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The growing popularity of the Internet and the Web along with the availability of powerful hand-held
computing, mobile and sensing devices are changing the way we interact, manage our lives, conduct
business, and access or deliver services. The lowering costs of computation and communication are
driving the focus from personal to Data Center-centric computing. Although parallel and distributed
computing has been around for several years, its new forms, Multicore and Cloud computing, have
brought about a sweeping change in the industry. These trends are pushing the industry focus from de-
veloping applications for PCs to Cloud Data Centers enabling millions of users to make use of software
simultaneously.

Computing is being transformed to a model consisting of commoditised services delivered in a man-
ner similar to utilities such as water, electricity, gas, and telephony. As a result, IT (Information Technol-
ogy) services are billed and delivered as “computing utilities” over shared delivery networks akin to the
water, electricity, gas and telephony services. In such a model, users access services based on their
requirements regardless of where they are hosted. Several computing paradigms have promised to
deliver this utility-computing vision. Cloud computing is the most recent emerging paradigm promising
to turn the vision of “computing utilities” into a reality.

Cloud computing has become one of the buzzwords in the IT industry. Several IT vendors are
promising to offer storage, computation and application-hosting services, and provide coverage
in several continents, offering Service-Level Agreements (SLA) backed performance and uptime
promises for their services. They offer subscription-based access to infrastructure, platforms, and
applications popularly termed laaS (Infrastructure as a Service), PaaS (Platform as a Service), and
SaaS (Software as a Service). Whilst these emerging services have reduced the cost of computation
and application hosting by several orders of magnitude, there is a significant complexity involved in
the development and delivery of applications and their services in a seamless, scalable, and reliable
manner.

There exist several Cloud technologies and platforms in the market. To mention a few: Google Ap-
pEngine, Microsoft Azure, and Manjrasoft Aneka. Google AppEngine provides an extensible runtime
environment for Web-based applications, which leverage huge Google IT infrastructure. Micrsoft
Azure provides a wide array of Windows-based services for developing and deploying Windows-
based applications on the Cloud. Manjrasoft Aneka provides a flexible model for creating Cloud ap-
plications and deploying them on a wide variety of infrastructures including public Clouds such as
Amazon EC2.

With this sweeping shift from developing applications from PCs to Data Centres, there is a huge de-
mand for manpower with new skill sets in Cloud computing. Universities play an important role in
this regard by training the next generation of IT professionals and equipping them with the necessary
tools and knowledge to tackle these challenges. They need to be able to set up a Cloud computing
environment for teaching and learning with a minimal investment.

Currently, expert developers are required to create Cloud applications and services. Cloud research-
ers, practitioners, and vendors alike are working to ensure potential users are educated about the
benefits of Cloud computing and the best way to harness its full potential. However, being a new and
popular paradigm, the very definition of Cloud computing depends on which computing expert is asked.
So, while the realization of true utility computing appears closer than ever, its acceptance is currently
restricted to Cloud experts due to the perceived complexities of interacting with Cloud computing pro-
viders. This book aims to change the game by simplifying and imparting Cloud computing foundations,
technologies, and programming skills to readers such that even the average programmers and software
engineers are able to develop Cloud applications easily.

FM.indd i @ 1/28/2013 12:11:01 PM



“ Preface

Salient Features

® |ntroduction to Cloud Computing, Cloud Architecture, Cloud Applications, Programming of Clouds,
and Cloud Platforms

® Focuses on the platforms and technologies essential to Cloud Computing like Google AppEngine,
Microsoft Azure, and Manjrasoft Aneka

® Dedicated chapter on Aneka: A Software Platform for .NET-based Cloud Computing

® Detailed coverage to Software as a Service (SaaS), Platform as a Service (PaaS), Infrastructure
as a Service (laaS), Server and Desktop Virtualization

® Pedagogy:
= 120 lllustrations
= 191 Review Questions
= Footnotes interspersed within chapter contents

The Book at a Glance

This book introduces the fundamental principles of Cloud computing and its related paradigms. It dis-
cusses the concepts of virtualization technologies along with the architectural models of Cloud comput-
ing. It presents prominent Cloud computing technologies available in the marketplace. It contains dedi-
cated chapters on concurrent, high-throughput and data-intensive computing paradigms and their use
in programming Cloud applications. Various application case studies from domains such as science,
engineering, gaming, and social networking are introduced along with their architecture and how they
leverage various Cloud technologies. This allows the reader to understand the mechanisms needed to
harness Cloud computing in their own respective endeavors. Finally, many open research problems and
opportunities that have arisen from the rapid uptake of Cloud computing are detailed. We hope that this
motivates the reader to address these in their own future research and development.

The book contains 11 chapters, which can be organized into three major parts:
Part I: Foundations

Chapter 1—Introduction

Chapter 2—Principles of Parallel and Distributed Computing
Chapter 3—Virtualization

Chapter 4—Cloud Computing Architecture

Part Il: Cloud Application Programming and the Aneka Platform

Chapter 5—Aneka: Cloud Application Platform

Chapter 6—Concurrent Computing: Thread Programming

Chapter 7—High-Throughput Computing: Task Programming
Chapter 8—Data Intensive Computing: Map-Reduce Programming

Part Ill: Industrial Platforms and New Developments

Chapter 9—Cloud Platforms in Industry
Chapter 10—Cloud Applications
Chapter 11—Advanced Topics in Cloud Computing

The book serves as a perfect guide into the world of Cloud computing. By starting from the fundamen-
tals, the book drives students and professionals through the practical use of these concepts by hands-
on sessions on how to develop Cloud applications by using Aneka, Amazon Web Services, Google
AppEngine and Microsoft Azure. The last part introduces real applications, identifies emerging trends
and offers future directions of cloud computing.
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Online Learning Center

The book also comes with an associated Web site (hosted at http://www.mhhe.com/buyya/mcc1 and
http://www.buyya.com/MasteringClouds) containing pointers to additional online resources, PowerPoint
slides and research papers.

Benefits and Readership

Given the rapid emergence of Cloud computing as a mainstream computing paradigm, it is essential to
both have a solid understanding of the core concepts characterizing the phenomenon and a practical
grasp of how to design and implement Cloud computing applications and systems. This set of skills is
already fundamental today for software architects, engineers, and developers as many applications are
being moved to the Cloud. It will become even more important in the future when this technology ma-
tures further. This book provides a perfect blend of background information, theory, and practical Cloud
computing development, expressed in a language that is accessible to a wide range of readers: from
graduate-level students to practitioners, developers, and engineers who want to, or need to, design and
implement Cloud computing solutions. Moreover, more advanced topics presented at the end of the
manuscript, make the book an interesting reading for researchers in the field of Cloud computing that
are can get an overview of the next challenges in Cloud computing for the coming years.

This book is a timely contribution to the Cloud computing field that is gaining considerable commer-
cial interest and momentum. The book is targeted at graduate students and IT professionals such as
system architects, practitioners, software engineers, and application programmers. As Cloud computing
is recognised as one of the top five emerging technologies that will have a major impact on the quality of
science and society over the next 20 years, its knowledge will help position our readers at the forefront
of the field.

Directions for Adoption: Theory, Laboratories, and Projects

Given the importance of the Cloud computing paradigm and its rapid uptake in industry, universities/
educational institutions need to upgrade their curriculum by introducing one or more subjects in the area
of Cloud computing and related topics such as parallel computing and distributed systems. We recom-
mend that they offer at least one subject on Cloud computing as part of their undergraduate and post-
graduate degree programs such as BE/B.Tech./BSc (Hons) in Computer Science and related areas;
and Masters including the MCA (Master of Computer Applications). We believe that this book will serve
as an excellent textbook for such subjects. If the students have already had exposure to the concepts of
parallel and distributed computing, Chapter 2 can be skipped.

For those aiming to make their curriculum rich with Cloud computing, we recommend to offer two
subjects: “Introduction to Cloud Computing” and “Advanced Cloud Computing” in two different semes-
ters. This book has sufficient content to cater to both of them. The first subject can be based on Chap-
ters 1 to 6 and the second one based on Chapters 7 to 11.

In addition to theory, we strongly recommend for the introduction of a laboratory subject that
offers hands-on experience. The lab exercises and assignments can focus on creating high-per-
formance Cloud applications and assignments on a range of topics including parallel execution of
mathematical functions, sorting of large data in parallel, image processing, and data mining. By using
Cloud software systems, institutions can easily set up a private/enterprise Cloud computing facility by
utilising existing LAN-connected PCs running Windows. Students can make use of this facility to learn
about various Cloud application programming models and interfaces discussed in Chapter 6 (Thread
Programming), Chapter 7 (Task Programming), and Chapter 8 (MapReduce Programming). Students
need to learn various programming examples discussed in these chapters and execute them on
Cloud facility. We encourage students to take up some of programming exercises noted in the Re-
view Questions section of these chapters as lab assignments and develop their own solutions.
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Students can also carry out their final-year projects focused on developing Cloud applications solving
real world problems. For example, students can work with academics/researchers/experts from other
science and engineering disciplines such as Life and Medical Sciences or Civil and Mechanical Engi-
neering and develop suitable applications that can harness the power of Cloud computing. For inspira-
tion, please read various application case studies presented in Chapter 11.

Rajkumar Buyya
Christian Vecchiola
S Thamarai Selvi

Publisher’s Note

Do you have any further request or a suggestion? We are always open to new ideas (the best ones
come from you!). You may send your comments to tmh.csefeedback@gmail.com
Piracy-related issues may also be reported!
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Guided Tour

Covers all important subject areas

The term *Cioud computing” is & wide umbrella encompassing many different things. Lately, it has
bacome a buzzword, sasily misused to revamp existing technologies and ideas for the public. What
mskes it so interesting to IT stakeholders and ressarch practiionars? How doss itintreduce innovation
into the feld of distrbuted computing? This chapter addrasses al thes questions and charactarizes the
phenomenon. It provides 3 reference model, which serves as a basis for discussion on Gloud-computing
technologies.

4 . 1 * INTRODUCTION Aneka is Manjrasot’s folution for developing, deploying, and managing Cloud appiications. It consists.

of a scalable Cloud midleware that can be deployed on top of heterogeneous computing resources. It

Utility-oriented dsta centers are tha first outcome of Cloud-computing, and they serve as thefinfra- offers an extensible cglection of i R fyu”w” ns, i
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ming mwdsls—sum s Tﬂik Thread, and MapReduce—used for ﬂvve\ww ng distributed applications,

integrating Cloud, and types of Cloud

jpublic, private, and hybrid (see Fig. 5.1). These features differentiate Aneka from infrastrueture manage-
Nt software and gharacterize it es a platform for developing, deploying and managing execution of

8 of wrikloods o N applications on varidus types of Clouds.

This chapter profides a complete overview of the framework by firstly deserbing the architecture of
stem. Itintroglices the component and the fundamental services building up the Aneka Cloud and
ke some cofurmon deplayment scenarios.

Multiple Applications
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9.1 % AMAZON WEB SERVICES

Amazon Web Services (AWS) is a platform allawing the development of flexible appii

ing sdutions for elastic infrastructure scalability, messaging, and file and data storag: Cloud computing has gained huge popularity in industry dus to its ability to host applications whose
accessible through SOAP or RESTful Web servicainterfaces and provides a Web bassé senvicas can be delivered to consumers rapidly at minimal cost. This chapter discusses various ap-
users can administrate and monitor the resources required as well as their expensad plication case studies detailing their architacturs and how thay Im/arsgad various Cloud Tsmr\ﬂ\nglﬁ
pay as you go basis. Applications from a 0. to social naty
considerat
Table 31 Serme el of Doud-Computing Dfings.
e 10.1 W SCIENTIFIC APPLICATIONS
‘Vendor! Produet
Amazon Web Servicas (AWS) is a col Sclentific appiications are & sactor that s increasingly using Cloud computing systems and technclo-
Amazon Web |asS, PasS, sarvices providing developers with compul gies. The immediate benefit seen and academics i m ‘availability of
Sarvices Saas more advanced services. AWS is mostly
sarvicas and primariy for s elastic compu Gloud computing systems meet the needs of dmsrsnlrwss of snplmnnns in me scientific dnmamﬂ
[
data-intensive SDDl\'SﬂoHS ‘ms ODDOFNHWVN using Clmﬂ resources is svan mare appealing sincs
\ order to leverage Cloud rasoureas.
“The most relevant which offer

for runring bag-oftasks applications and workflows. Virtual machine instances are_oppertunely
custommized to hiest the raquired softwars stack for runring such applicaions and caordinated tooather
by distribitd computing middlewrs capable of nteractng with Cloud-based infrastucturss. Platfom:-
as-a-Senvice sclutions have baen also considered. They allow Sclentists to explore new programming
models for tackling computationally challanging problems. Appications have been redesigned and
implamanted on top of Cloud programming appication medis and platfors to leverags their uniqus
capabilties. For instanca, MapReduca programming model provides scisntists vith a very simple and
effective model for bulding applicaticns that nead to process large dstasats. Thersfors, it has been
widely used to develcp data-intensive sciertific spplications. Probiems that require a higher degrae of
flexibilty n terms of struckuring of their computation modal can leverage plations such as Aneka, which
supports MapReduce and other programming models. We now discuss soms interesting case studies
in which Aneka has been used

10.1.1 Healthcare: ECG Analysis in the Cloud
\ Healthcare is a domain where computer tachnology has found several and diverse applications: from /

sUppOring the business functions to assisting scientists in developing solutions to cura diseases. An
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* More than 100 illustrations and diagrams are present to
enhance the concepts.

¢ Full-page figures add greater clarity to the subject.
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Ir this chapter, w hava todiscad taak-based programming and provided an ovardes of te technilo-
gies supporting the develapment of distributed spplications based cn the concept of tasks. Task-bosed
pregramming constitutes the mest intuitive approach for distributing the computaion of an applicaion
vt @ wet of rodes. The maln abstrction of task-based programming & the conespt of sk, whish
repreasety & gioup of operations that ean be lselated and sxceitod aa o single urt. A task can be &

Each chapter has an extensive i progeor hat s samcried trough the shal ar & more compier piece of cods reqiring a spedfc
. . . i il =] ofte [ ingut files for i el
Summary for quick recapitulation i o s o i ﬂ&oﬁ?‘iﬁl%&xﬁ? &mw’?ﬁ"&.ﬁ;“ﬁ
. way in i ese b are inke al eir spuuﬁc, nabure an aractsnstios rertiabs
Of the ConceptS discussed. aﬂtr«ntmullebmu sremsn:esslwofmuﬂegl Precrsen ming. , i
k-based progranmming ly s in ihves chavvel it of dlis-

tributed anpbcmm many areas. We idensfied three major comiputing categeries where task model
e b utibzed, High Parfarmianes Carpiifing (HPC) redars 1 the e of distibuted compuiting faclities
for sedving problams reeding lange computing power. Camman HPC appleations foature o largs collee-
tion of compute intensive tasks whose durskion i relaively shor. High Throogfput Gompoting (476
identifies scenanos where dstrbuted computing facilties are used to support the execution of applica-
ticns neading large camputing power for o long period of fime, Tasks may nat be numerous, but hawe a
lerg duration. sad infrastructurs reliakility becemas fundamantal. Many Tam\' Cemmputing (MTE) s the
latesd erergerd trand, and identifies a a6t of for applica-
ticms, which fil the gap between HPC and HTC,

Wa have briefly reiewed commen models reladed fo task programming, Embamasaingly paraiel
spplieations are composed of 2 eollection of taska which do net relate 1o asch ether, can ba axacuted
in any order, and da nod require co-allocation. Parameter swesp applications are a special instance
of arbarrassingly paralel model. They ana charactarized by @ collaction of indepandant tasks which
are sutomatically generated from & tamplabe 1ask by varying he combination of pammeter valuss. by
thiis case, the task execited is the same in tsms of computation legic, but cperatss on diffsrent data.
Theredore, paramater awesp applicition can ako be conpidered an axpreasion of the (Sngls Progra
Minhide Darey SPMD) e, MPI applicaticns are characterized by & collection of taaks that need 1o
be exmcuted all together and which exchangs data by message passing. Even though the program s
eaited by a0 MP appheation might b the sarms, itis quite comman to pravide an inplementation laglc
that differentiates the bebewior of eech task according to ita rank. Workfow spplications ane character-
ized by a colledtion of tasks whose dependencies can be expressed in dems of a directed acycc graph.
Diapnidancios are mostly represented by fles, which are produced as sutput of o specific task, and are
i for the computaticn of the dapendent taaks. The nature of the taaks and kind af samputation

rmed by each task is, in general, different. /

C Review Questions

1 Whatls the Istie of Cloud computing? Review questions are given in each
3 Which are the tect thet Cloud reles an? chapter to test the student’s subjective
3. Provide a brief characterization of a distributed system. . f .

4. Define Cloud computing and identify its core features, grasp O.n the tOpICS' .te.rms and de ini-
5. What are the major distributed comguting technalogies that led to Cloud computing?| tions, and revision of concepts

6. What is virtualization?

7. What is the major revolution introduced by Web 2.07

8 Glve some examples of Web 2.0 applications

9. Describe the maln ct I of service I

1k What is utility computing?

11. Describe the vision introduced by Cloud computing.

12. Brisfly summarize the Cloud computing reference modal
13 What is the major advantags of Cloud computing?

14. Brisfly summarize the challenges still open in Cloud computing.
Qﬁ. How does Cloud development differentiate from fraditional softwars development?

A Reference list is provided at the end [0 AS Tt an VoS, D ysnms P s o P
of the book to help students find books 12 8, o, . Dallmars, e . Kincor. Db Sy Concpis s Oos, 40
and journals for further reading. p: EﬁﬂggLLZ"M“““'i‘?.if%?u:l",&Z:%‘;i:ﬂ:lﬁﬁ;iiim Proncs el TR,
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[7] W. Gropp, E. Lusk, N. Doss, and A Skjsllum. A Kigh-Peiformance, Portable implementation of
the MPI Message Passing interface, Parallel Computing, 22(6), pp. 789828, 1996
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Kaufmann Publishing, 1998,
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