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Abstract

When exploring hybrid cloud solutions, the provision of cloud computing
resources by more than one provider, may result in important gains, such as
better risk management, improvement of operational efficiency and avoidance
of the lock-in effect by a single vendor. To this end, many enterprises decide
to rely on hybrid strategies and multiple cloud providers. With the strate-
gic distribution of the cloud management and resources between multiple
providers, multi-cloud adoption can achieve greater efficiency, taking advan-
tage of the economies of scale, and establish an optimal performance/cost
balance of the multi-cloud service. Into this context, the paper explores the
pricing strategies of 23 different providers for [aaS and estimates the efficiency
of different multi-provider service bundles, utilizing DEA methodology. The
results are quite encouraging, since the efficiency of multi-cloud solutions is
increasing, while cost savings may be accomplished. They provide a measur-
able driver for clients exploring hybrid solutions of how to mix different IaaS

services of different providers.
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1. Introduction

A hybrid cloud is defined as the combination of a public and a private
cloud, using a mix of on-premises private cloud and third-party public cloud
services, with appropriate orchestration between the two platforms [I]. Ap-
plications in a hybrid cloud implementation have some of their components
in a private cloud, as for example storage and their database, while the appli-
cation server can operate on the public cloud. A hybrid cloud offers increased
availability and risk management and can act as the ”fallback plan” in the
cases that demand increases and the private cloud fails to cope. Hybrid cloud
offers flexibility but also raises questions about how the public cloud imple-
mentation will be handled. Therefore, for the public cloud part of a hybrid
approach multi-cloud solutions should be evaluated.

The multi-cloud environment is considered as the use of multiple cloud
computing and storage services in a single heterogeneous architecture. It
refers to a mixture of Infrastructure, Platform or Software as a Service (IaaS,
PaaS, or SaaS) [1]. Most organizations already operate in a multi-cloud
environment and most of the ones that do not currently use multi-cloud, plan
to use multiple hybrid clouds [2]. According to a Gartner survey [2], the
multi-cloud IT environment has already dominated the technology market
and users use higher- quality services, thus optimizing service cost without
compromising performance.

A multi-cloud environment is quite flexible and quickly adopts the op-



timal technologies for any task and by incorporating multiple clouds into
a company’s I'T strategy, business requirements are lined up with the best
cloud-hosting provider for each individual task. In addition, a competitive
market is formed, offering optimal pricing for different resource capacities.
Businesses compare different cloud solutions and secure the best available
rates, based on their specific IT needs. Furthermore, avoiding lock-in by
a single vendor is a core business requirement, or a way to achieve greater
portability for their applications, together with risk management. With the
achieved portability, an organization can easily move applications to another
framework or platform. By carefully evaluating the expectations and poten-
tial pitfalls and having a strong negotiating position, which makes it easy to
switch from one cloud provider to another, enterprises can exploit the cloud
advantages and get the optimal multi-cloud service in a reasonable price [3,
4).

The most compelling reason for adopting multi-cloud services can be cost
saving and efficiency is the key to this. Following the above considerations,
a multi-cloud approach is proposed, which estimates the efficiency of multi-
cloud services and highlights the efficient and reliable multi-cloud services at
a better price. Based on efficiency, users can choose not only the optimal but
also the most cost-efficient multi-cloud solution. Multi-cloud Infrastructure
- as - a - Service (IaaS) solutions are composed by combining efficient single
[aaS services and their efficiency is estimated by adopting Data Envelopment
Analysis (DEA).

The rest of the paper is organized as follows: Section II presents the re-

lated work, while Section III describes the motivation of the proposed strat-



egy. Section IV introduces a general description of the DEA method and
thoroughly defines the four phases of the proposed methodology. Section V
presents the evaluation results and finally Section VI concludes the paper

and suggests future work.

2. Literature Review

In this section some of the key aspects of this publication are brought
to light. From the multi-cloud approach, to the bundling of services and,
finally, to the multi-attribute decision-making problem, which focuses on the

calculation of the efficiency of IaaS cloud services [2].

2.1. A Multi-Cloud Approach

Cloud Computing has become a major technology that shapes the future
of applications’ deployment and the IT infrastructure enterprises implement.
The rapidly changing market environment and competition is a key factor to
the cloud computing adoption and diffusion. A scalable single-cloud approach
seems the most alluring option for many enterprise users, as it is the easiest
way for billing and supporting a company’s cloud infrastructure. However,
the concept of a single-cloud approach can result to a failure due to service
unavailability [3]. The multi-cloud approach, that can solve such issues comes
with its own drawbacks and among them is the security offered by each cloud
provider and the inter-operability [4].

A number of relevant studies have been conducted and the results are
quite promising. Among them, the work performed in [5] indicated that
secure and reliable storage could be achieved, harvesting the multi-cloud po-

tential. The approach improves the perceived data availability and in most

4



of the cases it results in a significant reduction of latency. Other studies
have examined the security of the approach and raised concerns about the
security [0], while proposing interesting solutions for this problem. The com-
mon result of the studies is that the multi-cloud approach is continuously
gaining ground and thus needs further examination regarding its merits and

drawbacks.

2.2. Bundling of Services

Bundling is not a recently adopted strategy, since many economic sectors
already use it for their operational needs. According to [7] the term tie-
in sale is the primary form of a bundle definition from the early 60s. The
concept of bundling has been found in academic research and the bundling
of services and products always played a vital role in companies and their
business strategies. The ultimate purpose is the cost efficiency and customer
satisfaction [§].

As described in [9], bundling in an oligopolistic environment can be a
strategy that can discourage new competitors to enter a market. This is
because the combination of products or services becomes an obstacle that a
rival company has to face and overcome with great impact in its resources.

A characteristic example that highlights the value of bundling in tech-
nology is the telecommunications industry [I0]. Mobile value added services
have become a very important factor to generate income and attract new
customers and also to sustain that has already gained. Services like: SMS,
MMS and data access in the past were considered value-added services. As
technology advances, value added services have changed and more recent ex-

amples are: live streaming, gaming, online banking. As far as cloud comput-



ing is concerned, companies that operate in the sector -like Flexiant- have
concluded that pre-configured bundles of infrastructure and services facili-
tate decision for purchasing a cloud solution [I1]. A properly implemented
bundling is also the key aspect for companies that aspire to differentiate from

their competitors in the market.

2.3. FEfficiency and Cost

Considering the efficiency and cost, the work performed in [12], based on
the experimental testing and modeling, tried to evaluate the requirements in
resources with cost and performance being the key factors.

In[13] a DEA (Data Envelopment Analysis) methodology was applied as
an approach to measure the effective resource performance of cloud com-
puting infrastructures, evaluating laaS. DEA is a very popular methodology
that has the ability to benchmark multiple inputs and outputs as well as
computational ease. This is mainly because DEA has the ability to express
the ecosystem under question as a linear problem.

In addition, a non parametric method that evaluates relative efficiency
based on DEA was conducted by [14]. It ranked cloud services into different
efficiency levels and indicated solutions towards performance improvement.
The evaluation of the performance was based on a small group of IaaS ser-
vices.

In [15] the authors calculated the TaaS efficiency, adopting DEA method.
The proposed DEA model was described using functional and non-functional
attributes and the impact of the corresponding attributes on the efficiency
was examined. laaS packages combing non-functional attributes promoted

efficiency and profit margin.



3. Motivation

The primary objective of this work is to explore whether a multi-cloud
approach is an efficient and cost effective way for enterprises willing to adopt
cloud computing solutions. The multi-cloud approach should either a part of
a hybrid cloud (private and public), though it could also act as a standalone
strategy. [4].

According to [16] the global Infrastructure as a Service (IaaS) market
grew 37.3% in 2019 to total $44.5 billion, up from $32.4 billion in 2018.
Amazon retained the first position in the IaaS market in 2019, followed by
Microsoft, Alibaba, Google and Tencent. The above research concluded that
the TaaS market is very competitive and subject to constant alterations. The
abundance of TaaS providers gives the option not only to compare prices
and services between them, but also offer the ability to combine them into a
cost effective bundle. Coronavirus pandemic has also enhanced cloud usage
and investing, compelling enterprises to move their applications to the public
cloud as a result of the COVID-19. This resulted to the realization of poten-
tial of public cloud and the broadening of the horizons of many enterprises
[16]. For these reasons, multi-cloud model is expected to be further adopted
and therefore a methodology to find the most cost effective is imminent.

With the large variety of providers, the research performed in this paper
evaluates different combinations of multi-cloud implementations in the form
of bundled IaaS. The purpose is to create an accurate estimation about ef-
ficiency and possible cost reduction. The results will give researchers and
enterprises tangible conclusions based on real data, in order to use them in

their estimations and multi-cloud implementations.



Following the work presented in [15], we propose the adoption of DEA
methodology to explore the efficiency of multi-cloud solutions, since it has
proven the most accurate for decision-making in the world of technology [2].
Multi-cloud hybrid strategy provides remarkable agility and cost efficiency,
therefore a model based on Data Envelopment Analysis can point out the
contribution of multi-cloud strategy to the efficiency of TaaS services.

Compared to the work presented in [I5], the methodology proposed to
explore multi-cloud efficiency differs. Both are based in DEA, thought the
combination of input data and the methodology steps proposed are different.
Though the work presented in [15] emphasized non-functional characteristics,
the evaluation of IaaS packages explored in the current study is based on
the essential characteristics of processing, memory and storage costs, as the
purpose of the proposed model is to create a data set with the combination
of single TaaS packages into multi-cloud bundles. Besides the differences on
the input data set, our methodology was extended with additional phases
to create multi-cloud bundles based on single IaaS packages rated high in
efficiency and explore multi laas package combinations. In contrast to [I5],
DEA is applied recurrently to identify multi-cloud efficient bundles.

The aim is to provide results that propose value-for-money bundles which
can help enterprises to use the right options, thus enjoying financial savings

and benefit by an uninterrupted, scalable and an efficient I'T infrastructure.

4. Methodology

The examination of the efficiency of a single provider of a service is quite

interesting but the proposed consideration in terms of the efficiency of multi-



cloud services is further challenging and demanding. Towards this direction,
the proposed strategy composes multi-cloud services and estimates the rel-
ative efficiency, based on a DEA approach. A detailed description of the

adopted methodology is presented in the following sections.

4.1. Data Envelopment Analysis

Data Envelopment Analysis (DEA) is a methodology for performance
evaluation and a benchmarking technique which measures the relative effi-
ciency of a set of decision-making units (DMUs). This technique is non-
parametric, since it is entirely based on the input and output data. It is a
significant tool for assessing the comparative efficiencies of decision-making
units (DMUs), especially when the presence of multiple inputs and outputs
makes comparison with other methods a complicated procedure.

Data Envelopment Analysis (DEA), a linear based multi-criteria decision
making strategy, introduces a process for calculating relative efficiency, in-
corporating multiple inputs and outputs and without specifying the weights
for the chosen inputs and outputs [I7]. Each unit (DMU) is compared with
only the “optimal” units and the most efficient units are highlighted.[18]

The calculation of relative efficiency where multiple inputs and outputs
exist was addressed by Farell [19], based on the definition of a hypothetical
efficient unit, as a weighted average of efficient units, to act as a comparator
for an inefficient unit. A typical measure for relative efficiency is presented

in Equation (1) for a DMU j with m outputs and n inputs.

weightedsumoutputs

ef ficiency =
17 Y weightedsumo finputs



Which can be also written as presented in Equation (2) for a DMU with

m outputs and n inputs.

Y1 + UaYo; + . o+ UnYmj

Efficiency of DMU j =
V12154 + Vo2 + ...+ UnZnj

(2)

Where u, is the weight given to output r, v; is the weight given to input
i, y,; is the amount of output r from DMU j and z;; is the amount of input
iin DMU j.

According to Equation (2) the calculation of the relative efficiency of a
DMU with multiple inputs and outputs requires a common set of weights.
However, DMUs may consider their inputs and outputs in a different way
and the application of an agreed common set of weights is difficult. Thus,
the measure of efficiency based on the assumption that a single common
set of weight is required is unsatisfactory. However, DEA values inputs and
outputs differently and lets each unit adopt a set of weights that show it in
the most favourable light in comparison with the other units. [2] [20].

Efficiency hg of a specific target DMU jy can be obtained as a solution to
the system of Equations M1. Maximise the efficiency of unit j0, subject to
the efficiency of all units being less or equal to 1.

Max hy = %l

subject to:
M1

2y Urry < 1 for each unit j

i Viij

Up,V; 2 €1=12,... mi=1,2,....n
Vs
The variables of the above equation M1 are the weights (u,v) which are

the most favorable to unit jy as, meaning that DEA determines the weights

10



compared to the other k-1 DMUs, to calculate the efficiency hy based on
the assumption that more of outputs and less of inputs are desirable, so so
that DMU j, seems as efficient as possible. Each unit is allowed to adopt a
set of weights in the most favorable light in comparison to the other units.
The weights (u,v) are constrained to be greater than, or equal to, some
small positive quantity E, in order to avoid any input or output being totally
ignored in determining the efficiency [18] [20]. The relative efficiency of each
DMU cannot be more than 100% efficient when the same weights are adopted
by each DMU, meaning that the efficiency is constrained to be lower than or
equal to 1.

Model M1 is a fractional linear program and it first needs to be converted
into a linear form, so that the methods of linear programming can be applied.
The linearization process is relatively straightforward and the linear version
of the constraints of M1 is shown in equation M2 [20] [2I]. The relative

efficiency of the target unit can be obtained by solving equation M2 .

Max hg =), UrYrj,
subject to:
D Uitijy = 1 M2

YWY — > iy < 0 (for each DMU) j =1,2,....k

U,V 2er=12...mi=12....n )

The proposed simulation model is based on the aforementioned model

of DEA and the corresponding DMUs, inputs and outputs that compose
the DEA model are considered to be the parameters of the simulation. In

addition, Maxdea software was adopted for the simulation of the proposed

11



methodology [22]. It is an easy-to-use but powerful and professional tool and
has been widely used to measure performance in many research areas [23]

4.

4.2. Multi-Cloud Efficiency using DEA

The proposed model aims to calculate the relative efficiency rates of multi-
cloud services. Towards this direction the current methodology creates a
multi-cloud data set based on the most efficient single provider bundles that
are described by their functional features (cpu, memory,storage) and their
price.

The multi-cloud services are categorized into three groups:

e Computation Optimized Instances (COI): This category includes
bundles ideal for compute bound applications, which benefit from high
performance processors. Instances belonging to this category are well
suited for batch processing workloads, media transcoding, high perfor-
mance web servers, high performance computing (HPC) and as server

engines.

e Memory Optimized Instances (MOI): It includes instances which
are designed to deliver fast performance for workloads that process large
data sets in memory. Instances of this group can be used as gaming

servers.

e Storage Optimized Instances (SOI): SOI Refers to instances de-
signed for workloads that require high, sequential read and write access

to very large data sets on local storage. They are optimized to deliver

12



tens of thousands of low-latency, random I/O operations per second

(IOPS) to applications [25].

The above categories are further divided into 3 subcategories, based on
the size of their main feature [25]. For example, computation optimized bun-
dles are classified into Small(S), Medium(M) and Large(L) bundles, based on
the number of vCPUs. Memory and storage bundles are also sub-categorized,
based on the size of the memory and storage capacity.

The proposed simulation model is based on the following phases:

Phase I:
e Collection of IaaS bundles

e Categorization of IaaS bundles into categories based on computation,

memory and storage characteristics (COI, MOIL,SOI).

e Each category is divided into three (3) subcategories (S/M/L COI,
S/M,L S/M/L SOI, S/M/L MOI), based on the size of their main fea-
ture (CPU, RAM, storage). For example S-COI refers to small compute

optimized instances.
Phase II:

e DEA method is applied to each subcategory (S/M/L COI, S/M/L
S/M/L SOI, S/M/L MOI). The relative efficiency is estimated and
the TaaS bundles are ranked by the efficiency score. Then, the five
most efficient bundles are chosen. The chosen bundles hold the highest
efficiency scores and are mixed for the composition of multi-cloud IaaS

services.

13



Phase 11I:

e COI (S/M/L), MOI (S/M/L) and SOI (S/M/L) multi-cloud groups are

composed based on the five bundles with the highest efficiency scores.
Phase IV:

e DEA is applied to each multi-cloud subcategory (S/M/L COI, S/M/L
MOI and S/M/L SOI).

Figure[I] sums up the phases of the methodology. Each phase is presented

in details, in the following sections.

Phase | Phase Il Phase Il Phase IV
ETE] Implementation
. Description of Definition of P
Collection . of DEA to each
DEA model & multicloud .
Bundles . ) ] multicloud
S implementation services
Categorization category
Compute Optimized The elative efficiency is COl. MOI, SOI multicloud The efficient multicloud
Instances (S,M.L) estimated and the five (5§)  services are defined based  services of each category
Memory Optimized single provider bundles with  on the five single provider are highlighted
Instances (SM.L) the highest efficiency score most efficient (SPME)
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Figure 1: Phases of the proposed DEA Methodology

4.2.1. Phase I - Data Collection

The proposed methodology is based on IaaS cloud services. Data were col-
lected from the Cloudorado database [26], a price comparison service of cloud
computing that focuses on laaS providers. Cloudorado can also be referred
to as a price calculator for multiple cloud hosting providers, since the com-

parison is performed by calculating price for individually set of needs. Users
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can set cloud server requirements such as CPU, storage, memory, Operating
System (OS) and get a price from numerous cloud providers. Cloudorado
[26] helps users to make data-driven laaS purchase decisions based on the
pricing of cloud environment.

After their collection IaaS bundles were classified into the three categories
as described above (COI, MOI,SOI). The categorization of the collected bun-
dles is introduced by Amazon [25]. Amazon Web Services (AWS) are broadly
adopted, therefore the proposed classification is considered to be reliable for
the evaluation of the methodology [27]. In addition, each category is divided
into three (3) subcategories (Small, Medium, Large), based on the size of
their main feature (CPU, RAM, storage). The criteria for sub-categorization
are presented in Table

Table 1: Optimized Instances

COI (vCPUs) MOI (GB) SOI (GB)

Small: 1-4 Small: 8 - 16 Small: 100 - 500
Medium: 6 - 12 Medium: 32 - 64 Medium: 500 - 2,000
Large: 16-32 Large: 120 - 256 Large: 2,000 - 10,000

A total number of 409 price bundles were collected, coming from 23
providers. The number of compute, memory and storage optimized instances
is 205, 104, 100 respectively. Data collection was based on requirements that
were not addressed by all providers, thus the number of the collected TaaS
bundles of each provider differs. Table [2| presents the cloud providers and
the corresponding number of COI, MOI and SOI instances.
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Table 2: Cloud providers and number of instances per category

Cloud Providers COl MOI SOI
Microsoft Azure 10 6 9
Amazon 12 7 9
Google 12 6 8
Cloudsigma 9 5t 6
Atlantic.net 7 4 2
M5 12 5 6
Elastichosts 9 4 4
Bitrefinery 9 4 4
Storm 9 6 8
Rackspace 12 6 9
E24cloud.com 9 3 4
Joynet 6 5 4
Stratogen 12 5 6
Eapps 9 4 2
Data dimension 12 6 5t
Cloudware 6 3 2
Zippycloud 11 6 3
Exoscale 5 3 0
Vps.net 5 2 2
Dreamhost 6 3 2
Zettagrid 9 4 3
Cloudsolutions 12 5t 6
Gigenet 2 2 0
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4.2.2. Phase II-DEA implementation-Efficient bundles

Following the data collection and as the next phase, the methodology
proceeds with the estimation of the relative efficiency rates, adopting DEA.
DMUs, inputs and outputs compose an input-oriented DEA model. Cloud
bundles are designated as Decision Making Units (DMUs). Each DMU is
defined by the provider name and a given serial number. For example, in
the Compute Optimized, instances category ‘azure3’ corresponds to the third
[aaS instance of Microsoft Azure, as extracted from Cloudorado.

Price for an annual subscription is defined as the input of the proposed
model. It is a multidimensional factor and there is usually a strong relation
between price and efficiency. Compute Power (CPU cores), Storage capacity
(GB) and Memory (GB) define the outputs of the model. Cloudorado offers
a few more features, such as Time On, Transfer In, Transfer Out and the
option that CPUs, RAM and storage can be distributed among more than one
physical server, participating in the price bundling of Cloudorado. However,
these characteristics are not considered as output parameters into the context
of this work. The Transfer In, which refers to the number of bytes received
by the server from the internet per month, does not observably contribute to
the shaping of the pricing bundles and many providers (e.g. Amazon) charge
only for the outgoing traffic, while others consider it as a small amount in the
total price of services. In addition, the Transfer Out, describes the number
of bytes sent by server to Internet per month, does not contribute to pricing
[29]. Therefore and with no loss of generality, the Transfer In attribute was
considered to be at a fixed level of 1GB and the Transfer Out at 10GB,

per month. As far as Time On is concerned, it was set at a level of 100%
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availability per day and the default offered value of non-distributed resources
was also considered. In addition, Linux was chosen as the operating system,
since it is an open-source operating system, without extra charge for the user
[28].

Based on the current categorization the initial data set is divided into
nine (9) categories and the proposed DEA-oriented model is applied for each
category. As mentioned above, the software MaxDEA [22] is used for the
implementation of DEA. The relative efficiency is estimated, the bundles are
ranked by the efficient score and five (5) bundles with the highest efficiency
scores are chosen, in order to be mixed for the composition of multi-cloud

TaaS services.

4.2.3. Phase III - Multi-cloud Service Composition

In Phase III a new data set is formed, based on the five bundles with the
highest efficiency scores, named as Single Provider More Efficient (SPME)
bundles. The proposed model aims to examine the contribution of multi-
cloud strategy to cloud efficiency, therefore for more accurate results the five
(5) chosen SPMEs are derived from different providers.

In the multi-cloud data set three patterns of services are designated.
The first includes the possible combinations of three (3) out of five (5)
SPMEs bundles, offering ten (10) possible combinations. The second pat-
tern aims to cover every possible variation to the first multi-cloud data set,
by including duplicate SMPE bundles of the same provider, for example
SPME1,SPME1,SPME2. The possible combinations are totally twenty (20).
The third pattern includes five (5) groups of three bundles, all from a sin-
gle provider, for example SPME1,SPME1,SPME1, for comparison reasons.
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The new multi-cloud data set includes thirty-five (35) multi-cloud bundles
for each category (S/M/L COI, S/M/L MOI and S/M/L SOI).

As mentioned above, multi-cloud data set determination is based on the
possible combinations of three (3) out of five (5) SPMEs bundles. The ap-
proach for composing the multi-cloud data set based on the possible com-
binations of the five (5) SPMEs bundles was initially examined. Later, the
data set was formed based on the potential combinations of four (4) out of
five (5) SPMEs bundles. However, the outcome revealed that the last two
approaches did not result to a larger number of multi-cloud efficient bundles,
therefore the approach based on the combinations of three (3) out of five (5)
SPMEs bundles was finally chosen.

A simple example of a multi-cloud service of the medium compute-oriented
category, based on three different single provider services, is presented in Ta-
ble[3] The name of the multi-cloud service is 'cpu-medium1’ and is described
by medium compute instances derived from Azure, Storm and Dreamhost.
Adding the size of the individual resources (vCPUs,RAM, storage) and the
price of each instance, the final size and the final price are determined. For

example, cpu-medium]1 instance offers 24 vCPUs and its final price is 615$.

4.2.4. Phase VI: DEA implementation in multi-cloud data set
Multi-cloud bundles are designated as Decision Making Units (DMUs)
and each DMU is defined by its category size and a given serial number. For
example, multi-cloud instance 'cpu-medium1’ represents the first multi-cloud
instance that fits in the multi-cloud compute-medium category (M-COI).
Multi-cloud compute Power (vCPUs), storage capacity (GB) and mem-
ory(GB) define the outputs of the DEA model, whereas multi-cloud service
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Table 3: Sample of multi-cloud data set

Cloud vCPUs | Memory Storage Price
Services (GB) (GB) (%)
Azureb 8 32 500 158
Storm6 8 32 1500 351
DreamHost5| 8 16 280 106
cpu- 24 80 2,280 615
mediuml1

price ($) constitutes the input of the model. Figure [2[ depicts the proposed
model multi-cloud model. The methodology collects and categorizes single
provides services described by CPU, Memory Storage, and price. DEA is
applied, pointing out the most efficient single laas packages. Finally, DEA is
applied recurrently to identify multi-cloud efficient bundles, combining dif-
ferent number of laaS packages.

The proposed multi-cloud DEA-model is applied to the data over each
multi-cloud category (S/M/L COI, S/M/L MOI, S/M/L SOI), using the
software MaxDEA [22] and the multi-cloud relative efficiency is finally esti-

mated.

5. Results - Discussion

As mentioned above, the data set is categorized into three categories
(COIL, MOI and SOI) and each category is further divided into three sub-
categories, Small (S), Medium (M) and Large (L). Multi-cloud data set de-

termination is based on the possible combinations of the five (5) top rated
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Provider Single Provider Cloud

Efficient
Multi-cloud
Services

Figure 2: Multi-cloud DEA proposed model

SPMEs bundles in terms of efficiency is each subcategory. It should be noted
that usually two of them were rated as efficient by the DEA approach, when
examined as SPMEs. The proposed DEA model is applied over each category
and the efficient multi-cloud bundles are pointed out.

The approach of composing the multi-cloud data set, based on the possible
combinations of up to five (5) different providers was initially examined. As
the number of efficient bundles consisting of more than 3 different providers
was negligible, a data set based on the potential combinations of three (3)
out of five (5) SPMEs bundles was chosen. As the outcome revealed, the five
(5) or four (4) out of five (5) combinations did not result to a larger number
of multi-cloud efficient bundles that the three (3) out of five (5), therefore
the results presented in the following are based on the combinations of three

(3) out of five (5) SPMEs bundles.
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Table [d] presents the percentage of single-provider and multi-provider bun-
dles characterized as efficient per subcategory, as well as the total percentage

of efficient bundles. The groups of single provider services includes a cluster of

three bundles, all from a single provider, for example SPME1,SPME1,SPMETL.

In addition, Figure |3| graphically illustrates the results.

Table 4: Multi-cloud efficient bundles

COI | COI | COI | MOI | MOI | MOI | SOI | SOI | SOI
S(%) | M(%)| L(%) || S(%) | M(%)| L(%) || S(%) | M(%)| L(%)
Groups 5.71 | 571 |28 |28 |[571 |28 |571 |57 |5.71
of Single
provider
services
Multi- 28.54 | 13.44 | 14.28 || 25.71 | 20.5 | 22.85 || 11.11 | 20.68 | 17.14
cloud
Services
Total 34.25 | 19.15 | 17.13 | 28.57 | 26.21 | 25.71 || 16.82 | 26.39 | 22.85

In all cases the efficient multi-provider bundles outnumber the efficient
groups of single provider ones. For example, in COI Small subcategory the
rate of the efficient multi-cloud services equals to 28,5% whereas the rate of
the efficient group of single provider services equals to 5,71%. The conclusion
that multi-cloud strategy boosts efficiency is confirmed for each subcategory.
Efficient multi-provider bundles consist of both efficient and inefficient single
provider solutions. While an efficient solution may contribute to the efficiency

of a multi-provider bundle, there is no indication that this determines the
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Figure 3: Results of DEA model per category

efficiency of the bundle in any way. Efficient multi-provider bundles consists
of either tow or three providers in the same percentage.

The same conclusion is confirmed for all category (COI, MOI, SOI), but
each category is affected by the multi-provider strategy to a different extent.
MOI and COI categories present the most significant increase in the number
of efficient multi-provider bundles, whereas the increase in the SOI group
is noticeable but at a smaller scale. As mentioned in [29], storage price is
decreasing but evidence indicate that this reduction may not as elastic as the
cost of computing power. Figure[d presents the contribution of multi-provider
strategy to the cloud efficiency. The rate of efficient multi-cloud services in
COI, MOI and SOI categories equals to 23.81%, 27.82% and 15.24% respec-
tively. Furthermore, the rate of efficient bundles from a single provider has

a minor contribution to the total number of efficient bundles per category.
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More specifically, COI multi-cloud bundles are almost 14% more efficient
that equivalent single provider services, whereas MOI multi-cloud bundles
are 19.2% more efficient than similar single provider services. Finally SOI
multi-cloud bundles 10.6% more efficient than corresponding single provider
services.

35.00%

30.00%

25.00%
20.00%
15.00%
10.00%
5.00% .
0.00% . .
COl MOI 50

M Groups single provider services W Multicloud Services @ Total

Figure 4: Efficient bundles per category (COI/MOI/SOI)

By inspecting the results, it becomes obvious that the efficient multi-cloud
bundles hold an overwhelming proportion in the total number of the efficient
services. For example, the total number of efficient bundles in COI/Small
category is comprised of 83.32% efficient multi-cloud bundles and 16,67%
efficient groups bundles from a single provider. Figure [5] illustrates the cor-
responding proportions in each category.

Multi-cloud solutions also achieve significant cost saving. Table [5 illus-
trates the price reduction for each category. It can be observed that the final

price of efficient groups of single provider bundles, is higher than the price
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Figure 5: Proportion of efficient multi-cloud bundles in the total number of efficient bundles

of the efficient multi-cloud bundles and the specific conclusion is validated in
each category (S/M/L COI, S/M/L MOI, S/M/L SOI). The price reduction
appears to be significant in large categories, rather than in small and medium
categories.

The results of the aforementioned experiment validate that multi-cloud
strategy contributes significantly to cloud efficiency. Multi-cloud services
deliver cost-efficient COI, MOI and SOI services. Thus, it is worth exploring
the adoption of multi-cloud solutions utilizing existing technology, though
these solutions may become more complex, than simply rely on a single
provider.

Multi-cloud environment promotes cloud efficiency, however COI and
MOI groups seem to be favored more than the SOI groups. As claimed by
[29], the price per Byte of storage the last thirty (30) years is dropping but
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Table 5: Price reduction per category
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evidence indicate that this reduction -according to simulations- may come
to an end. Pricing models of current commercial cloud storage services are
not suitable for long-term storage. Consequently, the findings of the above
research [29] regarding the cost of cloud storage are also confirmed by the
DEA analysis conducted in this work, indicating that the SOI category is
less efficient in multi-cloud bundles.

A multi-cloud approach is strongly linked with cost reduction and can
create even more considerable cost optimizations. There are fewer risks of
vendor lock-in and users are free to choose resources based on the the ap-
propriate mix of resources for their application (COI,SOI,MOI), promoting
agility and competition in the most cost-efficient way.The cost saving is sig-
nificant in large instances, indicating that the most profitable approach is for

companies that demand high performance computing resources. According
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to the results, companies that will purchase large multi-cloud bundles will

achieve optimal efficiency and significant cost savings.

6. Conclusions

Enterprises adopt the cloud environment usually opting for a single-cloud
approach. As their business demands grow and fully embrace the cloud and
its benefits, moving towards a hybrid approach is a common consequence,
for a number of reasons. Hybrid cloud offers flexibility, raising questions on
the same time about how the public cloud implementation will be handled
and, therefore, a multi-cloud approach needs to be evaluated. A multi-cloud
approach appears to be more complicated but after a thorough examina-
tion a multi-cloud aspect turned out to offer an extended range of benefits,
promoting efficiency and cost reduction.

Towards this direction, the current work extends previous work [15] that
explored the efficiency of single provider IaaS services. Both adopted DEA,
however the input data and the proposed methodology steps differs. In [15]
authors focused on functional and non-functional attributes whereas the cur-
rent methodology focuses on IaaS services described by functional attributes
(compute processing units, memory, storage) and price and creates a multi-
cloud data set based on the most efficient single provider services. The
multi-cloud data set is categorized into three categories and nine subcate-
gories (S/M/L COI, S/M/L SOI,S/M/L SOI) and finally DEA is applied for
each category exploring the multi-cloud efficiency of each group. In contrast

o [15], DEA is applied recurrently to identify multi-cloud efficient bundles.

Based on the results, it is evident that multi-cloud strategy boosts effi-
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ciency, since the rate of efficient multi-cloud bundles is higher than the rate
of efficient groups of single provider. For example, the total rate of efficient
bundles in S-COI category is 34.25% including 28.54% efficient multi-cloud
bundles and 5.71% efficient groups of single provider services. The same
conclusion is confirmed for all categories and subcategories, but each cat-
egory /subcategory is affected by the multi-provider strategy to a different
extent. MOI and COI categories present the most significant increase in the
number of efficient multi-provider bundles, whereas the increase in the SOI
group is noticeable but at a smaller scale. More specifically, COI multi-cloud
bundles are almost 14% more efficient that equivalent single provider services,
whereas MOI multi-cloud bundles are 19.2% more efficient than similar single
provider services. Finally SOI multi-cloud bundles are 10.6% more efficient
than corresponding single provider services.

In addition, an important cost saving is affirmed, especially in bundles
that are bound to be used to applications with high computational require-
ments. The proposed multi-cloud methodology reveals that businesses can
select solutions that offer minimized monetary cost and guaranteed efficiency.
It highlights multi-cloud solutions that provides the possible utilization of
computing resources, improving cost visibility and enabling new and efficient
solutions to perform different tasks.

As in most cases, there is the limitation in the proposed model, as quali-
tative characteristics of multi-cloud bundles were not explores. The proposed
methodology refers to multi-cloud instances that are exclusively described by
functional attributes. This considered to be a good direction for future re-

search in order to examine the role of non-functional attributes to multi-cloud
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efficiency. A techno-economic analysis based on cloud brokerage services may

also be examined. Efficient multi-cloud services can be offered to users by

cloud broker, based on the proposed model results. Therefore, the role of

cloud brokerage services and their profits in multi-cloud environment can be

an interesting direction of the current work. This would greatly benefit buy-

ers that would combine the most cost-effective bundles into one easier to use

multi-cloud infrastructure harvesting the full potential of the combination.
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