing time for a
request in the transmission server follows an
exponential distribution. Therefore, the mean response
time of a request in transmission queue is given by
T = (p, —A)~". According to Jackson’s theorem
[19], the total response time in the data center is the

sum of the response times in the three phases. This
is formulated as T%= T+ o4 tran,

This study considers the multimedia cloud service
market which is consisting of two CSPs. Hence, users

must choose one of the two CSPs for their service

de

requests to be served. Let 77 be the total response
time of a user’s request after the user selects the jth

CSP (5=1,2). Assuming that one CSP owns one

de; .
data center, T 7 is expressed as

1 N; 1

J
+ , (D
I A

T¥\)=
) Niptej= A = A

where ), is the effective arrival rate of a request at
the ;" data center, N; is the number of computing
servers in the ;7 data center, and Hs jr My and . ;
are the processing rates of the scheduler server, the
computing server and the transmission server in the
jth data center, respectively. For analytical simplicity,
this study assumes that no request is dropped during
this process. In addition, for a data center to be stably
operated, the following condition should hold:
0 <X; <min{p, p Nyt b }-

Remark 1. Due to the recent virtualization
technology such as a multiple-container and an
advanced hypervisor technology, it is possible to
generate the almost infinite number of virtual
computing servers in a cloud data center. In this case,
the computing server farm can be modeled as
M/M/co queueing system. Hence, the mean

response time of a request in the computation queue

is given by T*"= ym(,ucf)\/]\’)*l:p;l, In
N—oo

consequence, the total response time of a users

request in (1) is simplified as follows:
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2. User’s utility
Introduced by Naor[20], the linear reward-cost

utility function has been adopted in numerous works
due to its ease of calculation and interpretation. In
this work, we also employ the linear reward-cost
utility. Let ¢ be the average delay cost units per unit
time, and D; be the admission price charged by the

™ CSP. Assume that all users are identical and that
each user obtains a reward or a service value of R
units after being served. Then, a user's utility after
being served by the jth CSP can be expressed by the

following linear equation:
Uj\)=R-TC;=R— (pj + CTfIC()‘j» ; @

where the user’s total cost TC} includes the delay

cost and the payment to the j CSP. Because user's
utility may be negative when the total cost exceeds
the reward, we assume that the user will decide to
use the multimedia cloud service if its utility is not

negative.

III. Duopoly price competition

Since two CSPs compete with each other by setting
prices to maximize their revenue, we can formulate
their price competition as a non—cooperative game. In
this section, we present simultaneous pricing (or
parallel pricing) strategy and then shows the
existence of a Nash equilibrium solution. A brief
concept of the price competition in the duopoly
multimedia cloud service market is given in [Figure
3l

Users

Computing Server

Figure 3. Price competition in duopoly multimedia
cloud service market

We assume that the arriving users are individual
optimizers. Then, given a particular admission price
D; of the CSP j, the equilibrium arrival rate of service
requests )\j satisfies the equilibrium conditions
U{X)=0, j=1,2.

Let m; be the expected revenue of the jth CSP.
Each CSP aims to maximize m; by choosing its
admission price D), which clearly depends on the
reaction of the other CSP and that of all cloud users.
Let 7(p;,p,) denote the expected revenue of the
CSP j if it chooses a price p;, given the other CSP
K's price py, j# k, and j,k=1,2. A pair of prices
(p1.py) s said to be a Nash equilibrium if it satisfies

following conditions:

W1(p;7p;> = 71’1(1717}7;)7 Vp, =0, (3)
oDy 23) = oDy ) Y py = 0.

At a Nash equilibrium state, any CSP cannot
increase the expected revenue by changing its
admission price unilaterally. That is, the Nash
equilibrium price is the optimal price a CSP can
achieve in the market when the two CSPs are not
cooperative. In addition, the expected revenue of both

CSPs are maximized, and the market is balanced
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dynamically. The equilibrium prices can be obtained
by a standard procedure of identifying the best
response function of each CSP. Let p; = F(p;) be
CSP j’s optimal admission price given the admission
price p, selected by CSP k. A Nash equilibrium

solution in this duopoly multimedia cloud service
market is then a pair of prices (p;,p,) such that
p, =Fy(p,) and p,=Fy(p,), ie, an intersection
point of two best response functions.

Take CSP 1 as an example. The best response
function F} can be found by assuming that CSP 2's

admission price p, is given and by solving CSP 1's

problem as follows:

max, \ PiA (4)
s.t.
AN =4,

Uy(\)=R—(p, +cTi()))=0,
0< A <min{p, 1, Nty by}
pl = 07

where A in the first constraint is the total arrival rate
of all users to the market (see [Figure 3]). The
second constraint indicates the equilibrium condition.
The third constraint is the stability condition.
Similarly, given the admission price p;, the best
response of CSP 2 that maximizes the revenue is

given as follows:

max, , DA ®)
s.t.
AN, =4,

Up(A\)=R—(p, +T5(N,))=0,
0=X\< min{ﬂsav ]VZ:U‘Q,Z? ﬂm}v
py = 0.

Using the first constraint of (4) and (5), we can

rewrite the problem (5) as follows:

max,, , [p+eT(A=X)—cTH(A) N, ©)
s.t.

pt CT{JC()\l): Dyt CTQ‘]"( )\2),

O < )\2 < min{ﬂsﬂ’ ‘]VZILL(;,Q’ILL&Q}’

Py = 0.

The above optimization problem can be solved by
differentiating the objective function with respect to

A, to determine the first-order condition for the value

of A\, to be optimal value such as
Py = X[ T (A= 2)+ TE (V)] )

where /') means the first derivative of a function f.
using the symmetric relation, the
first-order condition for the value of A; to be optimal

Similarly,

given the admission price p, is obtained as follows:

p =\ [T O+ T (a-0)]. ®
Combining (7) and (8), we have

Py =y = (20— A) [T (A )+ T (4.
)

From the first constraint in (6), we obtain
P —po =¢| (A= X)) — TN, ] 10)
Then, we finally get
(20, —A)G(\)= T5(A=X)— T{(Ny), (D
where G(A)= T (A)+ T2 (A~ A,). Determining

the optimal value of \; is equivalent to finding the

root of (11), but its procedure is very complex and
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long. Instead, one possible numerical method to find
the solution is the bisection algorithm with
logarithmic complexity. Let )\; be the optimal
equilibrium solution of A;. Then, A, is the root of (11)
and )\; is easily calculated by using the equation
A+, = A. Using the second constraints of (4) and
(5), we obtain the Nash equilibrium admission prices

as follows: p; = R*CT;]C()\D, ji=1,2.

IV. Oligopoly Price Competition

This section extends the result of the duopoly
market case to the oligopoly market case. Consider
the multimedia cloud service market that consists of
the number M of CSPs, where M> 2. Let
7Py s Py s Dyy) denote the expected revenue of
the CSP j if it chooses a price Dj» given the other
CSPs’ prices py, j = k, and j, k€8S ={1, ---, M}. A
vector of prices (pi, ey p;, ---,p},) is said to be a

Nash equilibrium if it satisfies following conditions:

* * * * *
71'.7-(]717 '"7p.7'7 7}7(1[)2 71'.7'(1717 "'7}7‘7'7 '"7pf\,[)y
(12)

where Vp; >0 and j ES. Like the duopoly market
case, the equilibrium prices can be obtained by a
standard procedure of identifying the best response
function of each CSP. Let p; = Fj(p(;) be CSP j's
optimal admission price, where
PG)= (Prs **s Dj—12Dj1s ~sPyy), given the other
CSPs' prices p, kES;=8—1{j}. A Nash
equilibrium solution in this oligopoly market is then a
vector of prices (p;, -+, pyy) such that p; = Fj(pg)),
jES. Take CSPj as an example. The best response
function Fj; can be found by assuming that the other

CSPs admission price are given and by solving CSP

7's problem as follows:

max, DA, (13)
s.t.

M
E]An::A7

n=1

p;t cT]d("( )\j) =p,t cT,f("( )\k), VEkESy),
0=\ <min{pg Nipte s 11,3}

p; = 0.

The solving procedure of (13) can use the method
of Lagrange multipliers. The Lagrange function of
(13), L;, can be formulated as

M
Li=p\— a( SN, — /1)

n=1

71‘% Bulpe—p, e TEO) — THO) ],
=

(14)

where a and 8, kE SU‘) are Lagrange multipliers of
the constraints in (13). Hence, the optimal solution of
(13) can be obtained by solving the following

equations in group:

oL
=X+ 3 B =0, (15)
D; kESKy
oL,
e
’ ool pacy
+e 3 BT ) + T ()=,
kEKy '
oL . M
s/ .
o n;,\,, A=0,
oL,
%k_pk p;

T~ T(0,))=0. kS

For each CSP j, j €8, in the oligopoly market, we
derive the group of the above equations and we can
obtain the optimal admission price of each CSP by
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solving the simultaneous equations. Let us take an

example where M= 2 (duopoly market):

Example 1. Setting M=2, CSP 1's equations are

presented as follows:

o 48, =0

5ﬂ?1 1 2 )

oL &) 2D

o+ T )+ T () =0,
1

oL,

— =\t A\, —A=0,

oo

oL , ,

35, =P e TE0) — TH))=o0.
2

(16)

In the same manner, CSP 2's equations are

presented as follows:

oL

2

—2=),+8,=0,

opy  ° g

oL. w v

—E=p—a e T 0+ T () =0,
2

oL,

—2=)\ A, —A=0,

o

oL , .

—852=p1*p2+c(T1d(()\1)*TQ{](()\Q»ZO.
1

)

Summarizing the results in (16) and (17), we have

the following equations in group:

MTA =4, (18)
{](,‘(U {]C‘(U
pr =T ) + T ),
6] v
Py = C)‘Z( T{JC (A)+ TZJ ()‘2)>’
Po—p1 = C( Tld(()‘l) - TZ{JC()‘Z)>7

which are identical to equations (7)-(10) in section 3.
For more details on the method of Lagrange
multipliers, see Boyd and Vandenberghe[21].

V. Numerical Experiments

In this section, we present some numerical
examples with which to explore the equilibrium
arrival rates and the price competition in a duopoly

multimedia cloud service market.

Example 2. This example deals with the optimal
equilibrium arrival rates A, and ), and their
corresponding optimal prices pi and p; Initially, we
conduct a sensitivity analysis of the number of
computing servers in CSP 2's data center, N, while

assuming A=10,000, M1 = s o = 6,000,

He1 = P =110, My 1 = o = 5,200, and
N, =1,000, R=100, and ¢=1,000. Varying the
value of NN, from 70 to 1,000, we record )\I and )\;
in [Figure 4], and p; and p; in [Figure 5].

When N, > N,, we can confirm that A} > \,. This

means that the CSP with a larger service capacity
has more customers in a duopoly market. By the way,
as N, approaches N; =1,000, the two CSPs’ data

centers become identical in scale; therefore, the entire
market is completely divided by two CSPs, and )\;

and )\; approaches A/2 =15,000 (see [Figure 4]).

5060
1

5020
X

5000

4980
\

Optimal equilibrium arrival rates
|
\
|

4940
1

A

200 400 600 800 1000
N
Figure 4. Optimal equilibrium arrival rates vs. the

number of computing servers in CSP 2’s
data center
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We can also find that, when N, > N,, p; < p,.

This is because CSP 1 achieves the economies of
scale, it can provide cloud services at a lower price.

In addition, as IV, approaches NN, =1,000,

T, (\}) = T,()\;) and p; = p, = 84.476 (see [Figure

1)
©0
(<]

8 !

@ wn _|

o ®

s 84.476
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7] < _]

@ @

£

©
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® o _|

E w©

I
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o 91'
s — P2

T T T T T
200 400 600 800 1000

N

Figure 5. Optimal prices vs. the number of computing
servers in CSP 2’s data center

Example 3. This example deals with the optimal
equilibrium arrival rates )\I and )\;, and their
corresponding optimal prices p; and p; while varying
the total request arrival rate A from 100 to 10,000. In
this example, we set IV; =800 and NV, =350, and
the other parameters are identically set to those in
Example 1.

In [Figure 6], we find that both A} and \; increase
as A increases. That is, as demand for multimedia
cloud services grows, more customers are looking for
two CSPs. We also find that A] > X, at all values of
A. Because the service capacity of CSP 1's data
center is larger than that of CSP 2's data center
(N, > N,), CSP 1 can get more customers. However,
as /A approaches 10,000, )\; and )\; approaches 5,000,

respectively. Although the service capacity of CSP 1's
data center is larger than that of CSP 2's data center,

CSP 1’s data center can serve a customer’s request at

a rate of up to 5000. Then, the rest of service
requests are precessed at a rate of up to 5,000 in CSP
2's data center. That is, when the service request rate
reaches a maximum that two CSPs in the multimedia
cloud service market can handle, this market is
evenly divided by two CSPs.

2000 3000 4000 5000
I 1 1 I

Optimal equilibrium arrival rates

1000
1

Figure 6. Optimal equilibrium arrival rates vs. the
total service request rate

Next, we investigate the relation between the total

service request rate and the optimal price for a
service. As shown in [Figure 7], the optimal prices p;
and p; are both decreasing functions of the total
service request rate A. This is due to the fact that a
Nash equilibrium admission price is defined as
follows: p; = R*CT;&()\D, j=1,2. As A increases,
)\; increases (see [Figure 6]), which causes the total

response time for a service T;I“()V) to increase.

Hence, p; decreases. That is, a long service
processing time means that service quality is
degraded, so the price is lowered in terms of
compensation. We also find that p, <p,. As
mentioned in Example 2, CSP 1 achieves the
economies of scale, so it can provide cloud services at

a lower price.
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Optimal admission prices

8
71
LA

2000 4000 6000 8000 10000
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Figure 7. Optimal prices vs. the total service request rate

VI. Conclusion

In this paper, we studied the parallel pricing game
between two service providers in a multimedia cloud
service market. First, we modeled the process of
providing the multimedia cloud service as a tandem
queueing network. Second, We established the
profit-maximization problem for each CSP and
presented the procedure of determining the optimal
and equilibrium arrival rates and prices. We also dealt
with the pricing game in an oligopoly multimedia
cloud service market. Finally, we demonstrated the
price competition by conducting some numerical
experiments.

This study can be extended as follows: 1) the
market consists of two CSPs, but one is a market
leader and the other is a follower. Let CSP 1 and CSP
2 be a market leader and a follower, respectively.
Then, CSP 1’s pricing is made first and then CSP 2's
pricing is made based on the information on CSP 1’s
pricing. This is called sequential pricing game (or
Stackelberg price competition [22]). ii) we can assume
that CSP 1 and CSP 2 are not competitive but
cooperative through bargaining. Bargaining theory is
categorized in a cooperative game theory. Hence, we

can find a Nash bargaining solution of the cooperative

pricing game between CSP 1 and CSP 2 in a duopoly

(or oligopoly) multimedia cloud service market.
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