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Preface

The purpose of this book is to develop solutions to enable dynamic collaboration
of multiple cloud service providers (CPs) to ensure quality of service (QoS)-
constrained service delivery, by combating against resource over-provisioning,
service level agreement (SLA) violation, and excessive operational cost for a
cloud provider. Throughout the book, we introduce landmark achievements towards
realizing this aim.

Present trends in cloud provider capabilities give rise to the interest in federating
or collaborating clouds, thus allowing providers to revel on increased scale and
reach more than that is achievable individually. Current research efforts in this
context mainly focus on building supply chain collaboration (SCC) models in
which CPs leverage cloud services from other CPs for seamless provisioning.
Nevertheless, in the near future, we can expect that hundreds of CPs will compete
to offer services and thousands of users also compete to receive the services to
run their complex heterogeneous applications on cloud computing environment.
In this open federation scenario, existing collaboration models (i.e., SCC) are not
applicable. In fact, while clouds are typically heterogeneous and dynamic, the
existing collaboration models are designed for static environments where a priori
agreements among the parties are needed to establish the federation.

To move beyond these shortcomings, the book establishes the basis for develop-
ing advanced and efficient collaborative cloud service solutions that are scalable, of
high performance, and cost effective. We term the technology for interconnection
and inter-operation of CPs in open cloud federation as Dynamic Cloud Collabora-
tion (DCC) in which various CPs (smaller, medium, and large) of complementary
service requirements will collaborate dynamically to gain economies of scale and
enlargements of their capabilities to meet QoS requirements of consumers. In
this context, this book addresses four key issues—when to collaborate (triggering
circumstances), whom to collaborate with (suitable partners), how to collaborate
(architectural model), and how to demonstrate collaboration applicability (simula-
tion study). It also provides candidate solutions to them, which are effective in real
environments.
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Chapter 1
Overview of Cloud Computing and Motivation
of the Work

Abstract This chapter provides an overview of cloud computing, which can help
the readers to understand the basics of cloud computing technology as well as
motivation of the current work towards enabling dynamic cloud federation platform.

1.1 Introduction

During the recent years, cloud computing is gaining more attention from academic
as well as commercial world. The business potential of cloud computing is
recognized by several market research firms including IDC, which reports that
worldwide spending on cloud services will make up $17.4 billion worth of IT
purchases and be a $44.2 billion market by 2013 [47]. Providers such as Amazon
[3], Google [4], Salesforce [76], IBM [54], Microsoft [5], and Sun Microsystems
[83] have begun to establish new data centers for hosting cloud Computing services.
Emerging cloud Computing offers a new computing model in which resources such
as computing power, storage, online applications and networking infrastructures can
be shared as “services” over the Internet. cloud providers (CPs) are motivated by the
profits to be made by charging consumers for accessing these services. Consumers
such as enterprises, IT companies, application developers and personal users are
attracted by the opportunity for reducing or eliminating costs associated with “in-
house” provisions of these services. Thus it enables consumers to give more focus
on innovation and creating business value for their services. Also consumers access
services based on their application QoS (Quality of Service) requirements without
regard to where the services are hosted [16]. Some examples of emerging cloud
applications include social networking, gaming portals, business applications, media
content delivery, and scientific workflows.

M.M. Hassan and E.-N. Huh, Dynamic Cloud Collaboration Platform:
A Market-Oriented Approach, SpringerBriefs in Computer Science,
DOI 10.1007/978-1-4614-5146-4 1, © The Author(s) 2013
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2 1 Overview of Cloud Computing and Motivation of the Work

1.1.1 Cloud Computing: Definitions

Cloud computing is a new subject at both technological and commercial level,
therefore various definitions can be found, focusing on different characteristics of
cloud Computing technology, services, and platform [46]. IBM takes a technical
stance and defines cloud computing as follows:

A cloud is a pool of virtualized resources that hosts a variety of workloads, allows for
a quick scale-out and deployment, provision of virtual machines to physical machines,
supports redundancy and self-recovery and could also be monitored and rebalanced in real
time [11].

A scientific definition is proposed by the GRIDS Lab at the University of
Melbourne:

A cloud is a type of parallel and distributed system consisting of a collection of intercon-
nected and virtualized computers that are dynamically provisioned and presented as one
or more unified computing resources based on service-level agreements (SLA) established
through negotiation between the service provider and consumers [16].

Berkeley’s define cloud Computing as follows:

Cloud computing refers to both the applications delivered as services over the Internet and
the hardware and systems software in the datacenters that provide those services (Software
as a Service – SaaS). The datacenter hardware and software is what we will call a cloud.
When a cloud is made available in a pay-as-you-go manner to the public, we call it a Public
cloud; the service being sold is Utility Computing [8].

From the above definitions, the features of cloud Computing can be summarized
as follows:

• It is a scalable and flexible distributed computing environment.
• It consists of a collection of interconnected and virtualized computers that

are dynamically provisioned and presented as one or more unified computing
resources to consumers.

• It delivers different levels of services (e.g., SaaS, PaaS, IaaS) to customers
anywhere, anytime via Internet.

• It is driven by economies of scale that is the services can be dynamically
configured and delivered “on-demand” at competitive costs depending on users
QoS (Quality of Service) requirements.

• It provides the ability to pay for use of computing resources as needed (e.g.,
processors by the hour and storage by the day) and release them as needed.

• It benefits to consumers by freeing them from the low level task of setting
up basic hardware (servers) and soft-ware infrastructures to run their complex
applications and thus reduce the cost of “in-house” provisioning of these services.
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Fig. 1.1 Layered structure of
cloud computing services

1.1.2 Cloud Types and Services

Basically clouds model can be defined by three types:

1. Public Cloud: Public clouds are run by third parties, and applications from
different customers are likely to be mixed together on the cloud’s servers, storage
systems, and networks. Public clouds are most often hosted away from customer
premises, and they provide a way to reduce customer risk and cost by providing
a flexible, even temporary extension to enterprise infrastructure.

2. Private Cloud: Private clouds are built for the exclusive use of one client, provid-
ing the utmost control over data, security, and quality of service. The company
owns the infrastructure and has control over how applications are deployed on it.
Private clouds may be deployed in an enterprise datacenter, and they also may be
deployed at a collocation facility.

3. Hybrid Cloud: Hybrid clouds combine both public and private cloud models.
They can help to provide on-demand, externally provisioned scale. The ability
to augment a private cloud with the resources of a public cloud can be used to
maintain service levels in the face of rapid workload fluctuations

There are different categories of cloud services such as infrastructure, platform,
software, etc. These services are delivered and consumed in real time over the
Internet. Figure 1.1 below demonstrates a layered structure of current cloud
Computing services, based on [99]. We discuss these services in the broader view
and present some representative cloud providers of these services as follows:

A. Infrastructure as a Service (IaaS)

Infrastructure as a Service (IaaS) refers to renting raw hardware for managing
its resources. In cloud Computing models those resources are virtualized and by
using statistical multiplexing the “illusion of infinite resources” [8] is achieved as
cloud environments can scale out. In essence, an additional layer of virtualization
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is applied over the actually virtualized instances of OS, which are extracted from
pre-configured images (e.g. GoGrid’s Windows 2003 or RedHat Linux images)
and set up to run as VMs with differently adjusted RAM, CPU and hard disk
storage capabilities. The most notable IaaS cloud offerings appear to be Amazon’s
(e.g. Elastic Compute cloud (EC2), GoGrid’s cloud Hosting/Storage as well as
Mosso’s cloud Servers/Sites/Files. Billing models include monthly subscription
plans or “pay-as-you-go” billing in addition to data transfer—“server RAM hours”
(GoGrid), “server hours” (Mosso) and separate cloud storage billing.

B. Platform as a Service (PaaS)

In the context of cloud Computing, Platform as a Service (PaaS) represents an
intersection between IaaS and SaaS. It is a form of SaaS that represents a platform
provided to serve as the infrastructure for development and running of new appli-
cations in the cloud. Benefits include the ability to build and deploy scalable web
applications without the cost and complexity of procuring server and setting them
up [78]. Prominent examples of PaaS are Google AppEngine and SalesForce.com’s
business software development’s platform—Force.com. Also Microsoft Azure Ser-
vices currently supports general purpose computing by enabling applications written
in a .NET language (C, VB.NET) to run in the cloud environment managed
by the underlying Azure OS. The user has access to some functions that could
be integrated in their application code to better take advantage of the automatic
scalability properties of the distributed cloud environment (including fail over capa-
bilities), but the user has no control whatsoever on the underlying Windows Azure
OS [8].

C. Software as a Service (SaaS)

Software as a Service (SaaS), the term coined by IDC and summarized by
SIIA in 2001, initially referred to the Application Service Provider (ASP) model
in general, and the shift from desktop/packaged software towards web-based,
outsourced solutions in particular [1]. The software is provided over a network,
e.g. the Internet, but also over VPN (Virtual Private Network), and is provided
to the users in a recurring fee basis. Examples of multi tenant SaaS provision
from cloud managed environments are Workday.com Inc and SalesForce.com Inc.
Workday offers HR and Payroll software, whereas SalesForce.com offers Customer
Relationship Management (CRM) software. To highlight SaaS advantages both
companies emphasize on their websites the fact their SaaS delivery models are “the
opposite of ERP” and “not software”. To mitigate the potential security question
that arises, both companies eagerly outline the number of big enterprise customers
that have entrusted them with their data.

SalesForce.com
Force.com
Workday.com
SalesForce.com
SalesForce.com


1.2 Motivation and Scope of the Work 5

1.1.3 Market Growth of Cloud Computing

Facing the ever larger demand of cloud computing services, various analysis
institutions have mostly made optimistic predictions in the market growth of cloud
Computing in the near future. Some examples are as follows:

• IDC [47] forecasted that the cloud Computing services will enjoy a growth rate of
27% CAGR in the next 4 years and reach a total market volume of $44.2 billion,
accounting for 9% of overall customer spending on IT services.

• In a more aggressive prediction, Merrill Lynch [58] issued a research note said
that the cloud Computing market will reach a volume of $160 billion in 2011,
including $95 billion in “business and productivity applications” like office
software and ERP solutions, and $65 billion in online advertising.

• In an enterprise software customer survey conducted by McKinsey and SandHill
[35], 12% of the respondents claimed that they would consider using cloud
Computing services.

• Gartner Inc., one of the world’s leading information technology research com-
pany, has predicted the future of cloud Computing more than one time:

– Once they said in the Gartner’s Symposium ITXpo (Las Vegas) in 2008 that
by 2012, 80% of Fortune 1000 companies will pay for some cloud computing
service, and 30% of them will pay for cloud computing infrastructure [19].

– A more conservative prediction from Gartner Inc. is that cloud computing
services need at least 7 years to mature, so by 2015, “cloud computing
will have been commoditized and will be the preferred solution for many
application development projects” [45].

• As a leading provider of cloud computing service, Amazon AWS has enjoyed a
quarterly growth rate of 12% during the period from 2005 to 2008 [82]; another
example of how quick the cloud computing services from Amazon are expanding
is that in mid 2007, the total bandwidth consumption of AWS is already more
than the bandwidth consumption of Amazon’s Global Websites, the websites
providing the traditional ecommerce services.

1.2 Motivation and Scope of the Work

Currently cloud providers of all shapes and sizes are in a race to move as many
products and services as possible to the cloud—providing managed services and
software-as-a-service rather than traditional, locally-installed, software applica-
tions. However, these cloud services are proprietary in nature. They are owned
and operated by individual cloud providers (public or private), each of which has
created its own closed network, which is expensive to establish and maintain. Due
to the proprietary nature, consumers are restricted to offerings from a single cloud
provider at a time and hence cannot use multiple or collaborative cloud services
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at the same time. However, the rapid take-up of some services, particularly those
for infrastructure, requires portability between multiple cloud infrastructures to
meet different QoS targets. Thus, interoperability is also becoming an important
issue for cloud services since many enterprises do not want to tie their most
important applications to specific providers’ remote infrastructure or platforms [9].
For example, Salesforce.com Inc’s Force.com platform now enables developers to
use its cloud application development platform alongside Amazon Web Services
LLC’s infrastructure and storage services. So to make cloud Computing truly
scalable, one huge cloud that is controlled by one huge vendor running a very narrow
set of applications is not feasible.

In order to support a large number of application service consumers from around
the world, cloud infrastructure providers (i.e., IaaS providers) have established
data centers in multiple geographical locations to provide redundancy and ensure
reliability in case of site failures. However, they do not support mechanisms and
policies for dynamically coordinating load distribution among different cloud-
based data centers. For example, Amazon provides storage cloud service (i.e.
IaaS) named Amazon EC2. It has data centers in the US (e.g., one in the East
Coast and another in the West Coast) and Europe. Currently they (1) expect their
cloud customers (i.e., SaaS providers) to express a preference for the location
where they want their application services to be hosted and (2) do not provide
seamless/automatic mechanisms for scaling their hosted services across multiple,
geographically distributed data centers. This approach makes it difficult for cloud
customers to determine in advance the best location for hosting their services as they
may not know the origin of consumers of their services. In addition, no single cloud
infrastructure provider will be capable to establish their data centers at all possible
locations throughout the world. As a result, cloud application service (SaaS)
providers may not be able to meet QoS expectations of their service consumers
originating from multiple geographical locations [14].

Besides, commercial cloud providers make specific commitments to their cus-
tomers by signing service level agreements (SLAs) [16]. SLA is a contract between
the service provider and the customer to describe the provider’s commitment and
to specify penalties if those commitments are not met. For example, Amazon S3
(storage) cloud service SLA includes 99.9% uptime during a monthly billing cycle.
The service credit percentage is either 10% or 25%, depending on the percentage
of uptime. The EC2 (compute) SLA includes 99.95% availability during a service
YEAR. The service credit in this case is 10%. The Microsoft Windows Azure
SLA includes 99.95% uptime for Computing Connectivity and 99.9% uptime
for Database availability, Storage availability, and Service availability. Financial
penalties are made in the form of credits, which are based on the percentage
of downtime. However, over the past 2 years, cloud service outages (i.e. service
unavailability) have occurred frequently with many of the cloud providers, including
Amazon, Google and Microsoft. Table 1.1 shows fail over records from some of the
cloud provider system. These are the significant downtime incidents. Reliance on
cloud can cause real problems when time is money.

Salesforce.com
Force.com
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Table 1.1 Outages in different cloud services

Cloud service
and outage Duration Date Implications

Google GMail 30 h October 16,
2008

Users could not access their emails [91]

Google Gmail
and Google
Apps

24 h August 15, 2008 Those affected by the outage received a
502 Server error when trying to log
in to Gmail and Google Apps [91]

FlexiScale: core
network
failure

18 h October 31,
2008

All services were unavailable to
customers [86]

Amazon S3 6–8 h July 20, 2008 Users could not access the storage due
to single bit error leading to gossip
protocol blowup [2]

Google
Network

3 h May 14, 2009 The vast majority of Google services
became unavailable, including
Gmail, YouTube, Google News, and
even the google.com home page.
The outage affected about 14% of
Google users worldwide [73]

Google News 1.5 h May 18, 2009 Users saw a 503 server error, along
with a message to try their requests
again later [70]

Google News 2 h September 22,
2009

Many users experienced difficulties
accessing Google News [26]

Google GMail 2 h September 1,
2009

Users could not access their emails [29]

Amazon EC2 8 h December 10,
2009

Customers experienced a loss of
connectivity to their service
instances [65]

Microsoft
Sidekick

6 days March 13, 2009 The massive outage left Sidekick
customers without access to their
calendar, address book, and other
key aspects of their service [91]

Microsoft
Azure

22 h March 13, 2009 The outage occurred before the service
came out of beta. The outage left
people without access to their
applications [91]

Netsuite 30 min April 27, 2010 The company’s cloud applications were
inaccessible to customers
worldwide [64]

The main reason for these cloud service outages is to face difficulty in handling
cloud “bursting” (using remote resources to handle peaks in demand for an
application). Thus, these repeated outages as depicted in Table 1.1 not only just lose
the revenue from some services, but also imply a loss of reputation and therefore,
a loss of future customers for cloud providers [48]. This has further implications to
damage the credibility of the cloud. Enterprises that are considering the pros and
cons of moving office productivity or communications to the cloud have reasoned

google.com
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to be concerned when the poster child of cloud Computing cannot provide reliable
availability.

To support heterogeneous collaborative cloud services with different QoS targets,
handle unpredictable and geographical changes in system workload, avoid SLA
violation (i.e. cloud service outages) and reduce high operational costs, there is
a need for a federation or collaboration platform among various cloud providers.
Analysis of the current research efforts [14,36,51,61,63,69,72,74,81] in this context
reveals that there has been only modest progress on the frameworks and policies
required to achieve collaboration model among cloud providers. Furthermore, these
researches mainly focus on supply chain collaboration (SCC) models, in which CPs
leverage cloud services from other CPs for seamless provisioning. For example,
Reservoir project [74] describes the model and architecture of federated cloud
computing. It is using grid interfaces and protocols to realize interoperability be-
tween the clouds or infrastructure providers. IBM Altocumulus, a cloud middleware
platform from IBM Almaden Services Research, is being developed to solve this
very issue of managing applications across multiple clouds [63]. Aneka-Federation
proposed in [72] provides a decentralized overlay for federation of Enterprise
clouds. It considers only one kind of enterprise clouds in the federation.

The reasons for this lack of progress are due to the complexity of the techno-
logical problems (e.g. application service behavior prediction, flexible mapping of
heterogeneous services to resources, and integration), legal, and commercial opera-
tional issues (e.g. economic models and scalable monitoring of system components)
that need to be solved in the practical context.

Besides, in the near future, we can expect that hundreds of cloud providers will
compete to offer services and thousands of users also compete to receive the services
to run their complex heterogeneous applications on cloud computing environment.
For example, emerging cloud applications like social networking, gaming portals,
business applications, media content delivery, and scientific work flows need
different composition, configuration, and deployment requirements. Quantifying the
performance of scheduling and allocation policies in a real cloud environment for
these applications under different conditions are extremely challenging because:
(a) clouds exhibit varying demand, supply patterns, and system size; and (b)
users have heterogeneous and competing QoS requirements [15]. In these open
cloud collaboration scenarios; the existing federation/collaboration models are not
applicable. In fact, while clouds are typically heterogeneous and dynamic, the
existing federation models (i.e. SCC) are designed for static environments where a
priori agreements among the parties are needed to establish the federation [18, 34].

To move beyond these shortcomings, this book establishes the basis for devel-
oping advanced and efficient collaborative cloud service solution, in which cloud
providers (smaller, medium, and large) of complementary service requirements
will collaborate dynamically to gain economies of scale and enlargements of their
capabilities to meet QoS targets of consumers. We term the technology for this
interconnection and inter-operation of cloud providers in open cloud collaboration
as “Dynamic cloud Collaboration” (DCC), as defined in the following:
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Dynamic Cloud Collaboration (DCC) is formed by a set of autonomous smaller, medium
and large cloud providers (CP1, CP2 . . . , CPn), which collaborate dynamically for sharing
their own local resources (services) with others to fulfill the complementary service
requirements of consumers with high QoS standards and minimum service cost. Each CP
must agree with the resources/services contributed by other providers against a set of its
own policies.

1.3 Significance of Dynamic Cloud Collaboration

DCC is a viable business platform where clouds can cooperate together accomplish-
ing trust contexts and providing new business opportunities such as cost-effective
assets’ optimization, power saving, and on-demand resources provisioning. In fact,
the existing federation models are designed for static environments where a-priori
agreements among the parties are needed to establish the federation. In a DCC
platform:

1. Each CP can share its own local resources/services with other CPs and so can
dynamically expand or resize their provisioning capability based on sudden
spikes in workload demands.

2. Each provider can maximize its profits by offering existing service capabilities
to collaborative partners so that they may create a new value-added collaborative
service by mashing-up existing services and these capabilities can be made
available and tradable through a service catalog for easy exchange to consumers.

3. The capacity of delivering on demand, cost-effective, and QoS aware services
of every CP increases without maintaining or administering any additional
computing nodes, services or storage devices.

4. The reliability of a cloud service (i.e. handling of cloud service outage) is
enhanced as a result of multiple redundant clouds that can efficiently tackle a
disaster condition, ensuring business continuity.

Thus a DCC platform allows cloud providers to cooperatively achieve greater
scale and reach, as well as service quality and performance, than they could
otherwise attain individually. Its significance can be better understood by the
following examples:

• Emerging cloud applications like Social networks (e.g. Facebook, MySpace etc.)
deployed on a cloud provider, serve dynamic content to millions of users, whose
access and interaction patterns are hard to predict. In addition, the dynamic
creation of new plug-ins by independent developers may require heterogeneous
resource requirements (high computing power, large storage, high-bandwidth
capacity, etc.) which may not be provided by the hosting cloud provider since
each cloud provider has specialization in their service provisioning (e.g. compute
cloud, storage cloud, etc.). In these situations, load spikes (cloud bursting) can
take place at different locations at any time, for instance, whenever new system
features become popular or a new plug-in application is deployed. Thus result
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in an SLA violation and end up incurring additional costs for the cloud provider
[14]. This necessitates building mechanisms for dynamic collaboration of cloud
providers for seamless provisioning of complementary service requirements.

• Other example applications that need DCC are massively multiplayer online role-
playing games (MMORPGs). World of Warcraft [84], for example, currently
has 11.5 million subscribers; each of whom designs an avatar and interacts with
other subscribers in an online universe. Second Life is an even more interesting
example of a social space that can be created through DCC. Any of the 15 million
users can build virtual objects, own virtual land, buy and sell virtual goods,
attend virtual concerts, bars, weddings, and churches, and communicate with
any other member of the virtual world [88]. These MMORPGs certainly require
different complementary cloud resources/services which cannot be provided
by a single cloud provider. Thus, this necessitates building mechanisms for
seamless collaboration of various cloud providers supporting dynamic scaling of
applications across multiple domains in order to meet QoS targets of MMORPGs
customers.

Such resource/service sharing and cooperation across different cloud providers
may vary in terms of the purpose, scope, incoming application heterogeneity, and
duration.

1.4 Research Challenges

This book tackles the research challenges in relation to the development of
advanced, high performance, and cost effective dynamic collaborative cloud service
solutions by enabling coordination and cooperation among multiple cloud provider
services. We identify and investigate the following four key research issues:

When to collaborate: The circumstances under which a DCC arrangement
should be performed. A suitable cloud market model is required that can enable
and commercialize dynamic collaboration of cloud capabilities, hiring resources
and assembling new services. Such a market can provide principles for efficient
resource allocation depending on user QoS targets and workload demand patterns.
It also offers opportunities to consumers as well as service-sharing incentives for
cloud providers.

How to collaborate: The architecture that virtualizes multiple cloud providers.
Such architecture must specify the interactions among entities and allow for
divergent policies among participating providers.

Whom to collaborate with: The decision making mechanism used for choosing
suitable partner cloud providers to collaborate with. A large number of conflicts may
occur in a market-oriented dynamic collaboration platform when negotiating among
cloud providers. One reason for the occurrence of the large number of conflicts
is that each cloud provider must agree with the resources/services contributed by
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other providers against a set of its own policies in DCC [66, 67]. Another reason is
the inclusion of high collaboration costs (e.g., network establishment, information
transmission, capital flow) by the providers with their bidding prices as they do not
know with whom they need to collaborate after winning an auction. Usually partner
selection problem (PSP) needs a large quantity of factors (quantitative or qualitative
ones) simultaneously and has been proven to be NP-hard [59] or NP-complete [71].

How to demonstrate dynamic collaborating applicability: The process to show the
usefulness of explored strategies using simulation study.

1.5 Contributions of the Book

The main contributions of this book are as follows:

• Architectural framework and principles for the development of DCC. It describes
the components, architectural features, use cases, and formation of dynamic
collaborating arrangements. In addition, we present the utility of DCC to measure
its content-serving ability as compared to the existing static cloud collaboration.
It captures the heterogeneous application requirements in the system and helps
to reveal the true propensities of participating cloud providers in collaboration.
Through extensive simulations, interesting observations on how the utility is
varied for different system parameters are presented. The challenges and core
technical issues to implement DCC are also discussed, thus establishing the basis
to develop necessary enabling techniques.

• A novel combinatorial auction (CA)-based cloud market model with a new
auction policy called CACM is proposed to facilitate DCC platform among cloud
providers. To address the issue of conflicts’ reduction among cloud providers,
the existing auction policy of CA [12, 13, 31] is modified. In existing CA
model, each bidder (cloud providers) is allowed to compete for a set of services
separately. After the bidding, the winning bidders need to collaborate with each
other and so a large number of conflicts may occur when negotiating among
providers. The new auction policy in the CACM model allows a cloud provider
to collaborate dynamically with suitable partner cloud providers to form a group
before joining the auction and to publish their group bid as a single bid to fulfill
the service requirements completely, along with other providers, who publish
separate bids to fulfill the service requirements partially. This approach can create
more opportunities to win auctions since collaboration cost, negotiation time and
conflicts among cloud providers can be reduced. We implement the proposed
CACM model in a simulated environment and study its economic efficiency with
the existing CA model.

• To find a good combination of cloud service partners for forming groups, a multi-
objective (MO) optimization model for quantitatively evaluating the partners
considering individual information (INI) and past relationship information (PRI)
with collaboration cost (CC) optimization among partners is proposed. In the
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existing approaches for partner selection, the INI is mostly used, while the PRI
with collaboration cost optimization among partners is typically overlooked.

• To solve the MO optimization model for partner selection, a general framework
of multi-objective genetic algorithm (MOGA) that uses INI and PRI of cloud
providers, called MOGA-IC, is also presented. We develop MOGA-IC using the
two popular MOGAs- non-dominated sorting genetic algorithm (NSGA-II) [32]
and strength Pareto evolutionary genetic algorithm (SPEA2) [102], to find an ap-
propriate diversity preservation mechanism for selecting operators to enhance the
yield of Pareto-optimal solutions during optimization with multiple conflicting
objectives. A numerical example is presented to illustrate the proposed MOGA-
IC with NSGA-II and SPEA2 for cloud partner selection. In addition, we develop
MOGA-I (MOGA using individual information), an existing partner selection
algorithm, to validate the performance of MOGA-IC in the CACM model.
Simulation experiments are conducted to show the effectiveness of the proposed
MOGA-IC compared to that of MOGA-I in terms of satisfactory partner selection
and conflicts’ minimization.

1.6 Summary

To summarize, the work presented in this book is in line with the current trends in
cloud providers to shift towards cloud collaboration or federation model [39], which
allows consumers to have collaborative cloud services without having to build a
dedicated infrastructure.



Chapter 2
Related Work

Abstract In this chapter, first, we provide an overview of present cloud
collaboration or federation initiatives. Second, we discuss existing works on market-
oriented cloud models. Finally, existing collaborator or partner selection approaches
in different areas are presented.

2.1 Cloud Federation or Collaboration Initiatives

Cloud collaboration or federation is gaining popularity in the research community,
due to its flexibility and effectiveness to improve performance for end-users and
to achieve pervasive geographical coverage and increased capacity for a cloud
provider. In this section, we provide a comparative analysis of research related
to cloud collaboration or federation in order to ascertain the feasibility of our
architecture and position it as the basis to address the shortcomings of prior
initiatives.

The idea of federating systems was already present in the Grid. For instance,
works such as [10] and [80] use federation in order to get more resources in
a distributed Grid environment. The application of federation or collaboration in
the cloud was initially proposed within the Reservoir project. In particular, B.
Rochwerger et al. in [74] proposed the Reservoir model and architecture for open
federated cloud computing. Reservoir is a European Union FP7 funded project
aim to facilitate an open, service-based, on-line economy, where resources and
services are transparently provisioned and managed across clouds on an on-demand
basis at competitive costs with high quality of service. The authors attempt to
use grid interfaces and protocols to realize interoperability between the clouds or
infrastructure providers, but their work is in the model stage.

Ranjan et al. describe a decentralized overlay for federation of enterprise clouds
called Aneka-Federation [72], Aneka is a .NET-based service-oriented resource
management platform, which is based on the creation of containers that host the
services, and it is in charge of initializing services and act as a single point for
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interaction with the rest of the Aneka cloud. Moreover, it provides SLA support
such that the user can specify QoS requirements such as deadline and budget.
However, there is only one kind of enterprise cloud in the federation, portability and
interoperability between different cloud providers is not mentioned in this work.
Furthermore, no economic model is presented to commercialize the federation.

Buyya et al. [14] presents vision and challenges of Inter-cloud for utility-oriented
federation of cloud computing environments. The authors proposed an architecture
for Inter-Cloud environment, a cloud coordinator for exporting cloud services, a
cloud broker for mediating between service consumers and cloud coordinators,
a cloud exchange for match making service and finally, a software platform to
implement cloud coordinator, broker, and exchange.

IBM Altocumulus [63], a cloud middleware platform from IBM Almaden
Services Research, aims to solve the issue of managing applications across multiple
clouds. It provides a uniform, service oriented interface to deploy and manage
applications in various clouds and also provides facilities to migrate to instances
across clouds using repeatable best-practice patterns.

Several other research efforts follow cloud federation initiative. Erik Elmroth
et al. [36] proposed technology neutral interfaces and architectural additions for
handling placement, migration, and monitoring of virtual machines (VMs) in
federated cloud environments. The interfaces presented to adhere to the general
requirements of scalability, efficiency, and security in addition to specific require-
ments related to the particular issues of interoperability and business relationships
between competing cloud computing infrastructure providers.

Several standardization projects are going on for developing interoperable cloud
interfaces, such as the OCCI [68] working group at the Open Grid Forum. Also
the open cloud manifesto (OCM) initiative [http://www.opencloudmanifesto.org/]
launched by IBM is trying to provide a core set of principles for interoperability
between cloud providers. Cisco, Sun, and SAP all signed it and support it. The
cloud computing Interoperability Forum (CCIF) [http://www.cloudforum.org/] is
also formed in order to enable a global cloud computing ecosystem. A key focus
will be placed on the creation of a common agreed upon framework/ontology
that enables the ability of two or more cloud platforms to exchange information
in an unified manor. In addition, another standardization effort called open cloud
consortium (OCC) [http://opencloudconsortium.org/] supports the development of
standards for cloud computing and frameworks for interoperating between clouds,
develops benchmarks for cloud computing, and supports reference implementations
for cloud computing.

Analysis of the existing works mentioned above reveals that these works
mostly focus on Supply Chain Federation or Collaboration Model in which cloud
providers will leverage cloud services from other cloud providers for seamless
provisioning [18]. However, in the near future, we can expect that hundreds
of cloud providers will compete to offer services and thousands of users also
compete to receive the services to run their complex heterogeneous applications
on cloud computing environment. In these open cloud collaboration scenarios, the
existing supply chain federation models are not applicable. In fact, while clouds are

http://www.opencloudmanifesto.org/
http://www.cloudforum.org/
http://opencloudconsortium.org/
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typically heterogeneous and dynamic, the existing federation models are designed
for static environments where a-priori agreements among the parties are needed to
establish the federation [18, 34]. Thus there is a need for an advanced and efficient
collaborative cloud service solutions in which cloud providers (smaller, medium,
and large) of complementary service requirements will collaborate dynamically to
gain economies of scale and enlargements of their capabilities to meet QoS targets of
heterogeneous cloud service requirements. But there has been only modest progress
on the frameworks and policies required to achieve this collaboration model among
cloud providers.

In [34], an architecture for Cross-cloud system management is proposed to
facilitate the management of compute resources from different cloud providers in a
homogeneous manner. The primary goal is to provide the flexibility and adaptability
promised by the cloud computing paradigm, whilst enabling the benefits of cross-
cloud resource utilization to be realized. Our approach is significantly different as
they do not capture the heterogeneity of the consumer service requirements and only
consider homogeneous service requirements.

In [18], the authors proposed a solution based on the Cross-Cloud Federation
Manager, a new component placeable inside the cloud architectures, allowing a
cloud to establish the federation with other clouds according to a three-phase
model: discovery, match-making and authentication. While this work is appealing,
the circumstances under which the collaboration will be performed, the decision
making mechanism to choose suitable partners and the strategy to motivate, and
form collaboration are unexplored in this work.

2.2 Market Models for Cloud Collaboration

Very few approaches [6, 14, 16, 17, 48, 49] are proposed in the literature regarding
the cloud market model. In [48], authors focus on a complete characterization
of provider’s federation in the cloud, including decision equations to outsource
resources to other providers, rent free resources to other providers (i.e. insourcing),
or shutdown unused nodes to save power. A first approach introducing this idea is
presented in [17] where they state some factors such as provider occupation and
maintaining costs in order to dimension a cloud provider and when to outsource to a
federated provider. But these approaches just focus on to decide when to move tasks
to a federated provider based on economic criteria.

In [16], the authors present a vision of twenty-first century computing, describe
some representative platforms for cloud computing covering the state-of-the-art
and provide the architecture for creating market-oriented clouds for resource
management. In another paper [14], the same authors use this model to create a
market for supply chain cloud federation model. The authors proposed an auction
based general cloud market for trading cloud services and resource management
since auctions can provide a solution for scalable resource economies. However,
this market model cannot be directly applicable in creating a DC platform among
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CPs since the DC platform deals with a combinatorial allocation problem. So in next
section, we describe the combinatorial auction model for our DC platform.

2.2.1 Combinatorial Auction

An auction is a mechanism to allocate a set of goods to a set of bidders based on
the bids and asks. The word auction usually refers to a single sided mechanism
(single buyer-multiple sellers or single seller-multiple buyers). There are three types
of auctions- one-sided auction, double-sided auction and combinatorial auction
(CA) [12, 13, 31]. Compared to other approaches, CA is efficient and can maximize
revenue, and it is the appropriate market mechanism for our cloud market to enable
dynamic collaboration.

A combinatorial auction is an auction where the bidders are allowed to submit
bids on combinations or subsets of items to an auctioneer. Combinatorial auctions
are one-sided combinatorial mechanisms, which could be either forward (single
seller and multiple buyers) or reverse (single buyer and multiple sellers). The
auctioneer decides (after one or more rounds or after a certain amount of time
depending upon the design) to accept some of the bids and to allocate the items
accordingly to the bidders.

2.2.1.1 Generalized Vickrey Auction

GVA is a sealed-bid auction where bids are sealed and hidden from other bidders.
However, in this auction form, winner of the auction pays only the amount of second
highest bid. It is a very general method for designing truthful mechanisms devised
by Clarke and Groves [27]. When applied to combinatorial auctions, it generalizes
the second price sealed bid auction of Vickrey [89] and is therefore called the
generalized Vickrey auction (GVA). The GVA mechanism satisfies the following
desirable properties:

• Allocative Efficiency: The allocation determined by GVA is efficient, that is, it
maximizes total valuation across agents, given rational agent strategies.

• Strategy Proofness: Truth revelation is optimal for an agent irrespective of the
strategies followed by other agents.

• Individual Rationality: The expected utility from participation is non-negative
with a rational strategy.

• Weak Budget Balance: Each agent makes a non-negative payment to the auction-
eer, so the net revenue collected by auctioneer is non-negative.

GVA is an important building block for combinatorial auctions. Several CA
mechanisms are based on GVA. Examples of such mechanisms are discussed in
[79].
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2.2.1.2 The Winner Determination Problem

In a combinatorial auction in its most general form, bidders can bid whatever amount
they please on any subset of items in which they are interested. The problem of
deciding which bidders should get what items in order to maximize the total winning
bid value is called the winner determination problem. Furthermore, we assume that
at most one bid per bidder can be accepted. Indeed, a bidder’s bid for the whole
set of items he wins might well be smaller than the sum of bids for the underlying
subsets.

Suppose for instance a bidder j expresses the following bids:
b j({1}) = 3, b j({2}) = 2, and b j({1,2}) = 4
Accepting both the bid on item 1 and the bid on item 2 leads to a combined bid

of 2+3 = 5, whereas this bidder intended to bid no more than 4 for the combination
of items 1 and 2.

The following formulation is most commonly used to represent this problem (for
a single-unit setting). We use B to represent the set of bidders indexed by j and G
for the set of items indexed by i. We use b j(S) to denote the bid by bidder j on the
set of items S ∈ Ω j ⊆ 2G, where Ω j is the set of sets in which bidder j is interested.
The binary variable y(S, j) indicates whether bidder j wins the set S(y(S, j) = 1) or
not (otherwise).

maximize

∑
j∈B

∑
S∈Ω j

b j(S)y(S, j) (2.1)

subject to

∑
S∈Ω j :S⊇{i}

∑
j∈B

y(S, j)≤ 1 ∀i ∈ G (2.2)

∑
S∈Ω j

y(S, j)≤ 1 ∀ j ∈ B (2.3)

y(S, j) ∈ {0,1} ∀S ∈ Ω j,∀ j ∈ B (2.4)

The first set of constraints (2.2) enforces that no item can be auctioned more than
once. The second set of constraints (2.3) ensures that there is at most one winning
bid per bidder. The winner determination problem is shown to be NP-hard, even if
every bidder bids only on subsets of size and all bids have a value equal to 1 [87]. So
we utilize secured generalized Vickrey auction (SGVA) [85] to address the CACM
model problem and use dynamic graph programming [98] for winner determination
algorithm.

2.2.2 Limitations of Existing CA Model

In CA-based market model, the user/consumer can bid a price value for a combi-
nation of services, instead of bidding for each task or service separately and each
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bidder or service provider is allowed to compete for a set of services. This auction
policy of the CA-based market model is not fully suitable to meet the requirements
of a DC platform. If the existing auction policy of CA model is applied, each bidder
(CP) is allowed to compete for a set of services separately. After the bidding, the
winning bidders need to collaborate with each other. As we mentioned earlier, a
large number of conflicts may occur when negotiating among providers in the DC
platform [66,67]. So the CA-based market model cannot address the issue of conflict
minimization among the CPs in a dynamic collaboration platform.

We propose to modify the existing auction policy of CA that allows the CPs
to publish their bids collaboratively as a single bid in the auction by dynamically
collaborated with suitable partners. This approach can help to minimize the conflicts
and collaboration cost among CPs as they know each other very well in the group
and also create more chances to win the auction. However, finding appropriate
partners to make a group is a complex NP hard problem [59]. We need to find a good
partner selection algorithm that can minimize conflicts as well as collaboration cost
among providers.

The proposed approach for group formation to provide combined services has
some similarity with “Bundle Search” problem in the electronic market where
a buyer needs to buy multiple goods as a bundle from different sellers/suppliers
[21]. The partnerships between suppliers result in different bundles having different
discounts. Typical applications are travel packaging, software, PC peripherals, etc.
However, there are differences between partner selection as well as negotiation
mechanisms used in bundle search problem and dynamic cloud collaboration
scenario. In bundle search problem scenario, negotiation is done between two
participants at a time. The agreement is signed between two participants, and they
have distinct roles to play in reaching an agreement. The final agreement is signed
between the consumer and the Integrator/Broker. In contrast, in case of dynamic
collaboration, all participants have to contribute their resources as well as agree with
the resources contributed by others and so have to sign the same agreement. So the
negotiation mechanism used in bundle search problem cannot be used in the context
of dynamic collaborations because of inherent multi-party nature of the negotiation.
A distributed many-to-many negotiation protocol is used in case of dynamic cloud
collaboration.

2.3 Collaborator/Partner Selection Algorithms

Collaborator or Partner selection problem (PSP) is a complex problem, which
usually needs a large quantity of factors (quantitative or qualitative ones) si-
multaneously, and has been proven to be NP-hard [59] or NP-complete [71].
Also partner selection problem for CPs in dynamic collaboration environment
is different from other partner selection problems in areas like virtual enterprise
[25, 44, 52, 90, 92, 94], dynamic alliances [37, 42], international joint ventures [50],
supply chain [20, 22, 38, 41, 75, 95] or production networks [43, 53]. In dynamic
cloud collaboration case, each CP partner must share its own resources/services with



2.3 Collaborator/Partner Selection Algorithms 19

Table 2.1 Partner selection criteria in different areas

Area Relevant studies Partner selection criteria

Virtual enterprise Huang et al. [52], Ye and Li
[94], Jarino and Salo [56],
Zhong et al. [101], Wang
et al. [90]

Price, transportation cost, quality,
risk, time and due date

Supply chain Yeh and Chuang [95], Farahani
et al. [41], Che et al. [22]

Production cost, transportation
time, quality, yield and air
pollution treatment cost

Alliance formation Feng et al. [42], Fan and Feng
[39], Famuyiwa et al. [38],
Emden et al. [37]

Cost, quality, time, capability,
knowledge, resource
complementarity, overlapping
knowledge bases, cultures, goal
correspondence, leadership,
academic influence, and
interpersonal communication

Production network Cheng et al. [24], Fischer et al.
[43]

Price, processing cost, penalty cost
and production load

International joint
venture

Chen et al. [23], Hajidimitriou
and Georgiou [50]

Product price, transportation cost,
profit goal, financial ratio index
and collaborative filtering

others and provide some collaborative service and also agree with resources/services
contributed by other providers against a set of its own policies. So a large number of
conflicts may happen among CPs and thus it is very difficult to choose appropriate
CP partners in dynamic cloud collaboration environment.

There has been much research regarding the attributes (or criteria) for partner
selection. Some representative partner selection criteria in different areas are shown
in Table 2.1.

From Table 2.1, we can see that in the existing studies on partner selection, the
individual information (INI) is mostly used, but the past relationship information
(PRI) with collaboration cost optimization between partners is overlooked. In fact,
the PRI [30, 40] with collaboration cost optimization is very important in partner
selection for CPs in dynamic collaboration environment. The success of past relation
with fewer collaboration costs between participating CPs may reduce uncertainty
and conflicts, short adaptation duration, and also help to the performance promotion.
So it is difficult to adopt directly the existing methods to solve the partner selection
problem of CPs using the INI and PRI with collaboration cost optimization into
consideration.

There has been also much research addressed the algorithms for partner selection
like fuzzy decision-making algorithms [42, 43], quantitative algorithms [56, 92],
genetic algorithms [24,41,44,55,90,95] algorithms and Hybrid algorithms [25,53].

The individual information considered in the existing methods is associates
with a single candidate partner. However, the PRI with collaboration cost op-
timization additionally considered in this paper, is shared by pairwise partners.
Additionally, individual and past relationship with collaboration cost optimization
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utilities should be integrated to obtain the overall ranking value of each candidate
partner. Therefore, existing methods could not be directly used to solve the problem
addressed in this paper. A novel method needs to be investigated for cloud partner
selection in dynamic cloud collaboration platform.

2.3.1 Multi-objective Optimization and Genetic Algorithms

In the CP partner selection problem (PSP), multi-objective (MO) optimization
is preferable because it provides a decision-maker (pCP) with several trade-off
solutions to choose from. Also the MO formulations are practically required for
concurrent optimization that yields optimal solutions that balance the conflicting
relationships among the objectives. MO optimization yields a set of Pareto optimal
solutions, which is a set of solutions that are mutually non-dominated [32, 102].
The concept of non-dominated solutions is required when comparing solutions
in a multi-dimensional feasible design space formed by multiple objectives. The
multi-objective partner selection optimization problem is expressed as a vector of
functions as follows:

Maximize/Minimize z = f1(x), f2(x), . . . . . . , fw(x) where Z, w, fw(x) and x are
the multi-objective vector function, the number of objective functions, the wth
objective function, and a set of design variables, respectively.

In terms of minimization of all objectives, a feasible solution x1 is said to
dominate another feasible solution x2 (x1 � x2) if an only if fw(x1) ≤ fw(x2)
for l = 1, . . . .,L and fw(x1) < fw(x2) for at least one objective function w [103].
A solution is said to be Pareto-optimal if it is not dominated by any other solution in
the solution space. The set of all such feasible non-dominated solutions in a solution
space is termed the Pareto optimal solution set. For a given Pareto-optimal solution
set, the curve made in the objective space is called the Pareto front (see Fig. 2.1).
When two conflicting objectives are present there will always be a certain amount
of sacrifice in one objective to achieve a certain amount of gain in the other when
moving from one Pareto solution to another. So often it is preferred to use a Pareto
optimal solution set rather than being provided with a single solution, because the set
helps effectively understand the trade-off relationships among conflicting objectives
and make informed selections of the optimal solutions.

The use of multi-objective genetic algorithms (MOGAs) provides a decision-
maker with the practical means to handle MO optimization problems. Single-
objective Genetic Algorithms (GAs) that can be modified to solve MO optimization
problems and find Pareto optimal sets in a single run are usually called multi-
objective GAs (MOGAs) [60]. Most of the MOGAs do not require artificial
adjustments such as priority, scaling, or weighting coefficients for the objective
functions [60]. An additional advantage is that the crossover and mutation operators
may be modified to exploit the structural features of preferable solutions.

Over the years, a number of MOGAs have been developed [28, 32, 77, 96, 102].
For cloud partner selection problem, one important issue is to find an appropriate
diversity preservation mechanism in selection operators by incorporating density
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Fig. 2.1 Pareto optimality concept. (a) Pareto dominance, (b) Pareto solutions and Pareto-Front

information to enhance the yield of Pareto optimal solutions during optimization
with multiple conflicting objectives. In this case, two popular MOGAs are used,
namely the fast non-dominated sorting GA (NSGA-II) [32] and the strength Pareto
evolutionary algorithm (SPEA2) [102], since both two algorithms includes effective
mechanisms for preserving diversity and can yield better Pareto optimal solution
sets.

2.4 Summary

This chapter first presents the current research efforts of cloud collaboration or
federation initiatives. Second, it discusses research works on market-oriented cloud
models and identifies the limitations of current market approaches for DC platform.
Third, it presents existing collaborator or partner selection approaches in different
areas with various partner selection criteria.



Chapter 3
Architectural Framework and Market Model
for Dynamic Cloud Collaboration

Abstract Existing cloud providers, operating in isolation, are often prone to
Service Level Agreement violations and resources over-provisioning in order to
ensure high-quality services to end-users, thus incurring extensive operational cost
and labor. As mentioned in Chap. 1, dynamic cloud collaboration (DCC) is an
approach to reduce expenses and avoid adverse business impact. It is formed by a
set of autonomous cloud providers who cooperate through a mechanism to share
resources while enjoying larger scale and reach. This chapter first presents the
architecture that establishes the basis to form DCC. Finally, it describes the proposed
combinatorial auction (CA)-based cloud market model called CACM that enables
and commercializes a DCC platform.

3.1 Introduction

A dynamic cloud collaboration (DCC) platform exhibits a negotiated resource
sharing relationship among different cloud providers. It can help CPs to maximize
their profits by offering existing services’ capabilities to cooperative business part-
ners. These capabilities can be available and tradable through a service catalog for
easy mash-up to provide new value-add collaborative cloud services to consumers.
Also the DC platform can enable a CP to handle cloud bursting by redirecting some
load to collaborators. Figure 3.1 shows a virtual organization (VO) based DCC
platform consisting of resources/services spanning multiple cloud providers.

The formation of a DCC can be initiated by a cloud provider, which recognizes
a good business opportunity in forming a dynamic collaboration platform with
other CPs in order to provide a set of complementary services to consumers.
The initiator is called the primary CP (pCP), while other CPs who share their
resources/services in a DCC platform are called collaborating or partner CPs.
Users interact transparently with the DCC platform by requesting services through
a service catalog of the pCP. The CPs offer capabilities/services to consumers with a
full consumption specification formalized as a standard SLA. The requested service

M.M. Hassan and E.-N. Huh, Dynamic Cloud Collaboration Platform:
A Market-Oriented Approach, SpringerBriefs in Computer Science,
DOI 10.1007/978-1-4614-5146-4 3, © The Author(s) 2013
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requirements (single, multiple or collaborative cloud services) are served either
directly by the pCP or by any collaborating CP within the DCC. Suppose that a pCP
can provide two services s1 and s2 and CP1 and CP2 can provide services s3, s4 and
s5, s6 respectively, as shown in Fig. 3.1. The request for collaborative services s1,
s3, s5 or s2, s3 can be served by the DCC platform. In case of services s1 and s2, the
pCP can directly deliver the services. Thus, a DCC platform can deliver on demand,
reliable, cost-effective, and QoS aware services based on virtualization technologies
while ensuring high QoS standards and minimizing service costs.

3.2 System Architecture of Dynamic Cloud Collaboration

Figure 3.2 presents the cooperative architecture of a system for DCC. The termi-
nologies used to describe the system are listed in Table 3.1.
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Fig. 3.2 Architecture of a system to assist the creation of dynamic cloud collaboration

3.2.1 Architectural Components

In the following we describe the core components of the proposed architecture along
with their responsibilities:

• Price Setting Controller (PSC): A CP is equipped with a PSC which sets the
current price for the resource/service based on market conditions, user demand,
and current level of utilization of the resource. Pricing can be either fixed or
variable depending on the market conditions.

• Admission and Bidding Controller (ABC): It selects the auctions to participate in
and submits single or group bid based on an initial estimate of the utility. It needs
market information from the information repository (IR) to make decisions which
auction to join.

• Information Repository (IR): The IR stores the information about the current
market condition, different auction results and consumer demand. It also stores
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Table 3.1 List of commonly used terms

Terminology Description

Price setting controller (PSC) Sets the current price for the
resource/service

Admission and bidding controller (ABC) Selects the auctions to participate in and submits
single or group bid to auctioneer

Collaborator selection controller (CSC) Selects appropriate collaborators for making groups
using a MOGA utilizing INI and PRI of other
candidate CPs

Service registry (SR) Discovers and stores resource and policy information
to local domain

Mediator (MR) Responsible for negotiation among CPs using
eContract and management of operations
within a DC

Policy repository (PR) A storage of service, mediator and DC policies
Information repository (IR) A storage of market and CP providers information
Collaborating agent (CA) A service discovery module in the collaborating CPs

environment

INI (price, quality of service, reliability etc.) and PRI (past collaboration
experiences) of other CPs collected from each CPs website, market and
consumers feedback about their services.

• Collaborator Selection Controller (CSC): It helps a CP to find a good
combination of collaborators to fulfill the consumer requirements completely
by running a MOGA called MOGA-IC (described later in Sect. 5.3) utilizing the
INI and PRI of other CPs.

• Mediator (MR): The MR controls which resources/services to be used for
collaborative cloud services of the collaborating CPs, how this decision is taken,
and which policies are being used. When performing DC, the MR will also direct
any decision making during negotiations, policy management, and scheduling.
A MR holds the initial policies for DC formation and creates an eContract and
negotiates with other CPs through its local Collaborating Agent (CA).

• Service Registry (SR): The SR encapsulates the resource and service information
for each CP. In the case of DC, the service registry is accessed by the MR to get
necessary local resource/service information. When a DC is created, an instance
of the service registry is created that encapsulates all local and delegated external
CP partners’ resources/services.

• Policy Repository (PR): The PR virtualizes all of the policies within the DC.
It includes the MR policies and DC creation policies along with any policies for
resources/services delegated to the DC as a result of a collaborating arrangement.
These policies form a set of rules to administer, manage, and control access to
DC resources and also helps to mash-up cloud services. They provide a way to
manage the components in the face of complex technologies.

• Collaborating Agent (CA): The CA is a policy-driven resource discovery module
for DC creation and is used as a conduit by the MR to exchange eContract
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with other CPs. It is used by a primary CP to discover the collaborating CPs
(external) resources/services, as well as to let them know about the local policies
and service requirements prior to commencement of the actual negotiation by
the MR.

3.2.2 Dynamic Cloud Collaboration Life Cycle

DCC can be short-term wherein CPs operate to handle sudden load spikes, or
long-term in which they explore the delivery of specialized services. A dynamic
collaborating life cycle goes through six major steps, as described in the following:

Step 1: pCP finds a business opportunity in the market from IR and wants to submit
collaborative bids as a single bid in the auction to address consumer requirements
as it cannot provide all the service requirements

Step 2: The CSC is activated by the pCP to find a set of Pareto-optimal solutions
for partner selection and it chooses any combination from the set to form groups
and send this information to the MR.

Step 3: The MR obtains the resource/service and access information from the
SR, whilst SLAs and other policies from the PR. It generates a eContract that
encapsulates its service requirements on the pCP’s behalf based on the current
circumstance, its own contribution policies, prices of services (generated by PSC)
and SLA requirements of its customer(s) and passes this eContract to the local
Collaborating Agent (CA).

Step 4: The local CA of pCP carries out negotiations using a distributed
many-to-many negotiation protocol proposed in [66] with the CAs of other
identified partner CPs. An eContract is used in the negotiation process. It is used
to capture the contributions as well as agreements among all participants. As the
group members know each other very well, the number of conflicts will be less.
So when all CPs (including the pCP) agree with each other, they make a soft
contract among them. A soft contract guarantees that resources/services will be
available if the group wins the auction.

Step 5: When pCP acquires all services/resources from its collaborator to meet
SLA with the consumer, a DC platform is formed. If no CP is interested in such
arrangements, DC creation is resumed from Step 2 with another Pareto-optimal
solution.

Step 6: After the DC platform creation, the MR of pCP submits collaborative
bids as a single bid to the market using the admission and bidding controller
(ABC). If this group wins the auction, a hard contract is performed between each
group member to firm up the agreement in DC. A hard contract ensures that
the collaborating CPs must provide the resources/services according to the SLAs
with consumers.
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If some CPs win the auction separately for each service (few chances are
available), the steps 3–5 are follows to form a DC platform among providers.
But they make the hard contract in step 4 and in this case, a large number of conflicts
may happen to form the DC platform.

An existing DC may need to either disband or re-arrange itself if any of the
following conditions hold: (a) the circumstances under which the DC was formed
no longer hold; (b) collaborating is no longer beneficial for the participating CPs;
(c) an existing DC needs to be expanded further in order to deal with additional
load; or (d) participating CPs are not meeting their agreed upon contributions.

3.3 Challenges to Realize Dynamic Cloud Collaboration

There are a number of challenges, both technical and non-technical (i.e. commercial
and legal), that can block the rapid growth of DCC. In this section, we outline some
of the common stoppers for the uptake of DCC.

• Application service behavior prediction: It is critical that the system is able to
predict the demands and behaviors of the hosted services, so that it intelligently
undertake decisions related to dynamic scaling or descaling of services over
federated cloud infrastructures. Concrete prediction or forecasting models must
be built before the behavior of a service, in terms of computing, storage, memory
and network bandwidth requirements.

• Flexible mapping of services to resources: The process of mapping services to
resources is a complex undertaking, as it requires the system to compute the best
software and hardware configuration (system size and mix of resources) to ensure
that QoS targets of services are achieved, while maximizing system efficiency
and utilization. Consequently, there is an immediate need to devise performance
modeling and market-based service mapping techniques that ensure efficient
system utilization without having an unacceptable impact on QoS targets.

• Economic models driven optimization techniques: The market-driven decision
making problem [6] is a combinatorial optimization problem that searches the
optimal combinations of services and their deployment plans. Un-like many
existing multi-objective optimization solutions, the optimization models that ulti-
mately aim to optimize both resource-centric (utilization, availability, reliability,
incentive) and user-centric (response time, budget spent, fairness) QoS targets
need to be developed.

• Integration and interoperability: There is a need to look into issues related
to integration and interoperability between the software on premises and the
services in the cloud. In particular: (a) Identity management: authentication
and authorization of service users; provisioning user access; federated security
model; (b) Data Management: not all data will be stored in a relational database in
the cloud, (c) Business process orchestration: how does integration at a business



3.4 Combinatorial Auction Based Cloud Market Model 29

process level happen across the software on premises and service in the cloud
boundary? Where do we store business rules that govern the business process
orchestration?

• Scalable monitoring of system components: Although the components that
contribute to a federated system may be distributed, existing techniques usually
employ centralized approaches to overall system monitoring and management.
These centralized approaches are not an appropriate solution for this purpose,
due to concerns of scalability, performance, and reliability arising from the
management of multiple service queues and the expected large volume of
service requests. Therefore, we advocate architecting service monitoring and
management services based on decentralized messaging and indexing models.

• Pricing of services: Sustained resource sharing between participants in a
collaborating arrangement must ensure sufficient incentives exist for all parties.
It requires the deployment of appropriate pricing, billing, and management
mechanisms. The key questions are:

– What mechanisms are to be used for value expression (expression of content
and service requirements and their valuation), value translation (translating
requirements to content and service distribution) and value enforcement
(mechanisms to select and distribute different content and services)?

– How do cloud providers achieve maximum profit in a competitive
environment, yet maintaining the equilibrium of supply and demand?

To meet aforementioned requirements of DCC, future efforts should focus on
design, development, and implementation of software systems and policies for
collaboration of clouds across network and administrative boundaries. In particular,
the resource provisioning within these collaborated clouds will be driven by market-
oriented principles for efficient resource allocation depending on user QoS targets
and workload demand patterns. In the following section, we present our proposed
combinatorial auction based cloud market (CACM) model to facilitate a DCC
platform.

3.4 Combinatorial Auction Based Cloud Market Model

3.4.1 Market Architecture

The proposed CACM model to enable a DC platform among CPs is shown in
Fig. 3.3. The existing auction policy of CA is modified in the CACM model
to address the issue of conflicts minimization among CPs in a DC platform.
The existing and new auction policy for CA model is shown in Fig. 3.4. The CACM
model allows any CP to dynamically collaborate with appropriate partner CPs to
form groups and to publish their group bids as a single bid to completely fulfill the
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Fig. 3.3 Proposed CACM model to enable a DC platform among CPs

consumer service requirements while also supporting the other CPs to submit bids
separately for a partial set of services. We use the auction scheme based on [33, 34]
to address the CACM model. The main participants in the CACM model are brokers,
users/consumers, CPs and auctioneers as shown in Fig. 3.3.

Brokers in the CACM model mediate between consumers and CPs. A broker
can accept requests for a set of services or composite services requirements from
different users. A broker is equipped with a negotiation module that is informed by
the current conditions of the resources/services and the current demand to make its
decisions. Consumers, brokers and CPs are bound to their requirements and related
compensations through SLAs. Brokers gain their utility through the difference
between the price paid by the consumers for gaining resource shares and that paid
to the CPs for leasing their resources.
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a b

Fig. 3.4 Auction policies. (a) Existing auction policy of CA (b) New auction policy in CACM

The users/consumers can be enterprise user or personal user. Consumers have
their own utility functions that cover factors such as deadlines, fidelity of results,
and turnaround time of applications. They are also constrained by the amount of
resources that they can request at any time, usually by a limited budget. The users
can bid a single price value for different composite/collaborative cloud services
provided by CPs.

The CPs provide cloud services/resources like computational power, data
storage, Software-as-a Service (SaaS), computer networks or infrastructure-as-a
Service (IaaS). A CP participates in an auction based on its interest and profit. It can
publish bid separately or collaboratively with other partner CPs by forming groups
to fulfill the consumers’ service requirements.

The responsibility of an auctioneer includes setting the rules of the auction and
conducting the combinatorial auction. The auctioneer first collects bids (single or
group bids) from different CPs participating in the auction and then decides the
best combination of CPs who can meet user requirements for a set of services
using a winner determination algorithm. We utilize secured generalized Vickrey
auction (SGVA) [85] to address the CACM model problem and use dynamic graph
programming [98] for winner determination algorithm.

In SGVA, the actual evaluation values of bidders are hidden by using
homomorphic encryption. The evaluation value of a bidder is represented by a
vector of cipher texts of homomorphic encryption which enables the auctioneer to
find the maximum value and add a constant securely, while the actual evaluation
values are kept secretly.



32 3 Architectural Framework and Market Model for Dynamic Cloud Collaboration

Table 3.2 Parameters for the auction model

Parameters Description

R = {R jt | j = 1 . . .n} Total aggregated service unit requirements of consumer in period t
(t ∈ {T,T −1, . . ...0})

P = {Prt |r = 1 . . .m} Total number of cloud providers who participate in
the auction as bidders in period t

G(G ⊆ P) Number of cloud providers in a group
Pr jt A cloud provider r who can provide service j in period t
sr jt Service unit supplied by provider r for service j in period t
S̃r jt Capacity of provider r for service j in period t
C(sr jt ) Cost of supplying sr j unit of service by provider r in period t
ICr jt Initial cost of service j for provider r in period t
ηr j Increasing rate of the cost of service j for provider r
S(Prt ) Set of services ( j = 1, . . ..n) provided by any CP r in period t

(S(Prt )⊂ R)
Ωmax(R,Q) Payoff function of the user where R is the service requirements and Q

defines SLAs of each service

3.4.2 System Model for Auction in the CACM

3.4.2.1 Single and Group Bidding Functions of CPs

For the convenience of analysis, the parameters for the auction models are shown in
Table 3.2. Let M be the service cost matrix of any CP Pr and G be a group of CPs in
P (i.e. G ⊆ P). To simplify the auction model, we assume that each CP can provide
at most two services. The reason is that it is not possible for a CP to provide almost
all kinds of services. The matrix M includes costs of a CP’s own services as well as
the collaboration costs (CC) between services of its own and other CPs. Figure 3.5
illustrates the matrix M.

We assume that Pr provides two services—CPU and Memory. Let a j j( j = 1 . . .n)
be the cost of independently providing any service in M, ai j(i, j = 1 . . .n, i 	= j) be
the CC between service i and j (i, j ∈ S(Pr)) and a jk( j,k = 1 . . .n, j 	= k) be the
CC between services j and k ( j ∈ S(Pr) and k /∈ S(Pr)). We set nonreciprocal CC
between S(Pr) services in M which is practically reasonable.

If CP Pr knows other providers or have some past collaboration experience with
others, it can store true CC of services with other providers. Otherwise it can set a
high CC for other providers. The CC of services with other providers in matrix M
is updated when the providers finish a negotiation and collaboratively provide the
services of consumers in the DC platform.

Now the “Bidding Function” or individual price of any CP say Pr who submits a
bid separately to partially fulfill the customer service requirements at time t can be
determined as follows:
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φr jt =
n

∑
j=1

C(sr jt )), j ∈ S(Prt) (3.1)

where C(sr jt) is the cost of supplying sr j unit of services by provider r in period t.
The cost C(sr jt ) for a service j can be calculated as follows from Matrix M:

C(sr jt ) = ICr jt e
(ηr j×sr jt ), 0 ≤ sr jt ≤ S̃r jt (3.2)

Here,

ICr jt= j∈S(Pr)a j j+i∈S(Pr), j∈S(Pr)
ai j+ j∈S(Pr),k/∈S(Pr)

a jk ∀t (3.3)

where, i, j,k = 1 . . .n and i 	= j 	= k

The first term in (3.3) is the cost of providing service j. The second term is
the total collaboration cost between S(Pr) services and third term refers to the
total collaboration cost between services of different CPs with whom provider Pr

needs to collaborate for service J. As provider Pr does not know to whom it will
collaborate after winning an auction, the true cost of a jk cannot be determined.
Therefore, Pr may set a high collaboration cost in a jk in order to avoid potential risk
in collaboration phase.

Now the BiddingFunction of a group or group bidding price of CPs, who
submit their bids collaboratively as a single bid to fulfill the service requirements
completely, can be determined as follows:

Let Pr forms a group G by selecting appropriate partners where S(PG) be the set
of services provided by G and S(PG) ⊆ R,G ⊆ P. For any provider like Pr ∈ G, the
initial cost of providing a service j can be calculated as follows

IG
Cr jt

= j∈S(Pr)a j j+i∈S(Pr), j∈S(Pr)
ai j+ j∈S(Pr),g∈S(PG)\S(Pr)

a jg ∀t (3.4)

where, i, j,g = 1 . . .n and i 	= j 	= g



34 3 Architectural Framework and Market Model for Dynamic Cloud Collaboration

We can see from (3.4) that the first two terms are similar to (3.3). The third term
refers to the total collaboration cost between services of other CPs inside the group
with whom provider Pr needs to collaborate. Since Pr knows other group members,
it can find the true value of this term. Moreover, if Pr applies any good strategy to
form the group, it is possible for Pr to minimize this term. Hence, this group G has
more chances to win the auction as compare to other providers who submit separate
bids to partially fulfill the service requirements. Now the BiddingFunction or the
group price for the group G can be calculated as follows:

φG
r jt

=
l

∑
r=1

n

∑
j=1

CG(sr jt), l ∈ G, l = 1, . . . ,G, j ∈ S(Prt) (3.5)

where
l

∑
r=1

n

∑
j=1

CG(sr jt ) =
l

∑
r=1

n

∑
j=1

IG
Cr jt

e(ηr j×sr jt ) (3.6)

subject to

0 ≤ sr jt ≤ S̃r jt , ∀t (3.7)

l

∑
r=1

n

∑
j=1

sr j = R, ∀t (3.8)

3.4.2.2 Payoff Function of the Consumer

With the help of broker user generates the payoff function. During an auction, user
uses the payoff function Ωmax(R,Q) to internally determine the maximum payable
amount that it can spend for a set of services. If the bid price of any CP is greater
than the maximum payable amount Ωmax, it will not be accepted. In the worst case,
auction terminates when the bids of all CPs are greater than Ωmax. In such case, user
modifies its payoff function and the auctioneer reinitiates the auction with changed
payoff function.

3.4.3 Winner Determination Algorithm

To solve the winner determination problem in the CACM model, we use the
dynamic programming as proposed in [98]. Let bG(S) be the bid published by
any group of providers G for declaring the amount of money they want to get by
providing any combination of services S⊆ R.. The first step of winner determination
is setting b(S) = minG⊆PbG(S). For any set of services S the lowest price in bids is
selected as the price If two or more groups of providers submit same bids which are
lowest among all bids, the final b(S) will be judged by the time of bid acceptance.
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Fig. 3.6 Example of winner determination graph in our proposed auction

We define a directed graph D for winner determination. It consists of nodes
0, 1, 2, . . . , m with some arcs between them for representing many states as well
as conversions from one state to another. Zero is the starting node representing such
a state that no service has been provided, and m is the ending node representing
all services in R has been provided at that state. Any node i(0 ≤ i ≤ m) denotes an
intermediate state in which a list of services Si is assumed as provided. For any two
different nodes i(0≤ i ≤ m) and j(0 ≤ j ≤ m), if Si∩S j = Si,S j\Si becomes Sa , the
services on the arc a =< i, j > that need to be provided for switching the state from
i to j. Let Ga be the group of providers of Sa . Let w(a) = b(Sa) be the weight of a.
Then we apply Dijkstra algorithm to calculate the shortest path from the starting
node 0 to the ending node m. The length of the shortest path from 0 to m can be
obtained by solving the following formula from node 1 to m.

f ( j) = max
(0≤i<m,0< j≤m)

{w(a)+ f (i)} (a =< i, j >) (3.9)

In above formula, f ( j) denotes the shortest path from 0 to j. We initially set f (0) =
0. Then we calculate f (1) . . . f (m). that represents the shortest path from 0 to m.

For any arc a on the shortest path, providers in Ga will be selected as winners and
provide Sa. As there is no “second-price” in a combinatorial auction the price paid
by the winner is their bid less a discount. The discount is calculated by removing
the winner from the auction and recomputing the result. The difference between the
two values is the winner’s discount.
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Figure 3.6 shows an example of winner determination graph. The rectangles
in graph represent nodes where node i contains information of Sa and f (i). The
ellipses in graph represent arcs where arc a contains information of Ga , Sa and
b(Sa). We assume P = {p1, p2, p3, p4}, R = {s1,s2,s3}. The bids are:
{(p1, p2),(s1,s2),$7}, {(p3),(s1),$5}, {(p3),(s1),$3}, {(p3),(s3),$7},
{(p4),(s1),$6}, {(p4),(s2),$4}, {(p4),(s3),$5}. After winner determination,
the winners and their services are selected as follows: {(p1, p2),(s1,s2)} and
{(p4),(s3)}. The final price is $13 since it is the second lowest price for winning
the auction.

3.5 Summary

This chapter first presents the architecture, key components and identifies the
associated challenges to realize a DCC platform. Then it describes the proposed
combinatorial auction (CA)-based cloud market model to enable the DCC platform.
Here we discuss regarding single and group bidding prices, payoff function of the
consumers and winner determination algorithm.



Chapter 4
Multi-objective Optimization Model and
Algorithms for Partner Selection

Abstract The Partner selection is an important decision problem in the formation
of a dynamic cloud collaboration platform. Selecting suitable cloud partners to
form a group will facilitate the success of collaborative cloud services. In this
chapter, first, we present a promising multi-objective (MO) optimization model
of partner selection considering individual information (INI) and past relationship
information (PRI) with collaboration cost optimization among cloud providers in a
DCC platform. Then to solve this MO optimization model, a general framework of
multi-objective genetic algorithm (MOGA) that uses INI and PRI of cloud providers
called MOGA-IC is presented. Finally, two algorithms called NSGA-II and SPEA2
are developed to implement MOGA-IC.

4.1 Introduction

A primary/initiator CP (pCP) identifies a business opportunity which is to be
addressed by submitting a bid for a set of services for the consumer. It needs to
dynamically collaborate with one or more CP partners to form a group to satisfy
the consumer service requirements completely as it cannot provide all the services.
We assume that each CP can provide one or at most two services and each service
has one or more providers. This process of CP partner selection can be presented
in Fig. 4.1. Figure 4.1 shows that the pCP (P1,1) can provide s1 service and needs
other 4 CP partners among 12 candidate CP partners to provide total five kinds of
consumer service requirements (s1, s2, s3, s4 and s5).

4.2 Multi-objective Optimization Model for Cloud Partner
Selection

The existing partner selection algorithms in the literature like [20,22,23,25,33,37–
39,41–44,50,52,53,56,57,75,90,92,94,95,100,101] can be classified into two types
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Fig. 4.1 Partner selection process for the pCP

based on the view of the relationships between tasks (to be allocated to different
partners) and partners (to be selected for some specific tasks):

• One specific task with multiple candidate partners.
• Multiple tasks (organized as a whole task) in which each task has multiple

candidate partners.

The first type is much simpler compared with the second type, which fully
considers the relationship between the tasks instead of cost/quality optimization on
a single task. Actually the relationships between tasks are very important for cloud
partner selection scenario in dynamic collaboration platform. In DCC platform,
cloud providers will collaboratively provide services to consumers. Currently one
example can be mentioned—Salesforce.com Inc’s Force.com platform now enables
developers to use its cloud application development platform alongside Amazon
Web Services LLC’s infrastructure and storage services.

The relationship between tasks can be transformed as the collaboration between
partner providers. If all tasks are allocated to one partner provider, then there will
be no such collaborations. In DCC platform, multiple tasks will be allocated to
multiple candidate partner providers, e.g. one partner provider for one or two tasks.
So a large number of conflicts will occur since each provider must agree with
services/resources contributed by other providers against a set of its own policies.
Also the communications between partners must be very excessive and weighty,
therefore, leading to high collaboration cost.

To select a good combination of cloud partners with less conflicts, we propose
that a pCP should consider individual information (INI) and past relationship
information (PRI) with collaboration cost optimization among cloud partners. In
the existing partner selection approaches, the INI is mostly used, but the PRI with
collaboration cost optimization among partners is overlooked. In fact, the PRI

Salesforce.com
Force.com
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[30, 40] with collaboration cost optimization is very important in partner selection
for cloud providers in dynamic collaboration environment. The success of past
relation with less collaboration costs between participating cloud providers may
reduce uncertainty and conflicts, short adaptation duration, and also help to the
performance promotion.

4.2.1 Optimization Goals of Cloud Partner Selection

The factors to be considered during cloud partner selection include quality, cost
(costs of tasks and cost for collaborations between tasks), number of past relations,
time etc. and the solution of partner selection problem (PSP) is to realize total
optimization of such factors. According to the properties of these goals, they may
be divided into three types:

• Individual goals, e.g. quality, cost for a service/task. They are related to the
capacity of selected partners only.

• Collaboration goals, e.g. number of past relation between partners, cost of col-
laborations between services/tasks. They depend on the collaborations between
tasks and other partners.

• Constraint goals, e.g. time, capacity. They not only depend on the execution of
each task but are also related to the collaboration time between partners.

The past relationship information include number of projects/auctions accom-
plished/won by other providers among themselves and with the pCP. The collabo-
ration cost include network establishment cost (after one provider finishes a task, it
should be transported to another partner provider for further processing e.g. virtual
machine (VM) running locally at a certain provider must be migrated to another
provider for further processing ), information transmission cost (partners have to
exchange some information like QoS requirements, SLA, files, security measure
etc. for further task processing) and capital flow cost (one partner provider has to
pay some expense to another partner provider e.g. VM running and monitoring cost
etc.).

The following notations are used for the mathematical formulation of cloud
partner selection problem:

4.2.2 Problem Formulation of Cloud Partner Selection

The optimal solution of cloud partner selection is to select a group of cloud
partners v from m candidates who collaboratively win auctions many times with less
collaboration costs (maximizing past relationship performance values) and making
the individual price the lowest and quality value of service the highest. In the most
situations, it is impossible that there is a candidate provider group that can make
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R = {R jt | j = 1 . . .n} A set of service requirements of consumer in period t (t = 1 . . . .T )
P = {Pr |r = 1 . . .m} A set of cloud providers who participate as bidders
Vt Number of cloud providers to be selected in period t(V ⊂ P)
Pr jt A cloud provider r who can provide service j in period t
S̃r jt Capacity of cloud provider r for service j in period t
SPr jt Unit price of service j of provider r in period t
NSr jt Usage of number of units of service j of provider r in period t
CCr j,xi Total collaboration cost between provider r of service j and x of

service i
MCr j↔xi Unit cost of migration of service j and i between providers r and x

(e.g. VM migration between partners)
ITr j↔xi Unit cost of information transmission of service j and i between

providers r and x
CFr j↔xi Unit cost of capital flow service j and i between providers r and x
φr jt The price of CP r for providing service j independently in period t
Qr jt The quality value for service j of CP r in period t(qualitative

information can be expressed by the assessment values from 1 to
10 (1: very bad, 10: very good))

Wr j,xi The value of past relationship experience (i.e. number of times
collaboratively wins auctions or did projects ) between a provider
r for service j and other provider x for service i where (r,x =
1 . . . .m; i, j = 1 . . . .n; i 	= j)

Ur jt A decision vector of partner selection in period t

all the goals optimized. So to solve the PSP of a pCP using the INI and PRI,
a MO optimization model to minimize total price and maximize service quality
and total collaborative past relationship (PR) performance with collaboration cost
optimization values can be expressed mathematically as follows:

MinimizeObj 1 =
n

∑
j=1

m

∑
r=1

T

∑
t=1

SPr jtNSr jtUr jt (4.1)

MaximizeObj 2 =
n

∑
j=1

m

∑
r=1

T

∑
t=1

Qr jtUr jt (4.2)

Maximize Obj 3 =
n

∑
i, j=1
i	= j

m

∑
r,x=1
r 	=x

T

∑
t=1

Wr j,xiUr jtUxit+ ∑
i, j=1
i	= j

m

∑
r,x=1
r 	=x

T

∑
t=1

CCr j,xiUr jtUxit (4.3)

subject to

Ur jt =

{
1 if choose Pr jt

0 otherwise
(4.4)

Ur jtUxi =

{
1 if choose Pr jt and Pxit

0 otherwise
(4.5)
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n

∑
j=1

m

∑
r=1

T

∑
t=1

Ur jt =Vt (r = 1 . . . ..m, j = 1 . . . .n, t = 1 . . .T ) (4.6)

n

∑
i, j=1
i	= j

m

∑
r,x=1
r 	=x

T

∑
t=1

CCr j,xiUr jtUxit=
n

∑
i, j=1
i	= j

m

∑
r,x=1
r 	=x

T

∑
t=1

⎛
⎝ log2

[
Max(MCr j↔xi ITr j↔xiCFr j↔xi)

MCr j↔xi ITr j↔xiCFr j↔xiUr jtUxit+1

]
log2{Max(MCr j↔xiITr j↔xiCFr j↔xi)}

⎞
⎠

(4.7)

n

∑
j=1

m

∑
r=1

T

∑
t=1

S̃r jtUr jt ≥ R jt ∀r, j, t (4.8)

For model (4.1)–(4.3), its solution space is mainly a function of parameters m
and v. Let F denote the number of solutions in the solution space, there exists F =
Cv

m = m!
(m−v)!v! . Because of the property of combination number, there is Cv

m =Cm−v
m ,

such that v ≤ m
2 or m−v ≤ m

2 . In the case that v is much smaller than m, i.e.,v 
 m,,
F could be approximately processed as follows:

F =
m!

(m− v)!v!
=

m(m− 1) . . . ..(m− v+ 1)
v!

≈ m(m− 1) . . . . . . ..(m− v+ 1)≈ mv

(4.9)

According to the above analysis, the solution space will approximately exponen-
tially grow with increasing v. Meanwhile, since model (4.1)–(4.3) is NP-hard, the
solving for model is not easy. For the problem with small scale, i.e., m and v is very
small, traditional enumeration method [20] is capable. However, for the large scale
problem, an intelligent optimization algorithm is required.

4.3 General Multi-objective Genetic Algorithm Framework
for Cloud Partner Selection

For solving PSP of cloud providers, we develop a general framework of multi-
objective genetic algorithm (MOGA) that uses individual information (INI) and past
collaborative relationship information (PRI) with collaboration cost optimization
among cloud providers called MOGA-IC as follows:

Common framework for MOGA-IC:

Step 1: Initialize the population P.
Step 2: Conduct a selection operation to select elite individuals based on fitness

function (evaluating multi-objective functions) from P and store their data
in external set E (optional and not for non-elitist MOGAs).
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Step 3: Create a mating pool using either P or E , or both.
Step 4: Apply crossover and mutation operators.
Step 5: Evaluate individuals.
Step 6: Conduct reproduction based on the pool to create the next generation of P.
Step 7: Combine P and E .
Step 8: If termination criteria are not satisfied, return to Step 2.

When solving PSP for CPs using MOGA technique, one important issue needs
to be addressed: how to find an appropriate diversity preservation mechanism
in selection operators to enhance the yield of Pareto optimal solutions during
optimization, particularly for the CP PSPs having multiple conflicting objectives.
So we apply two popular MOGAs- the non-dominated sorting genetic algorithm
(NSGA-II) [32] and the strength Pareto evolutionary genetic algorithm (SPEA2)
[102] to the general framework of MOGA-IC, both of which include an excellent
mechanism for preserving population diversity in the selection operators.

4.3.1 Solution Encoding and Generating Initial Population

Natural number encoding is adopted to represent the chromosome of indi-
vidual. A chromosome of an individual is an ordered list of CPs. Let y =
[y1,y2, . . . ,y j . . . . . .yn]( j = 1,2, . . . .n),y j be a gene of the chromosome, with its
value between 1 and m (for service j, there are m CPs for a response). If m = 50
and n = 5, there may be 10 CPs that can provide each service j. Thus a total of 105

possible solutions is available. In this way, the initial populations are generated.

4.3.2 Crossover and Mutation Operator

The crossover operator is a very important operator in MOGA. The main idea behind
crossover is that a combination between segments of two individuals might yield a
new individual which benefits from both parents advantages. The crossover operator
gets two individuals as its input, and outputs two new individuals (i.e. the offspring).
Two-point crossover is employed in MOGA-IC.

The role of the mutation operator [32] is to lower the probability of converging
at a local optimum. In the case of mutation, one provider is randomly changed for
any service. Evidently, this method only changes the order of the genes but dose not
change the number of the genes. Thus, no infeasible solutions are produced.

4.3.3 Fitness Calculation

In the single objective decision making model, the fitness function is usually the
objective function. However, in the multi-objective models, the multi-objective
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functions should be considered when calculating the fitness values. In the case of
cloud partner selection problem, we have three multi-objective functions- minimiza-
tion of the price of service while maximization of past collaborative relationship
performance and service quality values. We use non-dominated sorting approach
to calculate the fitness value of individual. Any two individuals are selected and
their corresponding fitness values are compared according to the dominating-
relationships. Before using non-dominated sorting approach objective functions
must be normalized using the (4.10) because they have different measure units.

f ′i =
fi − f min

i

f max
i − f min

i

, i = 1.2., . . . .,n (4.10)

4.3.4 Selection Algorithms

The selection algorithm is an important component when solving PSP for CPs using
MOGA techniques, since it steers the search direction when searching for optimal
solutions. In MO optimization using a GA, elitism with a diversity preservation
mechanism is often preferred to obtain the generally high quality of the obtained
optimal solutions. The selection method used in this paper implements NSGA-
II and SPEA2 algorithms. Based on different principles, they both have excellent
mechanism for the preservation of diversity.

4.3.4.1 MOGA-IC with NSGA-II

NSGA-II is a fast, elite MOGA proposed by Deb et al. [8]. The steps are described
as follows:

Algorithm: MOGA-IC with NSGA-II

Step 1 Initialize the input parameters which contain the number of requirements
(R), providers (m) and maximum genetic generations (G), population size
(N), crossover probability (Pc) and mutation probability (Pm).

Step 2 Generate the initial parent population Pt ,(t = 0) of size Np.
Step 3 Apply binary tournament selection strategy to the current population, and

generate the offspring population Ot of size No =NP with the predetermined
Pc and Pm .

Step 4 Set St = Pt ∪Ot , apply a non-dominated sorting algorithm based on fitness
function (evaluating multi-objective functions) and identify different fronts
F1,F2 . . .Fa.

Step 5 If the stop criterion (t > G) is satisfied, stop and return the individuals
(solutions) in population Pt and their corresponding objective values as the
Pareto-(approximate) optimal solutions and Pareto-optimal fronts.
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Step 6 Set new population Pt+1 = 0. Set counter i = 1. Until |Pt+1|+ |Fi| ≤ N set
Pt+1 = Pt+1 ∪Fi and i = i+ 1.

Step 7 Perform the crowding-sort procedure and include the most widely spread
(N −|Pt+1|) solutions found using the crowding distance values in sorted F
in Pt+1.

Step 8 Apply binary tournament selection, crossover and mutation operators to
Pt+1 to create offspring population Ot+1.

Step 9 Set t = t + 1, then return to Step 4.

4.3.4.2 MOGA-IC with SPEA2

SPEA2 [9] is a very effective algorithm that uses an external list to store non-
dominated solutions discovered in the course of searching. It is an excellent example
for the use of external populations. The steps are described as follows:

Algorithm: MOGA-IC with SPEA2

Step 1: Generate a random population P0 of size NP. Set t = 0 and an empty
external archive E0 of size NE .

Step 2: Calculate the fitness of each solution x in Pt ∪Et as follows:
Step 2.1: Calculate the raw fitness as R(x, t) = ∑y∈Pt∪Et ,y�x S(y, t) where S(y, t) is

the number of solutions in Pt ∪Et dominated by solution y.
Step 2.2: Calculate the density as D(x, t) = (σ k

x + 2)−1 , where σ k
x is the distance

between solution x and its kth nearest neighbor, where k =
√

Np +NE .
Step 2.3: Assign a fitness value as F(x, t) = R(x, t)+D(x, t).
Step 3: Copy all non-dominated solutions in Pt ∪ Et to Et+1. Now, two cases

may arise. Case 1: If |Et+1|> NE , then truncate |Et+1|−NE solutions by
iteratively removing solutions that have maximum σ k distances. Break
any tie by examining σ l for l = k − 1, . . . .., ,1 sequentially. Case 2: If
|Et+1| ≤ NE , copy the best NE −|Et+1| dominated solutions according to
their fitness values from Pt ∪Et to Et + 1

Step 4: If the stopping criterion is satisfied, stop and copy the non-dominated
solutions in Et+1.

Step 5: Select the parent from Et+1 using binary tournament selection with
replacement.

Step 6: Apply the crossover and mutation operator to the parents to create N
offspring solutions. Copy offspring to Pt+1, t = t+1, then return to Step 2.

4.4 Summary

In this chapter, first, we discuss regarding the optimization goals for cloud partner
selection in a DC platform and present a new promising MO optimization model
of partner selection considering INI and PRI with collaboration cost optimization
among cloud providers. Second, a general framework of MOGA that uses INI and
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PRI with collaboration cost optimization among cloud providers called MOGA-IC
is presented to solve this MO optimization model. Finally, two algorithms called
NSGA-II and SPEA2 are developed to implement MOGA-IC to find an appropriate
diversity preservation mechanism in selection operators to enhance the yield of
Pareto optimal solutions during optimization, particularly for the CP PSPs having
multiple conflicting objectives.



Chapter 5
Experimental Results and Analysis

Abstract In this chapter, we present our evaluation methodology and simulation
results of the utility of dynamic cloud collaboration (DCC), MOGA-IC for CP
partner selection and proposed CACM model. First, we compare DCC platform with
existing cloud federation model. Then, we present the comparison of the proposed
CACM model with the existing CA model in terms of economic efficiency. Next,
we present a simulation example of a partner selection problem (PSP) for a pCP in
the CACM model. It is used to illustrate the proposed MOGA-IC method. NSGA-II
and SPEA2 are utilized to develop the MOGA-IC. Further simulation examples
are conducted to pinpoint the most viable approach (NSGA-II or SPEA2) for
MOGA-IC. Moreover, we implement the existing MOGA that uses only INI called
MOGA-I for CP partner selection and analyze its performance with MOGA-IC in
the proposed CACM model. Finally, numerical results are presented to demonstrate
the utility of the price minimization algorithm among cloud providers in the CACM
model.

5.1 Introduction

The dynamic cloud collaboration (DCC) platform offers efficient collaborative
cloud services with high availability, transparency, and improved performance
without requiring consumers to build or manage complex infrastructure themselves.
Consumers interact with the DCC system in a limited number of ways and have little
experience of the associated complex technologies. The responsibility of ensuring
high-performance cloud service delivery is largely on the DCC system itself.
Therefore, a comprehensive analysis of the impact of several system parameters
on utility is important to improve the system’s service ability.

The simulation methodology realizes a privileged provider model, with the
primary cloud provider (pCP) having the authoritative right over the resources it
has acquired, which are delegated rights for the collaborators’ physical resources.
The pCP recognizes a good business opportunity in the market and then dynamically
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collaborate with suitable partner CPs to form a group and submits their group bid
as a single bid in the CACM in order to provide a set of complementary services
to consumers. If this group wins the auction for a set of services, they provide
composite or collaborative services to consumers. Consumers interact transparently
with the DCC platform by requesting services through a service catalog of the
pCP. The CPs offer capabilities/services to consumers with a full consumption
specification formalized as a standard SLA. The requested service requirements
(single, multiple or collaborative cloud services) are served either directly by the
pCP or by any collaborating CP within the DCC.

5.2 Simulation Environment and Parameters

One of the main challenges to evaluate the DCC platform, the partner selection
problem and the CACM model is the lack of real-world input data. So we conduct
the experiments using synthetic data. For the experiment of measuring the utility
of a DCC platform, the workloads have been generated using Lublin’s model [62]
from parallel workload archives (http://www.cs.huji.ac.il/labs/parallel/workload/)
because trace data of cloud applications are currently not released and shared
by any commercial cloud service providers. However, for a scientific research
paper, it is extremely important to have publicly accessible trace data so that
the experiments can be reproducible by other researchers. Moreover, this paper
focuses on studying the application requirements of users in the context of High-
Performance Computing (HPC). Hence, the Parallel Workload Archive meets our
objective by providing the necessary characteristics of real parallel applications
collected from supercomputing centers.

The Lublin model has been configured to generate two-month long workloads of
typeless requests (i.e. no distinction is made between batch and interactive requests).
Unfortunately, since the Parallel Workload Archive is not based on paying users in
utility computing environments, it is possible that the trace pattern of these archived
workloads will be different from those with paying users. Furthermore, the Lublin
model only provides the inter-arrival times of reservation requests, the number of
nodes to be reserved and the duration to be reserved. Service requirements are
not available in this model. Hence, we use uniform distribution to assign service
requirements synthetically to Lublin model. To generate price of cloud services in
the CACM model, we follow the pricing idea for Cl41oud services presented in
[7, 97]. If any provider has more collaboration experience with other providers, the
collaboration cost (CC) can be minimized. We use the following formula to calculate
the CC between any provider Pr j and Pxi:

CCr j,xi = MinCCr j,xi +(MaxCCr j,xi −MinCCr j,xi)×
1

eWr j,xi
(5.1)

http://www.cs.huji.ac.il/labs/parallel/workload/
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Table 5.1 Basic parameter
values used for simulation Parameters Description Value

R Service requirements 5–10
P Number of cloud providers 10–100
S(Prt ) Service per provider 1–2
SPr jt Unit price of service 0.1–0.3$/h
MinCCr j,xi Minimum CC between services 10$
MaxCCr j,xi Maximum CC between services 20$
Qr jt Quality value 1–10
Wr j,xi Past relationship value 0–10

where
MinCCr j,xi= the minimum CC between services
MaxCCr j,xi= the maximum CC between services
Wr j,xi = the number of collaboration experiences between Pr j and Pxi. If it is zero,
the highest CC is set between providers. Thus the final price of services is generated
for each provider, and it is varied based on CC in different auctions.

For partner selection problem, we provide simulation examples using synthetic
data. We have used Visual C++ language to conduct repeatable and controlled
simulations. The experiments were conducted on a Intel Pentium Core 2 duo having
the following configuration: CPU of 2.33 GHz with 2 MB L2 cache, 1.98 GB of
RAM and 250 GB of storage. The basic parameters used for all simulations are
shown in Table 5.1.

5.3 Simulation Results

5.3.1 Utility of Dynamic Cloud Collaboration

To show the usage benefits of dynamic cloud collaboration, we compare its
performance with non-collaborated approach and existing static collaboration ap-
proach. We use two metrics to measure its utility—percentage of service rejection
and overall resource utilization.

In order to generate different workloads, we modify two parameters of
Lublin99’s model, one at a time. To generate varying size of workloads, we vary the
parameter called umed in Lublin99’s model from 1.5 to 3.5. The larger the value
of umed, the smaller the requests become in terms of numbers of VMs required
and consequently, result in lighter loads. The second parameter changed in the
experiments affects the inter-arrival time of requests at rush hours. The inter-arrival
rate of jobs is modified by setting the β of the gamma distribution (hereafter
termed barr), which we vary from 0.46 to 0.60. As the values for barr increase, the
inter-arrival time of requests also increases.
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Table 5.2 Capacity of 10
cloud providers

Cloud
providers

CPU
units

Memory
units

Storage
units

Network
units

1 6,000 2,000 4,000 1,000
2 5,000 3,000 3,000 1,000
3 4,060 2,500 3,050 1,000
4 3,048 2,056 2,050 1,000
5 2,024 3,128 3,500 1,000
6 3,200 4,500 2,000 1,000
7 5,011 3,000 1,500 1,000
8 6,050 2,500 2,050 1,000
9 1,500 1,500 1,050 1,000
10 1,250 1,300 3,500 1,000

We run our experiments with one provider as primary cloud provider and
nine providers as collaborators. Results are averaged over ten simulation runs.
We consider static collaboration consists of five cloud providers whereas dynamic
cloud collaboration can have any number (within nine providers) of cloud providers
based on service requirements. We generate the capacity of Ten cloud providers as
shown in Table 5.2 following the model of [56].

We also develop a metric to measure overall resource utilization. Let us consider
there are N(CP) cloud providers and each provider has total N(P) physical
machines. Also assume that a combinatorial service requirement containing N(t)
tasks with QoS specifications need to be allocated. For the non-collaborated
approach, a cloud provider will try to allocate N(t) tasks to its physical machines.
For the static and dynamic collaboration cases, N(t) tasks can be shared among
collaborative partners.

For a physical machine p j (1 <= j <= N(p)), let oc j, om j, os j and ob j be the
original resource conditions of its CPU, memory, storage and network bandwidth.
If a task ti is allocated to a physical machine p j (denoted as ti ∈ p j), it should occupy
a part of resource on p j. Let f c j, f m j, f s j and f b j be the percentage of idle CPU,
memory, hard-disk and network bandwidth resource on p j. so the overall resource
utilization U can be calculated as follows:

U = λc

[
N(CP)

∑
i=1

N(p)

∑
j=1

(1− f ci j)× oci j

]
+λm

[
N(CP)

∑
i=1

N(p)

∑
j=1

(1− f mi j)× omi j

]

+λs

[
N(CP)

∑
i=1

N(p)

∑
j=1

(1− f si j)× osi j

]
+λb

[
N(CP)

∑
i=1

N(p)

∑
j=1

(1− f bi j)× obi j

]
(5.2)

where λc,λm,λs and λb denote the pricing scheme for CPU capacity, memory space,
storage space and network bandwidth.
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5.3.1.1 Performance of DCC in Terms of Service Rejection

We first present our experimental results of the performance of DCC in terms of
service rejection. We vary the umed and barr values and the results are shown
in Fig. 5.1. We can see from Fig. 5.1 that the lower values of umed and barr
result in higher loads and thus rejection rate becomes high. Still under heavy
workload, DCC rejects less service or tasks as compared to the non-collaborated
and existing static collaboration approaches. For example, when the umed value is
1.5, non-collaborated approach, static collaboration approach and DCC approach
reject the service request of 62%, 32% and 27% respectively. In addition, in case
of small inter-arrival period (e.g. barr = 0.46), DCC, static collaboration and non-
collaborated approach reject 27%, 35% and 65% of the service request respectively.
Thus, DCC outperforms the static collaboration and non-collaborated approaches.
The reason is that based on the service request in a DCC platform, suitable partners
can be selected who can fulfill the service request while in case of static approaches,
fixed or pre-existing partners can only fulfill the service requests. Hence, rejection
rate becomes very high. Also service heterogeneity makes static collaboration to
reject many jobs since it cannot always predict the incoming service behaviour and
requirements.

5.3.1.2 Performance of DCC in Terms of Resource Utilization

In this experiment, we measure overall resource utilization (e.g. cpu, memory,
storage and network) based on (5.2) in the DCC, static and non-collaborated
environments by varying umed and barr values. Figure 5.2 shows the result of
the experiment under Min–Min heuristic based scheduling [30]. We can see from
Fig. 5.2 that in heavy and light workload scenarios (both umed and barr case), the
percentage of the overall resource utilization in DCC is always higher as compared
to that of in the non-collaborated approach and static collaboration approach.
The reason is that in a DCC environment, computing intensive tasks are executed
by those CPs, which have high-performance CPU while storage intensive tasks are
run by those CPs, which have large size of storage space, which means in a DCC
platform, suitable partners are selected based on service requirements. This can
improve the overall performance for combinatorial tasks as well as utilization of
resources.

5.3.2 Economic Efficiency of CACM Model as Compared
to the Exiting CA Model

The proposed auction policy in the CACM model allows any CP to collaborate
dynamically with appropriate partner CPs to form groups before joining the auction
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a

b

Fig. 5.1 Performance of DCC in terms of service rejection obtained by (a) umed and (b) barr
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a

b

Fig. 5.2 Performance of DCC in terms of overall resource utilization obtained by (a) umed and
(b) barr
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Fig. 5.3 Economic efficiency of CACM model as compared to the existing CA model

and to publish their group bids as a single bid in order to fulfill the consumer service
requirements completely. This new approach enables CPs to minimize conflicts and
to calculate the true CCs with respect to one another.

To show the economic efficiency of the CACM model compared to that of the
existing CA model, in our simulation, 1,000 auctions are generated for different
consumer requirements. Based on those requirements, providers separately publish
their bids to the existing CA market and also collaboratively publish their bids to the
CACM market. The winners and final prices are determined by the auctioneers in
both markets. After every 200 auctions, we count the prices of the winning bids that
were determined by the existing CA market and the proposed CACM, respectively.
Figure 5.3 shows the economic efficiencies of the two auction-based markets.

It can be seen from Fig. 5.3 that when the number of auctions’ increases, the
CACM auction model reduces the total service price to consumers as compared
to the existing CA model for the same number of service requirements. The main
reason is that CCs among the group members are lower, and the total service price
is reduced. A good partner selection algorithm like our proposed MOGA-IC is
required to reduce the CCs as well as the conflicts among partner CPs.

5.3.3 Appropriate Approach to Develop the MOGA-IC

In this section, we present three simulation examples of PSP for a pCP in the CACM
model. Table 5.3 shows the three simulation examples with MOGA-IC parameters
for partner selection problem in the CACM model. For each simulation example,
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Table 5.3 The three simulation examples with MOGA-IC parameters

Maximum
No. of Service genetic Crossover Mutation

Simulation providers req. Population size generation probability probability

examples m R N/E G Pc Pm

1 35 5 50 20 0.9 0.1
2 100 5 100 50 0.9 0.1
3 100 5 100 100 0.9 0.1

Table 5.4 The normalized
individual information of pCP
and other candidate CPs

Price of Quality value
Service no. Provider no. service of service

2 28 0.17 0.99
2 10 038 0.88
3 10 0.99 0.88
3 15 0.81 0.3
3 6 0.66 0.01
3 32 0.07 0.65
3 14 0.55 0.23
3 20 0.88 0.72
4 9 0.00 0.54
4 33 0.17 0.4
4 18 0.84 0.62
4 17 0.89 0.02
4 34 0.5 0.66
4 26 0.57 0.00
7 1 0.4 1
8 2 0.83 0.19
8 21 0.73 0.48
8 11 0.63 0.06
8 23 0.94 0.22
8 19 0.81 0.63
8 32 0.88 0.82

MOGA-IC is developed based on NSGA-II and SPEA2. Furthermore, in each
simulation example, two individual informations (price and quality of services) and
one past collaborative relationship information (number of auctions collaboratively
won by other providers among themselves and also with pCP) of candidate CPs
are considered. Both pieces of information are presented in Tables 5.4 and 5.5 in
normalized forms for the first simulation example. For normalization, the method
proposed by Hwang and Yoon [93] is utilized. We can see that 21 total CPs are found
from 35 candidate CPs who can provide five randomly generated consumer service
requirements. We assume that provider number 1 is the pCP which can provide the
service number 7. The number of generation’s G in the first simulation example is
set to 20 since the example search space is quite small.
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Table 5.6 Pareto-optimal solutions of MOGA-IC with NSGA-II for
example 1

Pareto-optimal solutions Optimal objective function values

y = y7 y4 y3 y2 y8 Ob j1 Ob j2 Ob j3
1 18 6 10 32 3.16 3.32 7.63
1 18 10 10 32 3.49 4.2 7.33
1 34 10 28 32 2.94 4.35 6.24
1 9 32 28 21 1.37 3.66 4.93
1 9 10 28 32 2.44 4.23 6.65
1 9 32 28 19 1.45 3.81 5.49
1 9 14 28 32 2.00 3.58 6.82
1 34 32 10 32 2.23 4.01 6.97
1 18 10 28 32 3.28 4.31 6.44
1 9 32 10 32 1.73 3.89 5.88
1 34 32 28 32 2.02 4.12 5.59
1 34 6 10 32 2.82 3.36 7.39
1 34 32 10 19 2.16 3.82 6.48
1 34 10 10 32 3.15 4.24 7.12
1 9 32 28 32 1.52 4.00 5.44
1 18 14 10 32 3.05 3.55 7.27

Table 5.7 Pareto-optimal solutions of MOGA-IC with SPEA2 for
example 1

Pareto-optimal solutions Optimal objective function values

y = y7 y4 y3 y2 y8 Ob j1 Ob j2 Ob j3
1 9 14 28 19 1.93 3.39 6.10
1 9 32 28 32 1.52 4.00 5.44
1 9 32 28 19 1.45 3.81 5.49
1 9 32 28 11 1.27 3.24 4.93
1 9 14 28 32 2.00 3.58 6.82
1 9 10 28 32 2.44 4.23 6.65
1 34 32 28 19 1.95 3.93 5.73
1 34 32 28 32 2.02 4.12 5.59
1 9 32 10 32 1.73 3.89 5.88
1 34 10 10 32 3.15 4.24 7.12
1 34 32 10 19 2.16 3.82 6.48
1 34 32 10 21 2.08 3.67 6.16
1 9 32 28 21 1.37 3.66 4.93
1 18 10 10 32 3.49 4.2 7.33
1 34 10 28 32 2.94 4.35 6.24
1 34 6 10 32 2.82 3.36 7.39

In solving the first simulation example problem of CP partner selection, the best
Pareto front among the ten trials of 20 generations is selected as the final solution.
The 16 pareto-optimal solutions of the first front of MOGA-IC with NSGA-II and
SEPA2 for simulation example 1 are presented in Tables 5.6 and 5.7, respectively.
Graphical representations are shown in Fig. 5.4.
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a

b

Fig. 5.4 Pareto-optimal solutions of MOGA-IC for simulation example 1 (N/E = 50 and G = 20)
obtained by (a) NSGA-II and (b) SPEA2

From Fig. 5.4, it is difficult to compare the performances of MOGA-IC with
NSGA-II and SPEA2 since the solution space is quite small. We conduct further
performance tests of MOGA-IC with NSGA-II and SPEA2 using simulation
examples 2 and 3. Figures 5.5 and 5.6 show plots of Pareto-optimal solution sets
of the first fronts obtained by MOGA-IC using NSGA-II and SPEA2 when solving
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a

b

Fig. 5.5 Pareto-optimal solutions of MOGA-IC for simulation example 1 (N/E = 100 and G =
50) obtained by (a) NSGA-II and (b) SPEA2

the simulation examples 2 and 3, respectively. Here, we only provide graphical
representations of the solutions for both the algorithms as the input data tables are
very large.
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a

b

Fig. 5.6 Pareto-optimal solutions of MOGA-IC for simulation example 1 (N/E = 100 and
G = 100) obtained by (a) NSGA-II and (b) SPEA2

In Figs. 5.5 and 5.6, the Pareto fronts obtained using MOGA-IC with SPEA2
are dominated by MOGA-IC with NSGA-II solutions. To verify the inferior
performance of SPEA2, Figs. 5.7 and 5.8 show the average optimized values of
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a b

c

Fig. 5.7 Average optimized values of different objective functions in the first front of MOGA-IC
with NSGA-II and SPEA2 for 50 generations. (a) Optimized avg. values of Ob j1 (cost) in NSGA-
II and SPEA2. (b) Optimized avg. values of Ob j2 (quality) in NSGA-II and SPEA2 (c) Optimized
avg. values of Ob j3 (PR performance) in NSGA-II and SPEA2

three objective functions in the first fronts during 50 and 100 generations using
MOGA-IC with NSGA-II and MOGAIC with SPEA2 for simulation examples 2
and 3, respectively.

It can be seen from Figs. 5.7 and 5.8 that SPEA2 initially finds better solutions
quickly as compared to NSGA-II but in the end cannot provide the best solutions.
Furthermore, the search direction in both algorithms is clearly visible in Figs. 5.7
and 5.8. For example, with SPEA2, the search direction is from high-cost to low-
cost regions (Figs. 5.7a and 5.8a), while maintaining several extreme solutions on
each generations’ pareto front. In contrast, the NSGA-II Pareto front moves toward
the lowcost region without preserving each generations’ extreme solutions. Instead,
the entire Pareto front shifts as new solution sets are obtained. In other words,
MOGA-IC with SPEA2 yields pareto fronts with wider spans, while MOGA-IC
with NSGA-II distributes solutions in a more focused manner due to the different
selection strategies used by NSGA-II and SPEA2.
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a b

c

Fig. 5.8 Average optimized values of different objective functions in the first front of MOGA-IC
with NSGA-II and SPEA2 for 100 generations. (a) Optimized avg. values of Ob j1 (cost) in NSGA-
II and SPEA2. (b) Optimized avg. values of Ob j2 (quality) in NSGA-II and SPEA2 (c) Optimized
avg. values of Ob j3 (PR performance) in NSGA-II and SPEA2

In MOGA-IC with NSGA-II, dominance ranking is used when forming the fronts
of individuals, and these fronts are first used to populate the external set based
on ranking, a strategy that allows a set of close-neighbor individuals in the same
front to be included in the next generation. In contrast, MOGA-IC with SPEA2
selects individuals according to assigned fitness values based on Euclidean density
information; so close-neighbor individuals are likely to be excluded in the next
generation. The MOGA-IC with SPEA2, therefore, yields Pareto fronts with wider
distributions of non-dominated solutions in contrast to MOGA-IC with NSGA-
II, which is more focused when exploring the search space and generating Pareto
solution sets.

Next, consider the simulation runtimes of both MOGAIC with NSGA-II and
MOGA-IC with SPEA2, as shown in Table 5.8. From Table 5.8, we can see that
MOGA-IC with NSGA-II runs much faster than does MOGA-IC with SPEA2 for
the three simulation examples. The reason for this behavior is the time consumption
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Table 5.8 Simulation runtimes of the three examples with MOGA-IC
parameters

Simulation Runtime (milliseconds)
examples m R N/E G Pc Pm NSGA-II SPEA2

1 35 5 50 20 0.9 0.1 16.823 25.036
2 100 5 100 50 0.9 0.1 123.603 261.809
3 100 5 100 100 0.9 0.1 298.831 450.019

in the truncation approach. The time consumption of MOGA-IC with the NSGA-
II truncation approach is much lower than that of MOGA-IC with SPEA2. This
is mainly due to the superiority of the truncation approach in MOGA-IC with
NSGA-II. The MOGA-IC with NSGA-II uses crowding distance as a truncation
approach when the sizes of non-dominated solutions exceed the archive size.
A crowding distance is the average distance of its neighbors along each of the
objectives. The smaller is a solution’s crowding distance, the more crowded is
the area in which the solution may be located. NSGA-II only needs to sort all
solutions on each objective, and so the time consumption of its truncation approach
is not very sensitive to the number of non-dominated solutions. However, MOGA-
IC with SPEA2 uses a truncation operator based on a nearest neighbor strategy,
and the number of non-dominated solutions directly relates to the efficiency of
the truncation approach in SPEA2. So we found that NSGA-II is the appropriate
algorithm to develop MOGA-IC for the CP partner selection problem. Thus, the
pCP can select any combination of CP partners from the pareto-optimal solution
sets obtained from MOGA-IC based on NSGA-II.

5.3.4 Performance Comparison of MOGA-IC with MOGA-I
in the CACM Model

In order to validate the proposed MOGA-IC model for CP partner selection in
the CACM model, we develop another MOGA called MOGA-I based on NSGA-
II that uses INIs for CP partner selection. We analyze the performances of the pCP
that use both MOGA-IC and MOGA-I algorithms to make groups and to join various
auctions in the CACM model. We assume that initially no collaborative information
for other CPs is available to the pCP.

At the beginning of each auction, all providers including the pCP form several
groups using MOGA-I and submit several group bids as single bids for a set of
services to the auctioneer. The winner determination algorithm proposed in [98] is
used to find the winners. Next, in the same auction with the same set of services,
the winner determination algorithm is executed again, but this time ,the pCP uses
the proposed MOGA-IC (others use a MOGA-I approach) to join the auctions and
determine the winners. In our simulation, 1,000 auctions are generated for different
user requirements. After each 100 auctions, we count the number of auctions won
by the pCP using both algorithms. The experimental results are shown in Fig. 5.9.
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Fig. 5.9 Comparison of MOGA-IC with MOGA-I in terms of winning the auctions

It can be seen from Fig. 5.9 that using the MOGA-IC approach, pCP wins more
auctions than it does using the MOGA-I approach. The reason is that the past
collaborative performance values increase as the number of auctions increases, and
as a result, the MOGA-IC finds a good combination of partners for pCP.

We also validate the performance of MOGA-IC to compare to that of MOGA-I
in terms of conflicts reduction among the CP providers. We assume that conflicts
may happen between providers Pr j and Pxi with the probability

pconflicts =

{ 1
δ×eWr j,xi

, if Wr j,xi 	= 0
1
δ otherwise, where δ is a constant

i 	= j,r 	= x,δ > 1 (5.3)

We set δ = 20 assuming that there is a 5% chance of conflicts between any
two providers Pr j and Pxi if they have no past collaborative experience. Like the
previous experiment, 1,000 auctions are generated. For each auction, when pCP
uses both algorithms and forms groups, we count the total number of conflicts that
may happen among the group members for various services using the probability
conflicts. The experimental results are shown in Fig. 5.10. We can see from Fig. 5.10
that MOGA-IC can reduce a significant number of conflicts among providers as
compared to the MOGA-I algorithm since it can utilize the PRI to choose partners
along with the INI.
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Fig. 5.10 Comparison of MOGA-IC with MOGA-I approach in terms of conflicts minimization

Table 5.9 MOGA-IC simulation results with various consumer service requirements

Simulation
examples

Runtime (milliseconds)

m R N/E G Pc Pm MOGA-IC with NSGA-II

1 100 6 80 100 0.9 0.1 214.882
2 100 8 100 200 0.9 0.1 480.187
3 100 10 100 200 0.9 0.1 500.689

5.3.5 Scalability Study of the MOGA-IC in Terms of Service
Requirements

In the proposed CACM model, for each consumer requirement (R), there is a
separate combinatorial auction. Based on the consumer requirements, a pCP runs
MOGAIC to find appropriate CP partners to form groups. The MOGA-IC can
support any number of consumer service requirements. To verify this, we conducted
three simulations with MOGA-IC parameters as shown in Table 5.9.

From Table 5.9, we can see that the MOGA-IC’s average run-time is mainly
related to three parameters, population size (N/E), maximum genetic generation
(G), and consumer service requirements (R). When they increase, the runtime will
become longer. However, the run-time increases minimally with increasing R when
the other parameters are fixed, such as in examples 2 and 3 in Table 5.9.
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5.4 Summary

In this chapter, first, the performance of DCC platform is compared with the
existing static cloud federation model. Second, the comparison of the proposed
CACM model with the existing CA model is presented in terms of economic
efficiency. Third, to illustrate the proposed MOGA-IC, we describe a simulation
example of the partner selection problem for a pCP in the CACM model. Further
simulation examples are conducted to pinpoint the most viable approach (NSGA-
II or SPEA2) for MOGA-IC. Fourth, we develop MOGA-I, an existing partner
selection algorithm, to validate the performance of MOGA-IC in the CACM model.
Simulation experiments were conducted to show the effectiveness of the proposed
MOGA-IC compared to that of MOGA-I in terms of satisfactory partner selection.
Finally, we evaluate the effectiveness of the proposed price minimization algorithm
that increases the group winning probability as well as net profit of the group in the
CACM model.



Chapter 6
Closing Remarks

In today’s world the emerging cloud computing offers a new computing model
where resources such as computing power, storage, online applications and net-
working infrastructures can be shared as “services” over the Internet. However, the
prevalent commercial CPs, operating in isolation (i.e. proprietary in nature), often
face resource over-provisioning, degraded performance, and SLA violations (i.e.
cloud service outages), thus incurring high operational costs and limiting the scope
and scale of their services. Present trends in cloud service providers capabilities give
rise to the interest in federating or collaborating clouds, hence allowing providers to
revel on increased scale and reach than that is achievable individually.

Current research efforts in this context mainly focus on “Vertical Supply Chain
Collaboration Model” in which cloud providers leverage cloud services from other
cloud providers for seamless provisioning. Nevertheless, soon we can expect that
hundreds of cloud providers will compete to offer services and thousands of
users also compete to receive the services to run their complex heterogeneous
applications on cloud computing environment. In this scenario, the existing fed-
eration/collaboration models are not applicable. In fact, while clouds are typically
heterogeneous and dynamic, the existing federation models are designed for static
environments where a-priori agreements among the parties are needed to establish
the federation. Thus, a “Horizontal Collaboration Model” will emerge in which
cloud providers (smaller, medium, and large) of complementary service require-
ments will collaborate dynamically to gain economies of scale and enlargements of
their capabilities to meet QoS targets of heterogeneous cloud service requirements.

In this book, the technology for interconnection and inter-operation of cloud
providers in the horizontal collaboration model is termed as “Dynamic Cloud
Collaboration (DCC)”. In this context, we have identified the fundamental
research issues and challenges to address the core problems of when to collaborate,
how to collaborate, whom to collaborate with and how to demonstrate dynamic
collaborating applicability. We set forth our goals to address these key issues
to achieve significant gains in cost effectiveness, performance, scalability, and
coverage through the DCC framework.

M.M. Hassan and E.-N. Huh, Dynamic Cloud Collaboration Platform:
A Market-Oriented Approach, SpringerBriefs in Computer Science,
DOI 10.1007/978-1-4614-5146-4 6, © The Author(s) 2013
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We present architectural framework and principles for the development of DCC.
In particular, we propose a novel combinatorial auction-based cloud market model
called CACM to enable a DCC platform among CPs which can fairly address
the interoperability and scalability issues for cloud computing. The CACM model
uses a new auction policy that allows CPs to dynamically collaborate with other
partners and form groups and submit their group bids for a set of services as single
bids. This policy can help to reduce collaboration cost as well as conflicts and
negotiation time among CPs in DCC and therefore, creates more opportunities to
win the auctions for the group. Furthermore, a new multi-objective optimization
model of partner selection using the individual and past relationship information
with collaboration cost optimization among partners is also proposed. An effective
MOGA called MOGA-IC with NSGA-II is then developed to solve the model.
The simulation results show that the MOGA-IC with NSGA-II is superior to the
MOGA-IC with SPEA2 for solving the partner selection problem of CPs. Also in
comparison with the existing MOGA-I approach; MOGA-IC with NSGA-II shows
better performance results in CP partner selection in the CACM model.

The performance of the DCC platform is evaluated through extensive simu-
lations. The results show that DCC platform effectively reduces the percentage
of service rejection and improves the overall resource utilization as compared
to the existing static collaboration approaches. Furthermore, the performance of
the CACM model is justified as compared to the existing CA model in terms of
economic efficiency. In addition, other simulation experiments show that MOGA-IC
can select satisfactory partners in comparison with the existing partner selection
approaches.
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