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ABSTRACT A cloud federation is a current paradigm that enables partnered cloud providers to share
idle capacities during low demand periods and to purchase spare resources during demand spikes. In this
research, we propose an optimal overbooking policy to maximize federation members’ profits and enhance
cloud users’ experiences. The proposed policy overcomes cloud providers’ low utilization and increases
their profits. Under the market-oriented cloud federation system, we use the number of idle resources
in the cloud federation and the operational costs of those resources to help the provider decide on its
instance exchange price. Under such a price mechanism, we develop an optimal overbooking model and
identify the conditions necessary for optimal solutions. Through implementing the optimal mechanism,
we observe that the proposed overbooking policy can improve a federated provider’s profits and decrease
the probability of service level agreement (SLA) violation. When a provider’s capacity is relatively large and
the provider adopts the proposed overbooking policy, it could achieve maximum profits and decline its SLA
violation when it has unmet customer demands and there are idle resources in the cloud federation. Through
establishing the cooperative game model of the cloud federation, we make a reasonable profit distribution
based on Shapley value. The cloud provider’s profits and the probability of the SLA violation change as
the instance price, the distribution of unserved customers, the number of federation members and penalty
cost change. Compared with the other overbooking policies and no overbooking mechanisms, our research
improves profits and reduces cloud provider’s overbooking risks, thereby presenting a win-win situation for
both the individual providers and the cloud federation.

INDEX TERMS Cloud federation, overbooking policies, optimization profit distribution, revenue manage-
ment.

I. INTRODUCTION
Driven by the rapid growth in the Internet of things(IoT),
real-time big data, and the adoption of service oriented archi-
tectures and Web 2.0 applications, the emergence of cloud
computing is rapidly gaining momentum as an alternative
to traditional IT [1]. Cloud computing enables convenient
on-demand access to a shared pool of configurable com-
puting resources that can be rapidly allocated to users with
minimal management effort [2]. According to a Forrester
research report, the global cloud computing market will reach
$241 billion by the end of 2020 (see Forecaster Research
Inc.). With a growing number of cloud-service users in the
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virtual world, to remain competitive, cloud providers must
ensure that their resources are highly utilized and that their
costs are reasonably low.

However, the random service requests from various poten-
tial users and the often overestimated demand regularly result
in low utilization of the data center of cloud providers.
A report from Google concludes that only 53% of the avail-
able memory is used, whereas CPU utilization is, on average,
as low as 40% [3]. The low utilization of data centers can be
attributed to two factors. (i) Because customers (especially
small and medium enterprises (SMEs)) cannot accurately
estimate demand, they prefer to reservemore for contingency,
as evidenced by the usage information of Google’s data cen-
ters. (ii) Resource requirements of multiple jobs on the same
machine usually do not jointly reach peak capacity due to
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aggregate effect. When allocating resources solely based on
users’ requests, the data center usually experiences low uti-
lization and a high rejection rate to subsequent demand. Thus,
it is important to develop strategies to exploit these resources
fully. For example, overbooking a cloud provider’s resources
may be an appealing alternative to enhance utilization and
improve efficiency.

The goal of a cloud provider is to maximize utilization
and profit, whereas that of cloud customers is to find a
high quality service. A service level agreement (SLA) in
this research refers to a cloud-computing contract between
cloud providers and customers. Such an agreement stipu-
lates the level of service customers expect to receive from
the provider and is 100% applicable to our situation. The
overbooking policy involves a tradeoff between high utiliza-
tion/profits and service level. Not providing sufficient capac-
ity for customers who have already reserved the service is a
violation of the SLA [3]. If the SLA terms are not fulfilled
when the customers use the reserved instances, the cloud
provider must pay a penalty to the users. Reference [4]
finds that an overbooking policy increases the current rev-
enue of service providers, but it reduces their future revenue.
Thus, the benefits derived from an overbooking policy are
not sustainable in the long term if the quality of service
suffers.

The establishment of a cloud federation enables cloud
providers to reduce the possibility of SLA violations by shar-
ing their resources with each other in a resource pool during
peak times. Cloud providers can join with others in the cloud
federation to offer more services. In recent times, a cloud
federation has emerged to allow individual cloud providers
to cooperate for the purpose of balancing loads and accom-
modating spikes in demand. For example, in 2012, cloud
providers, including Atos, EMC, and VMware formed an
open cloud federation. Similarly, Alibaba, Lenovo, BAIDU
and other cloud providers also formed an alliance. The pres-
ence of more cloud federations offers two important benefits
to cloud providers. First, it enables providers to generatemore
revenue from computing resources that would otherwise be
idle or underutilized. Second, a cloud federation enables
cloud providers to expand their geographic footprints and
accommodate demand surges without building new points-
of-presence [5]. Cloud providers can then access global ser-
vices without increasing capacity and reduce the chance
of violating the SLA and incurring overbooking penalties.
Moreover, cloud providers can sell their idle resources to
other providers through the cloud federation and generate
more revenue [6].

Given the overbooking problem in clouds and the feature
of cloud federations, we attempt to address the following
questions:

(i) What is the best overbooking policy and the ideal over-
booking quantity for cloud providers to adopt?

(ii) How can cloud providers allocate the two separate
instances to customers to maximize revenue?

(iii) What is the best cloud federation exchange price for
federation members?

(iv) How can cloud federations reduce the probability of
SLA violation of the various clouds? To what degree can they
reduce the SLA violation of the clouds due to the overbooking
policy?

(v) How to realize the fair and equitable profit distribution
of the cloud federation members?

To solve the questions regarding the overbooking of cloud
resources, we reference and learn from the overbooking strat-
egy of a traditional industry, i.e., the airline alliance [7]. How-
ever, unlike the fixed exchange price adopted as part of the
airline overbooking strategy [8], to manage the allocation of
resources in a cloud federation, we adjust the exchange price
dynamically. Through exchanging resources with other cloud
members in the cloud federation, the proposed overbooking
strategy improves the performance of the cloud providers
and maximizes the potential of cloud service to the potential
users. Furthermore, due to the disruptive innovations of the
information technology industry, improving resource utiliza-
tion of cloud computing is a key research point. Studying the
overbooking strategy to improve the utilization of cloud com-
puting resources extends the research field of overbooking
and revenue management.

In this study, we aim to balance between utilization and
SLA violations, meanwhile, maximizing profits of cloud
providers. We apply two pricing models to allocate capac-
ity and meet customer demand. For example, on-demand
instance offers customers service at any time but at a higher
price, while the reserved instance provides the resources to
the users at a lower contract price. To mitigate the waste
of unclaimed reservations, we propose an optimal overbook-
ing model to increase resource utilization. Unlike the cur-
rent overbooking policy, which mainly considers the single
service provider’s strategy, through adjusting the exchange
price dynamically based on a cloud federation trading mech-
anism, we propose an optimal overbooking policy to ensure
cloud providers exchange resources with cloud federation
members. From this resource exchange, cloud providers and
other members can maximize their profits/utilization and
achieve high customer satisfaction. Through analyzing the
corporative game model of cloud federation, the profit can
be distributed reasonably based on Shapley value.

This paper is organized as follows. Section 2 reviews the
literature on the overbooking policy and the cloud federation.
Section 3 describes the trading mechanism and unit exchange
price of the cloud federation. Section 4 presents a compre-
hensive analysis of the overbooking model. Section 5 estab-
lish a cooperative game model to distribute profit of cloud
federation members based on Shapley value. In Section 6,
we conduct numerical studies to examine the impact of the
cloud federation on the overbooking policy and on the quan-
tity, profits, and probability of SLA violation associated with
cloud providers. Section 6 presents this study’s conclusions
and identifies future research directions.
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II. RELATED WORKS
A. CLOUD FEDERATIONS
A cloud federation is a new prototype that helps cloud
providers address resource limitation issues during peak
demand by exchanging requests with other federation
members. With respect to the structure of a federation,
Calheiros et al. [2] propose a cloud coordinator
to increase performance, reliability, and scalability.
Grozev and Buyya [8] propose a cloud federation archi-
tecture and application agent mechanism to improve QoS,
reliability and cost efficiency. Villegas et al. [9] design a
cloud federation architecture mediated by a broker and cloud
providers based on a layered cloud model. Under a cloud
federation, Goiri et al. [6] help cloud providers decide when
to outsource to cloud providers, when to rent free resources
to other providers, and when to turn off unused nodes to
achieve revenue maximization. Alternatively, to increase
cloud providers’ profits, Calheiros textitet al. [2] consider
instance prices and spot instance features. Villegas et al. [9]
define a cloud federation that shares different service layers to
increase dynamic scalability and resource utilization. Finally,
Yang et al. [10] coordinate multiple cloud providers to
serve Real-time Online Interactive Applications (ROIA) and
improve customer satisfaction, resource usage, and business
performance.

In terms of resource allocation in the cloud federation,
Giacobbe et al. [11] study the cloud federation from the per-
spective of sustainability and cost savings. Through resource
pricing, resource allocation, resource discovery and disaster
management, various studies provide data and information to
maximize cloud providers’ profits. Finally, Celesti et al. [12]
propose a new strategy that makes use of efficient satellite
transmissions to transfer huge amounts of data among fed-
erated clouds. In addition, the game theory is applied into
the resource allocation and profit distribution in the cloud
federation. Toosi et al. [5] establish the formation algorithm
of cloud federation based on agent, adopt the cooperative
game to prove that sharing resource can minimize cost.
Hassan et al. [13] calculate the optimal solution of resource
allocation in the cloud federation based on the cooperative
game. Li et al. [14] propose a revenue distribution plan
according to the core of cooperative game and discuss the
stability of the cloud federation’s structure.

It is evident that the extant literature on cloud federation
focuses on the federation structure, resource management,
resource allocation and profit distribution. Our research dif-
fers in that we establish a market exchange price to help cloud
providers trade their resources and thereby optimize over-
booking decisions and distribute profits in a cloud federation
environment.

B. OVERBOOKING POLICY
1) OVERBOOKING IN CLOUD COMPUTING
With the growing interest in cloud computing, researchers
have begun to focus on enhancing cloud providers’ perfor-
mance and profits. Scholars have studied the problems from

different perspectives, e.g., capacity control [5], [15] dynamic
pricing [3], [16] [17], service management based on SLA,
and client classification [18] to improve profits and resource
utilization. In addition, the overbooking policy as a way to
improve resource utilization has also been studied. For exam-
ple, Householder et al. [19] confirmed the low resource use in
data centers, whereas Wu et al. [20] focus on virtual machine
oversubscription. Similarly, Breitgand and Epstein [21]
discuss bandwidth overbooking, and examine the issue of
memory overbooking [22] .

Cloud providers optimize resource utilization through
overbooking, but when themethods fail, the resultsmay affect
all customers who are using the cloud service and may cause
the termination of entire servers in the data center. Compared
with the overbooking problems in other industries, cloud
providers suffer more damage as the overbooking problem
not only angers unserviced customers, but the whole load
balance breaks down, which leads to losses for entire data
centers.

To manage the problems associated with overbooking,
Wo et al. [23] propose a traffic-aware strategy that can satisfy
the QoS requirements and guarantee performance. Tomas
and Tordsson [24] propose a three-level QoS scheme for
overbooking to avoid performance degradation and increase
utilization. Finally, Breitgand and Epstein [21] advance an
algorithmic framework to estimate physical capacity based
on the SLA to reduce the risk of overbooking.

2) OVERBOOKING IN GENERAL
As an important strategy of revenue management, over-
booking has been applied to various industries, including
aviation [7], hotels [25], car rentals [26], and restaurants [27].
Soerag et al. [28] propose an effective revenue management
model that incorporate customer choice behaviors and can-
cellations. Similarly, Lopez-pires et al. [29] compare the
impact of no-shows and cancellations on overbooking under
dynamic and static policies and analyze the impact of refunds
and denied boarding costs. In healthcare management,
Liu and Ziya [30] find that patient show-up probabilities and
patient sensitivity to delays are key determinants in the over-
booking policies. The studies noted above focus on single ser-
vice providers. For two service providers, Chen and Hao [7]
indicate that an overbooking policy that includes a
co-operation agreement increases expected profits and ser-
vice levels of two airlines. Similarly, Huang et al. [4] consid-
ered parallel substitutable flights, and through dynamically
setting overbooking limits, they propose an effective over-
booking policy.

Different from the literature, we propose a federation
model to simultaneously address the overbooking and under-
usage situations. By dynamically adjusting the exchange
price, the federation members can exchange resources to
enhance utilization. We then derive the optimal overbooking
policy to maximize individual and federation members’ prof-
its and reduce the probability of SLA violation. Table 1 com-
pares the most relevant literature and positions our research.
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TABLE 1. Related literature on overbooking policies.

FIGURE 1. Market-oriented cloud federation structure and the process of VM placement.

III. CLOUD FEDERATION PRICE MECHANISM
A cloud federation, which is a union of two or more ser-
vice providers, distributes and manages various internal and
external cloud computing services to meet business needs.
Members of the federation share resources by trading idle
capacities during low demand periods and acquiring spare
resources during spikes. Through cooperation, they sharing
the resources to achieve more profit. The computing resource
instance in this research is defined as the number of vir-
tual machines (VMs) available. Inspired by the InterCloud
project [2], we conduct our research based on the cloud fed-
eration structure and the process of VM placement presented
in Fig.1.

A cloud federation contains multi-cloud providers, e.g.,
Amazon, Microsoft Azure, Salesforce, and VMware, and
their agents for the purpose of exchanging resources dynami-
cally through a cloud coordinator, i.e., virtual cloud platform
operator, who matches surplus capacities of federation mem-
bers to other members who are in need of extra capacities.
Namely, a cloud federation provides a market-oriented struc-
ture that helps maximize the utilization of VM resources.
Through the exchange of resources among members, cloud
providers in the federation can achieve a win-win situation.
Such a federation allows cloud providers to overbookVMuti-
lization, while avoiding the violation of an SLA by acquiring
idle VM resources at lower prices from other members.

VOLUME 7, 2019 96135



M. Yao et al.: Optimal Overbooking Policy for Cloud Service Providers

TABLE 2. Notations of parameters and variables.

Cloud users may include software developers, i.e., indi-
viduals or SMEs, social websites, e.g., LinkedIn, E-business
websites, e.g., EBay, government websites, e.g., city admin-
istration. They can visit cloud providers to obtain computing
or storage services (VM resources). Each cloud provider
has its own cloud agent who receives information from the
cloud provider and communicates with the cloud coordinator.
They know that other members are all in the same situation
and cooperative with each other to maximize profit of the
federation. According to cooperative gamemodel, all of them
distribute profit fairly and reasonably. The cloud coordina-
tor serves as a liaison that matches surplus capacity with
unmet demands, i.e., shortage of its own resources. The cloud
coordinator determines the exchange unit price that the cloud
provider must pay to procure the additional resources from
the federation.

A pricing model is proposed for federation members to
exchange resources. The notations necessary for the devel-
opment of the model are summarized in Table 2.

Under a cloud federation, cloud providers, e.g., Amazon
EC2, may choose on-demand pricing or reserved pricing.
Under on-demand pricing, users pay for the actual usage
(pay-as-you-go) at a unit price. Amazon EC2 (elastic cloud)
offers both one-month and one-year billing cycles. Within
the billing cycle, the unit price of an on-demand instance is
constant, and customers continue to receive the service until
logging out. Under the reserved pricing plan, users pay an
upfront reservation fee α to reserve an instance for a period

time, and they can request service at will. If there is no
available instance for the reserved user, the user can be com-
pensated by cloud providers. In this instance, the unit price of
the reserved instance is βpo, which is less than the on-demand
unit price. In Amazon EC2, when using all upfront pric-
ing options for one year with an m4.large reserved instance
(m4.large, Lunix, US-east), the upfront fee is $504/year,
which is 43% less than that of the on-demand instance. The
provider is required to guarantee resource availability. How-
ever, as the reserved capacity is often underutilized, the result
is wastage.

A cloud coordinator, e.g., IBM Angle or CloudSim, can
determine resource allocation, exchange prices, entry/exit
from the federation, and SLAs. Cloud providers with idle
resources or insufficient capacity send this information to the
cloud coordinator through their agents. The cloud coordinator
then examines the idle resources of all cloud federation mem-
bers and determines the exchange price and SLAs, which
apply to all members. In this research, the probability of SLA
violation is the percentage of reserved capacity unmet by
the service provider. The instant hourly exchange price of a
VM in the cloud federation is defined as Ffed

Ffed =

m∑
j=2

Cj −
m∑
i=2

Ii

m∑
j=2

Cj

(po − pc)+ pc
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Ffed is the unit exchange price of the cloud federation and
fluctuates with the number of idle resources in the federation.
The value of exchange price Ffed is a sequences data, which

means the value of is static at a certain time,
m∑
j=2

Cj is the total

capacity of the cloud federation.
m∑
j=2

Ij is the idle capacity of

the cloud federation. po is the price of on-demand instance,
i.e., the maximum possible unit price, and pc is the cloud
provider’s operational cost, e.g., hardware cost, electricity

cost, and serves as a proxy for the lowest price .

m∑
j=2

Cj−
m∑
j=2

Ij

m∑
j=2

Cj
is

the utilization rate of the overall federation capacity, exclud-
ing the specific provider who requires more resources. Thus,
Ffed must be larger than the unit operational cost, which is the
minimal cost to maintain the operation of the VMs.

To improve resource utilization, cloud computing service
providers often overbook. Hence, we contend that cloud fed-
eration members can benefit by adopting an overbooking
policy to increase profits, and therefore, we propose an over-
booking policy for a cloud federation.

IV. OVERBOOKING MODEL FOR A CLOUD FEDERATION
A. TOTAL PROFIT OF AN OVERBOOKING MODEL
Suppose the capacity of a cloud provider’s VM resources isC .
To maximize profits, the cloud provider often allocates its
capacity to cloud users under various instances. If the cloud
provider allocates r reserved instances, and historically the
on-demand is do instances, then the capacity allocated to the
on-demand market is Do = min (C − r, do).

To enhance the resource utilization of the federation,
the provider will overbook units of reserved instances.
Cloud users conventionally reserve more instances than their
demand due to uncertainty. We set the total number of
reserved but unused instances of every cloud provider as
random variables Nj(j = 1, 2, · · · ,m), where the probabil-
ity density function is fj(·) and the cumulative distribution
function is fj(·). These random variables are independent
of each other. The capacity acquired by a cloud provider i
from the federation is ei1, whereas the idle capacity sold to
the federation is ei2, and g is the unit penalty cost for each
reserved instance whose demand is not satisfied.

To develop an overbooking policy for cloud providers,
we assume

(1) The service level agreement (SLA) of all cloud federa-
tion members must be at the same level. As the cloud service
and its data center are virtual, mobile and secure, cloud
users are oblivious to where their tasks are stored or exe-
cuted. Namely, when there is a resource transfer among cloud
members, cloud users will accept the service without any
objection.

(2) The instances reserved but unused among cloud
providers are independent. Although they could exchange
resources through the cloud federation, they are independent
and aim to maximize their own performance.

(3) g > po,g = (1 + ξ )Ffed , where 0 < ξ < 1. When
instances are reserved but unserved, the cost of such an SLA
violation is much higher than the on-demand instance price.
The violation of an SLA not only incurs a penalty but also
causes low customer satisfaction. In addition, the penalty is
higher than the unit exchange price, indicating that the cloud
provider prefers to purchase resources to meet reserved but
unmet instances.

Let the total number of reserved but unused instances by
a member-Provider i be Ni. The units of instances Provider i
must purchase from the cloud federation is (oi − Ni)+. The
total instances available in the federation are

(
N
′

j − o
′

j

)
,

where N
′

j refers o the distribution of the number of reserved
but unused instances for the (m− 1)members. N

′

j is (m− 1)
dimensional random variable (N2,N3, · · · ,Nm), which the
probability density function is fj (n2, n3, · · · , nm) and the
cumulative distribution function is Fj (n2, n3, · · · , nm). o

′

j =∑m
j=2 oj, which is the total overbooking quality of the

(m-1) members in the federation. Thus, the number of
instances (ei1) Provider i acquires from the federation is
expressed as

ei1 = min[(oi − Ni)+, (N ′j − o
′
j)
+]

=


oi − Ni, (N ′j − o

′
j) ≥ oi − N ≥ 0

(N ′j − o
′
j), oi − N ≥ (N ′j − o

′
j) ≥ 0

0, otherwise

Conversely, when total idle instances for Provider i is the unit
instances the cloud federation must acquire from Provider i
is. Thus, the number of instances (ei2) Provider i can transfer
to the federation is expressed as

ei2 = min[(Ni − oi)+, (o′j − N
′
j )
+]

=


Ni − oi, (o′j − N

′
j ) ≥ Ni − oi ≥ 0

(o′j − N
′
j ), Ni − oi ≥ (o′j − N

′
j ) ≥ 0

0, otherwise

Here, we denote (oi) as the overbooking policy for the
cloud provider when it trades with the (m − 1) members of
the cloud federation. We formulate the overbooking problem
as an optimization problem, that is, the optimal overbooking
level (oi) is the one that maximizes the profit function πi(oi)
is expressed as

maxπi(oi) = πio + πir
= poDo + α(ri + oi)+ βpo[ri − (Ni − oi)+ + ei1]
−Ffed · ei1 − g[(oi − Ni)+ − ei1]+ Ffed · ei2
s.t. oi ≥ 0

(1)

Note that the overbooking quantity oi is the only deci-
sion variable to answer how many VM resources should be
overbooked for each cloud provider. Objective (1) aims at
maximizing the profit of cloud provider. Constraint oi ≥ 0
guarantees the number of overbooking must be greater than
zero.
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Equation. (1) indicates that Provider i’s profits are derived
from the on-demand instance and the reserved instance.
The first term is the revenue from the on-demand instance.
The second term is the upfront fee of the whole reserved
instance. The third term is the revenue received from actual
use by reserved customers (ri−(Ni−oi)+) and from customer
demand (ei1) served by the cloud federation. The fourth term
is the amount paid for the cloud federation. The fifth term
is the penalty cost (g[(oi − Ni)+ − ei1]) paid for the over-
booking of customers who reserved but were unserved. The
last term is the revenue from idle resources from the cloud
federation.

In addition, the unit price po, pc, Ffed are not deci-
sion variables and they are assumed to determined some-
how in advance. We consider the effects of different prices
with numerical study in section VI. As stated by refer-
ence [18], the decision of pricing and overbooking quality
are at different decision levels in reality. Therefore, this
paper focus on examining the impact of overbooking qual-
ity oi of each cloud provider on the profit πi(oi) under the
stochastic properties of the number of reserved but unused
instance Ni.
Due to the stochastic nature of the total number of reserved

but unused instance by a member provider Ni, the profit max-
imization problem is defined as a stochastic programming
problem. Thus, we use the expect value model to solve the
stochastic programming problem, and the problem is search-
ing the optimal overbooking quantity to maximize expected
profit. The expected profit of Provider i collaborating with a
cloud federation is


maxE[πi(oi)] = E[poDo + α(ri + oi)]+
E[βpo(r − (Ni − oi)+)− g(oi − N i)+]
+E[(βpo + g)ei1]− E[Ffed · ei1]+ E[Ffed · ei2]
s.t. oi ≥ 0

(2)

B. OPTIMAL OVERBOOKING QUANTITY
The optimal overbooking quantity can be derived by applying
the FOC, i.e., first-order conditions, derivative of (2) with
respect to oi.

∂E(πi(oi))
∂oi

= α + βpo[1− Pr(Ni ≤ oi)]− gPr(Ni ≤ oi)

+ (βpo + g) Pr((N ′j − o
′
j) ≥ oi − Ni ≥ 0)

−
∂(Ffed · ei1)

∂oi
+
∂(Ffed · ei2)

∂oi
(3)

The unit exchange price Ffed plays an important role
in the cloud federation exchange as Ffed is influenced
by the idle capacity in the cloud federation. The pricing
mechanism is discussed based on the relationship between
Provider i’s needs and the surplus relative to those of the
federation.

Case I: Federation surplus > Provider i’s needs.

Ffed =

m∑
j=2

Cj −
m∑
j=2

Ij

m∑
j=2

Cj

(po − pc)+ pc

=

m∑
j=2

Cj − ((N ′j − o
′
j)
+
− ei1)

m∑
j=2

Cj

(po − pc)+ pc (4)

Case II: Provider i’s needs > Federation surplus

Ffed =

m∑
j=2

Cj −
m∑
j=2

Ij

m∑
j=2

Cj

(po − pc)+ pc

=

m∑
j=2

Cj − ((N ′j − o
′
j)
+
− ei1)

m∑
j=2

Cj

(po − pc)+ pc = po (5)

Case III: Federation’s needs > Provider i’s surplus

Ffed =

m∑
j=2

Cj −
m∑
j=2

Ij

m∑
j=2

Cj

(po − pc)+ pc

=

m∑
j=2

Cj − ((o′j − N
′
j )
+
− ei2)

m∑
j=2

Cj

(po − pc)+ pc (6)

Case IV: Provider i’s surplus > Federation’s needs

Ffed =

m∑
j=2

Cj −
m∑
j=2

Ij

m∑
j=2

Cj

(po − pc)+ pc

=

m∑
j=2

Cj − ((o′j − N
′
j )
+
− ei2)

m∑
j=2

Cj

(po − pc)+ pc = po (7)

We simplify the expression in (3) as follows:

B(oi, o′j) = Pr((N ′j − o
′
j) ≥ oi − Ni ≥ 0)

S(oi, o′j) = Pr((o′j − N
′
j ) ≥ Ni − oi ≥ 0)

The term B
(
oi, o′j

)
refers to the probability of transferring

cloud users’ tasks from Provider i to the federation, indicat-
ing Provider i should purchase idle resources and S

(
oi, o′j

)
is the probability that Provider i will sell idle resources to the
federation.

96138 VOLUME 7, 2019



M. Yao et al.: Optimal Overbooking Policy for Cloud Service Providers

Substituting Ffed in (4) to (7) for that in (3), we have

∂E (πi(oi))
∂oi
= α + βpo − (βpo + g) Pr(Ni ≤ oi)+ (βpo + g) · B

− [
2(po − pc)

m∑
j=2

Cj

(oi − Ni)−
(po − pc)

m∑
j=2

Cj

(N ′j − o
′
j)+ po] · B

+ [
2(po − pc)

m∑
j=2

Cj

(oi − Ni)−
(po − pc)

m∑
j=2

Cj

(N ′j − o
′
j)− po] · S

(8)

The SOC, i.e., second-order condition, of Provider i’s
expected profit with regard to oi is as follows:

Define b1 ≡
∫ oi
0 fj(oi + (o′j − N ′j ))fi(Ni)dNi, b

2
≡∫

+∞

o′j
fi(oi)fj(N ′j )dN

′
j , s

2
≡
∫ o′j
0 fi(oi)fjN ′j dN

′
j , s

1
≡
∫ o′j
0 fi(oi +

(o′j − N
′
j ))fjN

′
j dN
′
j

∂2E (πi(oi))
∂2oi

= (βpo + g)fi(oi)− (βpo + g− po) (b1 − b2)

−
2(po − pc)

m∑
j=2

Cj

(B− S)+
2(po − pc)

m∑
j=2

Cj

(oi − Ni)(b1 − b2)

−
(po − pc)

m∑
j=2

Cj

(N ′j − o
′
j)(b

1
− b2)

+
2(po − pc)

m∑
j=2

Cj

(oi − Ni)(s1 − s2)

−
(po − pc)

m∑
j=2

Cj

(N ′j − o
′
j)(s

1
− s2)− po(s1 − s2) (9)

More specifically, we have

∂2E (πi(oi))

∂o2i
≈ −

2(po − pc)
m∑
j=2

Cj

· (B− S) (10)

where fi(oi) = s2, B
(
oi, o′j

)
and S

(
oi, o′j

)
are slowly varying

function. Thus, (b1 − b2) << B, (s1 − s2) << S.
From (10), we find that when (B − S) > 0, that is N ′j −

o′j ≥ oi − Ni ≥ 0, then the expected profit (3) is a concave
function for the given o∗i . Therefore, the optimal overbooking
quantity of the reserved instance can be achieved at the
extreme point. Thus, the optimal overbooking quantity (o∗i )

satisfies

α + βpo
βpo + g
= F(o∗i )− B(o

∗
i , o
′∗

j )

+
2K (o∗i − Ni)− K (N ′j − o

′∗

j )+ po

βpo + g
· B(o∗i , o

′∗

j )

−
2K (o∗i − Ni)− K (N ′j − o

′∗

j )− po

βpo + g
· S(o∗i , o

′∗

j ) (11)

where K = po−pc
m∑
j=2

Cj
.

Therefore, we propose the following.
Proposition 1:Joining with a cloud federation to exchange

resources is a good overbooking strategy for a cloud provider
(e.g., Provider i).For Provider i, it will maximize prof-
its E(πi(o∗i )) if the overbooking quantity o∗i satisfies (11)
when there are unserviced customers in Provider i and idle
resources in the cloud federation,i.e. N ′j − o

′
j ≥ oi − Ni ≥ 0

As SME users often lack exact information regarding
their need for cloud services, they tend to overestimate
their resource requirements and reserve more capacity as a
buffer [15]. For many services, the peak workload exceeds
the average workload, and since few users reserve resources
for less than the expected peak, resources are idle at non-
peak times [31]. Furthermore, as customer demand for cloud
services is variable over the job lifecycle, the resources cus-
tomers reserved are usually not fully utilized, and the unused
capacity motivates providers to overbook their resources.

To improve resource utilization, cloud providers tend to
overbook as much as possible. However, overbooking may
result in unmet customer demand for cloud services. Under
the cloud federation, the cloud coordinator will effectively
allocate cloud members’ resources to decrease the risk of
overbooking [2]. Furthermore, the unmet demand in the cloud
federation can be reasonably reduced through the help of the
idle resources from other cloud federation members. Under
such a situation, the cloud provider’s profits can be maxi-
mized by purchasing idle resources from the cloud federation
to meet its cloud customers’ needs.

C. THREE KEY ELEMENTS FOR THE OPTIMAL
OVERBOOKING MODEL
From the expected profits (2) and the optimal conditions of
the overbooking policy (11), we find that the expected profits
and optimal overbooking quantities are affected by three key
elements: (i) the probability of buying idle resources from the
cloud federation; (ii) the probability of selling idle resources;
and (iii) the unit exchange price.

(i) Probability of buying idle resources B
(
oi, o′j

)
The probability of buying idle resources from the cloud

federation is related to the situation when there are unmet
demands by the provider and idle resources in the cloud
federation. This means that the cloud provider can obtain
extra resources and improve its service level, which not only
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increases profits but also reduces SLA violations. The cloud
provider should pay more attention to more accurately fore-
casting customer demand to reduce the probability of unmet
demands due to overbooking.

(ii) Probability of selling idle resources S
(
oi, o′j

)
The probability of selling idle resources to the cloud fed-

eration is related to the scenario when there are unused
instances and the cloud federation has unmet demands. It is
a scenario often observed at non-peak times. As the unit
exchange price is generally higher than the operational cost,
it is advisable to increase expected profits by selling idle
resources to the cloud federation.

(iii) Unit exchange price Ffed
The unit exchange price plays an important role in the

cloud federation market mechanism. This price is affected
by the probability of buying idle resources and the proba-
bility of selling idle resources under the cloud federation.
Equations. (4) to (7) suggest that when the idle capacity of
the cloud federation approximates the capacity of the cloud
federation, the unit exchange price is at its minimum, i.e.,
it equals the operational cost of VM. The quantity of over-
booking then increases because the purchase of idle resources
from the cloud federation to serve its own cloud users at
a lower price is always attractive as it enhances the cloud
provider’s profits. With the increasing probability of purchas-
ing idle resources, the number of idle resources in the cloud
federation is decreased. When the unit of unmet demand
approximates the unit of idle resources in the cloud federa-
tion, the unit exchange price is at its maximum, i.e., it equals
the on-demand instance price po. When all surplus resources
are depleted, further demand cannot be satisfied, and the
expected profit decreases owing to increases in penalty costs.

D. COMPARING OVERBOOKING PERFORMANCE WITH
AND WITHOUT A CLOUD FEDERATION
We applied the following metrics to study the differences
between a cloud provider’s overbooking performances with
and without a cloud federation membership.

(i) Profit.
When a provider, e.g., Provider i, does not join a federation,

it will have the following expected profit:

E[π ′i (o
′
i)] = E[poDo + α(ri + o′i)]+ E[βpo(ri

−(Ni − o′i)
+)]− E[g(o′i − Ni)

+] (12)

Thus, the optimal profit function satisfies E[π ′i (o
′∗

i )].
When Provider i joins the federation, its optimal profit func-
tion (2) can be expressed as E[π i(o∗i )]. Defining E[π i(o

∗

i′ )]
as any other non-optimal profit performance, we have
E[π i(o∗i )] ≥ E[π i(o

′∗

i )].In addition,

E[π i(o′∗i )]− E[π
′
i (o
∗

i′ )] = (βpo + g)E(ei1)

−E(Ffed · ei1)+E(Ffed · ei2) ≥ 0

where Ffed · ei1 ≥ Ffed · ei2.
Proposition 2:According to E[πi(o∗i )] ≥ E[πi(o′

∗

i )],cloud
Provider i can improve its profits when it joins the cloud

federation and exchanges resources with its members under
the overbooking policy.

(ii) Service Level Agreement (SLA).
In cloudmarket, the SLA is an important performancemet-

ric. The cloud users and providers negotiate SLA agreement
to ensure their profit and service quality. Referring to the anal-
yses index—the number of SLA violations when using differ-
ent overselling policies in Mario and Guitart [18], we define
the probability of reserved capacity unsatisfied by the service
provider without a federation as the probability of SLA vio-
lation and denote it as Pr(Ni ≤ o′∗i ). Recall that B

(
oi, o′j

)
is

the probability of buying idle resources from the cloud fed-
eration. Thus, under the federation, Provider i’s probability
of not satisfying (rejecting) its customers is Pr(Ni ≤ o′∗i ) ≤
B(o∗i , o

∗
j ).

Combined with (11), we find that

Pr(Ni ≤ o∗i )− B(o
∗
i , o
′∗

j ) ≤ Pr(Ni ≤ o∗i )− B(o
∗
i , o
′∗

j )

+
2K (o∗i − N

∗
i )− K (N ′j − o

′∗

j )+ po

βpo + g
· B(o∗i , o

′∗

j )

−
2K (o∗i − N

∗
i )− K (N ′j − o

′∗

j )− po

βpo + g
· S(o∗i , o

′∗

j )

=
α + βpo
βpo + g

= Pr(Ni ≤ o′
∗

i ) (13)

Proposition 3:Cloud federation market could reduce the
probability of SLA violation by sharing resources among
federation members.

V. THE PROFIT DISTRIBUTION BASED ON
SHAPLEY VALUE
When the unit exchange price and the optimal overbooking
quality was calculated, the Cloud Provider i can achieve the
profit with cloud federation. Therefore, the members should
play a game to distribute profit. The game behavior can be
simulated base Shapley value. The Shapley value method is
a mathematical method proposed by Shapley to solve the
problem of interest distribution in n cooperation. It’s based
on the marginal contribution of cloud providers to allocate
the total profit. The only solution of cooperative game can be
obtained by using Shapley value. Here we assume that,

(iv) For the provider i, it cooperative with other cloud
federation members if and only if the overbooking profit
under cloud federation is more than that without a cloud
federation membership, that is,ϕi(v) ≥ E[π ′i (o

′∗

i )]. Here, the
ϕi(v) refers to the value of profit distribution in the cloud
federation.

(v) There exist a reasonable profit distribution to guarantee
the establishment of cloud federation. It is obvious that the
sum of the profit that eachmember exchange resource is equal

to the total profit they cooperative, that is,
m∑
j=2
ϕj(v) = v(M ).

Here, v(M ) is denoted as the maximize profit of all cloud
federations.
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TABLE 3. The instance types and unit prices of cloud provider.

TABLE 4. The capacity information of each cloud federation member.

We assume that an operation τ is the array of the cloud
federation M = {1, 2, . . . ,m}, (τM, y) is the substitution
game of (M, v).We define y (·) is

y(τ (j1), τ (j2), · · · , τ (jk )) = v(j1, j1, · · · , jk ),

∀k = {j1, j1, · · · , jk} ∈ 2M/8 (14)

It is obvious that, and are same game.
According to the (2), when Provider i joins the federation,

its optimal profit function can be expressed as E[π i(o∗i )].
Each member want to maximize its profit through playing

game, that is, v(i, j) =
m∑
j=2
πj.

The value of the Shapley formula is

ϕj(v) =
∑
s∈L(j)

(s− 1)!(m− s)!
m!

[v(S)− v(S − {j})] (15)

In the profit distribution process of the cooperative game,
we conclude that each member under same situation can gain
the same profit in (14); from (15), it shows that is the linear
function of, that is, The new game is the direct addition of the
original two games after the combination of two independent
games. In other words, the cooperative game model in the
cloud federation under overbooking policy super additive and
is have nonempty core. The value of Shapley is as the value
of profit distribution of the cooperative game. It is based on
the marginal contribution of cloud providers to allocate the
total profit, which can make the formation and development
of the cloud federation.

VI. CASE STUDY
The overbooking strategy of cloud providers in a cloud fed-
eration environment is depicted through a case study in this
work. The purpose of the case study is to illustrate the process
of resource exchange under the optimal overbooking policy

between cloud federation members. Amazon EC2, the largest
cloud provider, is openly recruiting the cloud providers to
establish a cloud federation. Four cloud providers (Amazon
EC2, Windows Azure, VMware, and Rackspace) denoted as
the cloud federation members. The instance types and prices
in the case study are taken from the real cloud Amazon EC2,
which is shown in Table 3.Tha capacity of cloud federation
members in given in Table 4 are randomly assigned in the case
study. Other related data are shown in the numerical study to
examine the model.

A. OPTIMAL OVERBOOKING STRATEGY FOR CLOUD
PROVIDER 1
In this section, we conduct a numerical study to explore,
whether the overbooking strategy with joint cloud federa-
tion (Over With) could improve the profits and decrease the
SLA violation comparing with the no overbooking (No Over)
and overbooking without joint cloud federation (Over With-
out), how the prices, the distribution of unused customers,
the penalty cost, and the number of cloud federation members
impact the profits and SLA violation of Cloud provider1.

Based on the data collected from Amazon Elastic Com-
pute Cloud (EC2) and referring to the parameter values in
Reference [18], [29], the parameter values are as follows.

(i) Price of on-demand and reserved instance: We make
use of the price data available in Amazon EC2 to con-
duct our experiment. For simply, we choose different types
instance (Linux, Amazon East), that is, a1.large, a1.xlarge
and a1.2xlarge. Take the instance type_a1.xlarge for example,
the unit price of an on-demand instance for each cloud
provider is po = 0.108$/hour = 948.08$/year. As for
the reserved instance, this is a discount rateβ with differ-
ent upfront reservation fee α . When the users choose no
upfront reservation fee, α = 0, the unit price of a reserved
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instance βpo = 0.68po = 0.074$/hour = 652.02$/year; if
the users choose part upfront reserved fee α = 308$/year,
the unit price of a reserved instance βpo = 0.6po =
0.07$/hour = 568.85$/year. The instance types and
prices offered are summarized in Table 3. (see https://
aws.amazon.com/ec2/pricing/reservedinstances/pricing/. The
operational cost of an instance is pc = 0.1po =

94.808$/year.
(ii) Capacity of cloud providers: As we do not know the

exact capacity of the Amazon cloud, for illustration purposes,
we assume the total number of Amazon’s EC2’s Instance
Type to be 1250. Assuming there are an additional three
members who form the federation with Amazon, each of
the three members has different capacity and the details are
shown in Table 4. We use the number of cloud provider
members as the benchmark. Then, the impact of the number
of cloud federation members on profit and SLA violation
under different overbooking strategies will be analyzed in
further.

(iii) Proportion of on-demand instance: Reference [23]
assumed the correlation among all demand are equal.
In order to focus on the impact of reserved but unused
instance, we define that each federation member allocates
a certain proportion of its capacity for on-demand instances
according to a uniform distribution, D0 ∼ U (0, 0.4).
(iv) The distribution of the reserved but unused instances:

The reserved but unused instances follows a normal
distribution r ∼ N (u, σ 2). Let u = 0.4 ∗ ro. If Ama-
zon’s EC2’s on-demand average ratio is 0.2 (random number
from D0 ∼ U (0, 0.4)), then its reserved units is 1,000
(=1,250∗.8) and its average reserved but unused instances are
100 (1000∗0.1), which are available to share with members.
Similarly, the reserved units of the other three members are
shown in Table 4. The standard deviations of the reserved but
unused instance is one-third the sigma of the mean.We define
this normal distribution as Case1. Then, the impact of the
distribution of the reserved but unused instances on profit and
SLA violation under different overbooking strategies will be
analyzed in section IV-C.

(v) The exchange price:Under the cloud federation trading
mechanism, a cloud provider can exchange resources at the
exchange price, i.e., Ffed (see Section 3.2).
(vi) The unit penalty cost: If the SLA terms are not

fulfilled when the customers use the reserved instances,
the cloud provider must pay a penalty to the users.We assume
the penalty rate ξ=[0.2, 0.4, 0.6, 0.8], then the penalty cost
g = (1+ ξ )Ffed .

Using Matlab 7.0 and (11), we achieve the following
results.

1) PROFIT GAINS
According to the cooperative game model (M , v), M =

{1, 2, . . . ,m},there are four cloud members in the cloud
federation, which can form 8 sub-federation, i.e.,.{1},{1,
2},{1, 3},{1, 4},{1, 2, 3},{1, 2, 4},{1,3,4},{1, 2, 3, 4}Under
the cloud federation {1, 2, 3, 4}, we calculate that the

optimal overbooking quantity of the leading cloud provider
(Provider 1) under the cloud federation is 104. There are
four units of overbooking available from Provider 1 and
six (reserved and unused (= 60)-overbooked units (= 54))
units in the cloud federation. The optimal trading strategy
for cloud Provider 1 is to purchase four instances from the
cloud federation. Accordingly, the federation will achieve
the maximum profit. By applying (2), we find the opti-
mal expected profit v({1, 2, 3, 4}) is $888,158.00/year. Sim-
ilarly, we can get the other 6 optimal expected profit of
sub-federation, v({1, 2}) = $652, 672.04/year, v({1, 3}) =
$653, 674.08/year, v({1, 4}) = $649, 988.31/year,v({1, 2,
3}) = $653, 976.58/year, v({1, 2, 4}) = $654, 078.12/year,
v({1, 3, 4}) = $651, 432.03/year.
Without a federation, the optimal overbooking quantity

of the leading cloud provider (Provider 1) is 92, By apply-
ing (12), we find that the expected profit of Provider 1v({1})
is $884,097.00/year.

According to the Shapley value, we can calculate the dis-
tributed profit for Provider 1is $890,326.19/year. Compared
with the expected profit without a federation, the expected
profit of Provider 1 and other members are increased
by 0.705%, which are shown in Table 5.

2) THE PROBABILITY OF SLA VIOLATION
With respect to SLA violation, Table 5 presents the proba-
bility of SLA violation for Provider 1 under the federation
decreases by 8.38% comparing with the overbooking without
joint cloud federation strategy.

In addition, we compare our optimal overbooking policy
under cloud federation environment (Over With) with over-
selling policies based on Revenue Maximization (OvrsRM)
proposed by Mario and Guitart [18]. We compare the dif-
ference between our approach (Over With) with OverRM

from two aspects: SLA violation and profits under diverse
factors.

B. CHANGES IN INSTANCE TYPES AND PRICES UNDER
DIFFERENT OVERBOOKING STRATEGIES
As stated by Mario and Guitart [18], for cloud provider 1
to obtain higher profit, the price and overbooking quantity
are important factors at the different revenue management
decision making levels. To examine the impact of different
types and prices on profit and SLA violation under different
overbooking strategies, we choose three contract types of
on-demand instance, and set two kinds of reserved ratio of
the reserved instance from Amazon EC2. We analyses three
overbooking strategies: No overbooking strategy (No Over),
Overbooking without joint cloud federation strategy (Over
Without), Overbooking with joint cloud federation strategy
(Over With), and OverRM policy.
We find in Fig.2. that all overbooking strategies have a pos-

itive impact on profit. Cloud provider 1 receives lower profits
when applying No overbooking policy. While it will achieve
higher profit with joint cloud federation strategy. OverRM pol-
icy and the Overbooking without joint cloud federation stay
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TABLE 5. Cloud provider1’s profits and sla violation with and without a joint cloud federation.

FIGURE 2. Impact of instance types and unit prices.

in the middle of both.This is because the increase of profit
caused by the cooperative game decrease the risk and penalty
cost of the SLA violation. Comparing with different instance
performance, such as a1.large and a1.xlarge, under the same
users ‘demand, the greater unit instance price, the more profit
the cloud providers will receive. In addition, the upfront
reserved fee do not significantly affect the profit. This is
because, the greater upfront reservation fee will decrease unit
price of reserved instance, thus decrease the profit. However,
the more upfront reservation fee, the lower of the probability
of reserved but unused.

C. CHANGES IN THE DISTRIBUTIONS OF RESERVED
CUSTOMERS
In Section VI-A, we assume that the overbooking quan-
tity and the profits are optimal when the probability of
reserved but unused customers is the normal distribution,
and. We define this scenario as Case 1. To conduct a fair
comparison, when the probability of reserved but unused
customers follows a different normal distribution, we derive
the optimal profit and the probability of SLA violation
of cloud Provider 1under different overbooking strategies
(No Over, Over Without, Over With, OverRM).The opti-
mal overbooking qualities are achieved under the biggest
cloud federation {1,2,3,4}.Four cases are examined in Fig. 3.

The other three distributions = [µ = 0.1ro, σ 2
= 1/2µ;

µ = 0.15ro, σ 2
= 1/3µ; µ= 0.15ro, σ 2

= 1/2µ].
As presented in Fig 3(a), regardless of the differ-

ent features of the normal distribution in the four
cases, the overbooking with joint cloud federation strat-
egy reveals positive improvements comparing with the
other strategies. Given the same average reserved but
unused customer numbers, the greater the uncertainty
of the reserved but unused customers, the greater the
improvements in profits However, when the probability of
reserved but unused customers remains stable, the profit
increases as the number of reserved but unused customers
increases.

As for the probability of SLA violation, we can find
in Fig.3 (b) that, the overbooking with joint cloud federation
strategy decrease the probability of SLA violation under a
higher profit when comparing with OverRM and the over-
booking without joint cloud federation strategy. Due to the
associated error to the predict component, OverRM policy
brings about higher probability of SLA violation. When the
probability of reserved but unused customers remains stable,
the probability of SLA violation remains stable. Under the
No overbooking strategy, the reserved but unused instance
will lead to idle resource which makes the probability of
SLA violation equals zero.
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FIGURE 3. Impact of the distribution features for unused customers.

FIGURE 4. Impact of the number of cloud federation members.

D. IMPACT OF CLOUD FEDERATION SIZE UNDER
DIFFERENT OVERBOOKING STRATEGIES
In the beginning of the formation of a cloud federation,
the number of members is small, as evidenced by the current
situation of Amazon and Alibaba, who aim to establish large
cloud ecosystems. Fig.4 presents the impact of federation
size on Provider 1’s, e.g., Amazon, expected profits and
SLA violation under different overbooking strategies.

We find in Fig 4 (a) that the Provider 1’s profit increase as
the federation size increase under three overbooking strate-
gies. In addition, the increase of the profit’s improvement
under the No-overbooking strategy is less than Overbooking
with joint cloud federation strategy. Due to the super-additive
of the cooperative game model, the profit of Provider 1
under the biggest federation that all cloud member’s joint
is more than the sub-federation. It means that the biggest
federation is the optimal federation. Then, Provider 1’s profit
improvements decrease as the federation size increases. The
larger the federation size, the greater the surplus resources.
When the federation’s surplus resources grow faster than

that of Provider 1’s overbooked quantity, the unit exchange
price decreases due to the increase in idle resources in the
federation.

However, as shown in Fig 4 (b), Provider 1’s SLA viola-
tion decrease as the size of the federation increases because
more resources are available to serve Provider 1’s cus-
tomers. Comparing with the Over With policy, the SLA
violation probability is stable and equal to 40% under the
Over Without policy. Due to there is no resource exchange
to reduce risk, if cloud providers do not join the cloud
federation.

E. CHANGES IN THE PENALTY COSTS
Under cloud market, not providing sufficient capacity for
reserved customers is a violation of SLA, so the cloud
provider must pay a penalty to the users. To examine whether
the optimal overbooking with joint cloud federation strat-
egy remains valid under different penalty rates, we vary the
penalty rate ξ = [0.2, 0.4, 0.6, 0.8]. Fig.5 (a) shows that
the expected profit would decrease due to the increase in
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FIGURE 5. Impact of the penalty rates.

TABLE 6. 6 ∗ 4 ∗ 4 ∗ 5 = 480 sensitivity analysis and results.

penalty cost under the overbooking strategies, while it remain
stable under the No overbooking strategy. When the unit
penalty cost g decreases, both optimal overbooking quantity
tend to increase because joint cloud federation to exchange
resource becomes a more attractive choice to deal with the
unserved users. However, the risk of SLA violation will be
decrease with the increase of the penalty rate, which is shown
in Fig. 5 (b).In addition, the probability of SLA violation
under the OverRM policy is higher than the Over With joint
cloud federation because the exists different clients classi-
fication imply higher penalties.To understand the overbook-
ing strategy’s overall quality in withstanding uncertainties in

diverse environments, we next conduct a multifactor sensitiv-
ity analysis.

F. MULTIFACTOR ROBUSTNESS STUDY
The optimal overbooking with joint cloud federation strategy
is deemed robust if it can cope with significant uncertainty
in different scenarios. Using a 6∗4∗4∗5 sensitivity analysis,
we conduct 480 experiments for each overbooking strategy
in Table 6 to test 4 factors: (i) instance types and unit prices,
(ii) the distribution of reserved customers, (iii) the cloud
federation size, (iv) the penalty cost. Each experiment corre-
sponds to a unique combination of these factors. The expected
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profits and probability of SLA violation under different over-
booking strategies are shown in the six rightmost columns.
The sensitivity analysis suggest that the overbooking model
is robust under various scenarios. As far as the expected
profit and SLA violation is concerned, we find that when
facing higher average reserved but unused customer numbers,
greater federation size, and higher upfront reserved fee, the
overbooking strategies performs significantly better, whereas
the penalty rates is inconsequential.

VII. CONCLUSION
In this report, we present an optimal overbooking policy
for cloud providers to enhance their profits and resource
utilization. We first develop a market-oriented cloud feder-
ation trading structure (framework). Based on the proposed
structure, we determine a cloud federation exchange price.
Unlike the previous literature on fixed exchange prices in
other industries, we propose the dynamic exchange price,
which changes based on the resource utilization of the cloud
federation and the operational costs of VMs. Based on the
dynamic exchange price, we establish the optimal overbook-
ing strategy for a cloud federation environment, derive the
optimal overbooking quantity and compare this strategy with
that of a no federation environment. Through establishing the
cooperative game model of the cloud federation, we prove
the super-additive and nonempty cores of the model and
make a reasonable profit distribution based Shapley value.
The results indicate that the expected profits can be improved
and the probability of SLA violation can be declined under a
federation.

Using the price data available from Amazon EC2 and the
cloud ecosystem that it aims to establish, we determine that
joining a cloud federation is beneficial for cloud providers,
as it improves their overbooking performance with respect
to both profits and customer service. We further observe that
under diverse instance types and unit prices, different normal
distributions of the probability of reserved but unused users,
and different penalty rates, the profits can be improved and
the probability of SLA violation can be decreased under
the overbooking with joint cloud federation strategy com-
paring to the over without joint cloud federation policy and
No-overbooking strategy. However, given the penalty costs,
the greater the penalty rate is, the lower the SLA violation
and the expected profit is. In addition, we examine the impact
of the size of the cloud federation on the overbooking policy
when considering the development of the cloud federation
and find that the growth in providers’ profits decreases,
whereas decrease in the SLA violation, as the size of the
federation increases.

There are limitations associated with our study. First,
to focus on a single cloud provider’s overbooking policy,
we assume all the cloud federation’s members are the same.
Therefore, taking into account the competencies of differ-
ent members in a cloud federation is a direction for future
research. Second, we set a fixed instance unit price for one
time.In fact, cloud providers offers diverse instance types

prices at the same time to meet customers’ demand. Future
research should address such issues. It is also of interest to
examine how to overbook resources to meet the heteroge-
neous consumers’ demands through a cloud federation.
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