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ABSTRACT 
 

 
Context: Cloud Computing has advanced in recent years. It is catching people’s attention as a 

commodious resource of computational power. Slowly, Cloud is bringing new possibilities for a 

scientific community to build High Performance Computing platforms. Despite the wide benefits the 

Cloud offers, the question on everyone’s mind is “Whether the Cloud is a feasible platform for HPC 

applications”. This thesis evaluates the performance of the Amazon Cloud using a sorting benchmark. 

 

Objectives:  

1. To investigate all the previous work on HPC that has been ported to the Cloud environment 

in various fields. Also, the problems and challenges are assessed relevant to HPC associated 

with the Cloud.  

2. A study is done on how to implement parallel Quicksort efficiently to obtain good Speedup. 

3. A parallel Quicksort is developed and its performance is measured using ‘Speedup’ by 

deploying in the Cloud.  

 

Methods: Two different research methods were used to carry out the research. They are Systematic 

Literature Review (SLR) and a Quantitative methodology. Research papers from academic databases 

namely IEEE Xplore, Inspec, ACM Digital Library and Springerlink were chosen for conducting 

SLR. 

 

Results: From the systematic review undertaken, 12 HPC applications, 9 problems and 5 challenges in 

the Cloud were identified. Efficient way to implement the parallel Quicksort on the Cloud has been 

identified. From the experiment results, a low Speedup is obtained in a Cloud environment.  

 

Conclusions: Many HPC applications which were deployed in the Cloud so far were identified along 

with problems and challenges. Message Passing interface (MPI) is chosen as the efficient method to 

develop and implement the parallel Quicksort in the Cloud. From the experiment results, we believe 

that the Cloud is not a suitable platform for HPC applications. 

 

 

Keywords: Cloud Computing, Quicksort, HPC, 

Amazon Web Services, MPI, Speedup. 
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1 INTRODUCTION  

1.1 OVERVIEW 
 

           Cloud Computing, a new paradigm in IT has grown rapidly in recent years. It is a 

virtualized environment that provides on-demand provisioning of storage and compute 

resources. The key benefits offered by Cloud Computing compared to traditional IT 

resources are almost infinite compute resources available on-demand that can be deployed 

quickly and scaled up elastically, zero upfront investment and pay-by-usage model which 

reduces the cost. Cloud Computing provides three types of services i.e., Infrastructure-as-a-

Service (IaaS), Platform-as-a-Service (PaaS) and Software-as-a-Service (SaaS). SaaS refers 

to the service provided to the user when an application is running on the Cloud. The 

resources is accessed through a thin client over the Internet; normally a web browser. PaaS 

refers to deploy the applications created by the development language and tool say Java, 

Python and .NET provided by service providers to the Cloud infrastructure [1]. Many 

commercial providers such as Amazon, Microsoft and Rackspace offer Cloud environments 

for developing and deploying applications. IaaS refers to computing resources provided to 

users on lease such as storage, processing power, network including operating systems. The 

deployment models in the Cloud are public, community, private and hybrid Clouds. A public 

Cloud is a hardware and software infrastructure run by third parties such as Amazon and 

Google. A community Cloud shares an infrastructure between the several organizations from 

a specific community with common concerns. A private Cloud refers to infrastructure run 

and maintained by a single organization. A hybrid Cloud is a combination of both public and 

private Cloud and offer benefits that the data and programs can be moved from one Cloud 

model to another.  

 

         Supercomputing, often called as High Performance Computing (HPC) is referred to as 

an attribute that employs parallel processing to perform huge computations in short time. 

Many Scientists, Engineers and others requires a lot of computational power to solve the 

problems on the daily basis. The complex HPC problems exists in various disciplines 

includes earth quake’s magnitude, weather forecasting, gene sequencing etc. Typically, these 

are being solved using massive hardware and software computing system known as 

Supercomputer or a HPC cluster. Supercomputers provide the capability to conduct massive 

simulation and analysis computations [2]. However, Supercomputer is not a feasible solution 

to purchase for the normal users and small businesses intending to run their applications for a 

short period, as they are not designed for on-demand access and the users in many cases 

cannot distribute and coordinate a large scale job on different machines. The Cloud is a cost 

effective solution to Supercomputers to solve the problems by creating a cluster using IaaS, 

scaling up the number of virtual servers dynamically when needed depending on the size of 

the task and relinquish when the task is done [3]. This is one of the main reasons motivating 

many users and organizations to port supercomputing applications to the Cloud. Traditional 

HPC or Supercomputing platforms offer limited hardware access and fail to scale. So, this 

motivated us to carry out a detail study on HPC in a Cloud. 

 

         Sorting is one of the classic applications of Supercomputing. Modern Supercomputers  
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have advanced rapidly in size and changed significantly in architecture, forcing new 

adoptions to sorting algorithms [4].  Many improvements have been done on sorting with 

increasing changes in multiprocessor architectures. There are many types of distributed 

sorting algorithms such as Radix sort, Quick sort, Heap sort and Merge sort. Quick sort is a 

well-known fast algorithm having a time complexity of O(nlogn) on average and O(n
2
) on 

worst case scenario. The fundamental principle of Quick sort is that it chooses a random 

element called as a pivot value and partitions the input data into two sub sequences. Data 

smaller than pivot are moved towards left and data greater than pivot value are moved 

towards right. In each step, these divided subsequences are further sub-divided choosing 

pivot values from each set. Quick sort implementation is thus recursive; it is stopped when 

no further sub division is possible. The motivation for choosing Quicksort is that it performs 

faster for larger datasets when compared to other algorithms like Merge sort. Sorting is 

considered as a Supercomputing benchmark for testing the performance of Computing 

architectures. This idea motivated us to develop a parallel Quick sort algorithm and carryout 

a benchmark test on the Cloud to test the performance using ‘Speedup’ measure.  

1.2 AIMS & OBJECTIVES 
 

The aim of this research work is to evaluate whether the Cloud is a feasible platform for 

deploying HPC applications and also to provide the complete overview of HPC in the Cloud.  

 

The main objectives of this research are as follows: 

 

 To study the previous works of HPC in a Cloud environment. 

 To identify the problems and challenges faced by HPC in a Cloud environment. 

 A study is carried out to select a Cloud compatible parallel programming technique. 

After selecting the efficient technique, a parallel Quicksort is developed and 

implemented on the Cloud. 

 Speedup measurements are carried out using parallel Quicksort in the Cloud. 

          

1.3 RESEARCH QUESTIONS 
 

RQ1: What has previously done on Supercomputing in the Cloud environments? 

 

a. What are the various HPC applications that have been deployed in the Cloud? 

b. What are the problems and challenges faced by HPC applications in the Cloud? 

RQ2: How can the Quicksort algorithm be implemented in order to obtain good Speedup in 

a Cloud environment? 

 

RQ3: What is the speedup of Quicksort in a Cloud environment? 

 

1.4 THESIS OUTLINE 
 

The thesis is organized as follows: 
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Chapter 1 gives the brief Overview of the thesis, motivation for doing the thesis and 

Research questions.  

 

Chapter 2 comprises of the Background which will be useful for the reader. It gives the brief 

explanation on Cloud models, Architecture and focus mainly on the infrastructure provided 

by Amazon public Cloud. It also discusses the related work done, Aim and Objectives of the 

Thesis. 

 

Chapter 3 describes the Research Methodology i.e., the approach followed to undertake SLR 

and to conduct the experiment.     

 

Chapter 4 presents the Results and Analysis of the SLR and Experiment that the authors have 

conducted. 

 

Chapter 5 contains the Discussion part for the results obtained. 

 

Chapter 6 presents with the final Conclusion and Future work. 
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2 BACKGROUND 
 

As the technology keeps changing from time to time, the expectations and needs of a modern 

day applications are changing not only with the demand of computer resources like 

processing power, memory or disk space etc., but also requires an ability to be available as  

the service for the users around the clock. Hence, these requirements of today’s applications 

will result in challenging research and development in both computer hardware and software. 

HPC is expensive and is mainly used with huge Computing Architectures to solve complex 

problems. It is used in small and large scale businesses, scientific field, research etc. Many 

computing models were designed which had both benefits and drawbacks. The journey of 

computing started from cluster computing, Supercomputers, grids to Cloud. Cloud 

Computing has its roots in grid computing, utility computing and distributed computing. The 

Cloud is much targeted for service oriented applications where as clusters and 

Supercomputers are application oriented [1] is as shown in Fig. 1.   

 

“Foster et al (2008) define Cloud Computing as large-scale distributed computing paradigm 

that is driven by economies of scale, in which a pool of abstracted, virtualized, dynamically-

scalable, managed computing power, storage platforms, and services are delivered on 

demand to external customers over the internet [5]”. 

 

 

 

 
Figure 1 Cloud comparison with traditional Computing Architectures 

 

2.1 Cloud Architecture 
 

There are three main layers in a Cloud Architecture namely SaaS, PaaS and IaaS. The Cloud 

architecture for a HPC service explained in [6] is as shown in Fig. 2. 
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Figure 2 Cloud Architecture for a HPC service 

 

 

2.1.1 Software as a service (SaaS) 
 

SaaS is a most visible layer of Cloud computing to end users. It is software that is owned, 

delivered and managed remotely by one or more providers and that is offered in a pay-per-

use manner [7]. It includes software applications such as Google Apps, Yahoo Mail etc. 

 

2.1.2 Platform as a Service (PaaS) 
 

It is an abstraction layer between a SaaS layer and a virtualized IaaS layer. Without the need 

to purchase standard licensed tools, it is offered as a service to developers to build their 

applications. PaaS offerings include Google App Engine, Salesforce’s Force.com. 

 

2.1.3 Infrastructure as a Service (IaaS) 
 

IaaS offers the users and organizations both storage and computing resources which is 

obtained as a service. The hardware stack includes switches, routers, servers, storage etc. 

The software stack includes virtual Operating systems. An IaaS offering include Amazon 

EC2, Microsoft Azure, IBM and Rackspace. 

 

2.2 Amazon Elastic Compute Cloud  
 

Amazon Elastic Compute Cloud is a web based service that delivers almost infinite 

computing capacity. EC2 provides pay-per-use model which eliminates the need from 

purchasing expensive hardware and also the user can scale up resources when required. 

Infrastructure provided by Amazon Web Services are as follows 

 

2.2.1 Amazon Machine Image (AMI) 
 

AMI is a template that provides software such as operating system, applications and servers 

to be launched on hardware. Once AMI is launched, the running system is referred to as an 

instance. The users can launch, run and terminate multiple instances according to user’s 

requirements. The virtual machines in the Amazon EC2 environment use Xen Hypervisor.  
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2.2.2 Instance Types  
 

Based on the computing demands, the instances can be categorized into various types 

namely Standard, Micro, High-Memory, High-CPU, Cluster compute, and Cluster GPU. A 

standard instance is mostly suitable for general purpose applications and provides better 

memory to CPU ratios. Micro instances offers limited amount of computing power and is 

more suitable for low throughput applications. High-CPU instances have more CPU 

resources compared to memory and are suitable for compute intensive applications. A high-

Memory instance offers more memory and is well suited for high throughput applications. 

Cluster compute instances are well suited for HPC applications and are demanding when 

CPU resources are coupled with networking performance. Cluster-GPU is also well suited 

for HPC applications such as media which requires high Graphical Processing Units. 

 

2.2.3 Simple Storage Service (S3)  
 

S3 is storage service specially designed for developers to make web-scale computing easier. 

It offers highly scalable, reliable, secure infrastructure. Each object can be read, written and 

deleted from the S3 bucket ranging from 1 byte to 5TB of data. To prevent the data loss 

when the virtual machines are shut down or crashed, the instances are saved to S3 bucket. 

 

2.2.4 Elastic Block Storage (EBS)  
 

It creates a huge storage volumes ranging from 1GB to 1 TB and can be mounted as a device 

by the instance. Amazon EBS storage is placed in a specific availability zone and can be 

attached or detached from a running instance dynamically. It is well suited for applications 

running a database. Some of the features offered by EBS are high reliability, availability and 

prevents from data loss in case of hardware failure by replicating the storage in the same 

availability zone. 

 

2.2.5 Availability zones and regions  
 

AWS currently offers seven different independent regions. The user can pick any region 

depending on the costs and availability. The zones are named as US East (Northern 

Virginia), US West (Oregon), US West (Northern California), EU (Ireland), Asia Pacific 

(Singapore), Asia Pacific (Tokyo), South America (Sao Paulo). 

 

2.3 Related work 
 

Several research works had been carried out to investigate the performance of HPC 

applications deployed on Cloud. In [8], a study has been done to know the performance of a 

HPC application on Amazon EC2. The author has deployed the following HPC applications 

GAMESS, GTC, IMPACT, fvCAM, MAESTRO256, MILC and PARACTEC to evaluate 

the performance. The results states that EC2 is six times slower than a typical mid-range 

Linux cluster, twenty times slower than a modern HPC system and interconnect on the EC2 

Cloud platform which severely limits the performance and causes significant variability. In 

[9], the study has been conducted on evaluation of the performance and cost tradeoffs of 

HPC applications on a range of platforms varying from Cloud (with and without 

virtualization) to HPC-optimized cluster. The results states that Cloud is a viable platform 

for some applications, specifically, non-communication intensive applications such as 
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embarrassingly parallel and tree-structured computations up to high processor count and for 

communication-intensive applications up to low processor count. In [10], the study measures 

the CPU performance while running an HPC application on EC2 with several HPC bench 

mark tests. The author has suggested that a new phenomenon is required to evaluate the 

performance. The work done in [11] is likely similar to the present work discussed in this 

paper, where the author has evaluated a cluster compute instance on EC2 for running MPI 

applications by comparing of Amazon EC2 cluster to a typical local cluster and have used 

basic MPI test cases to evaluate the performance. The results states that the Scalability of 

EC2 based virtual cluster still lags behind the traditional HPC alternatives and have stated 

several problems causing the performance degradation on EC2. 

 

Quicksort is seen to be implemented on various computing infrastructures to analyze the 

performance of the system and the algorithm. The main part of our research relates to the 

design and implement of a parallel Quicksort algorithm in a Cloud environment.  We believe 

that, we are the first to carryout sorting benchmark on the Amazon Cloud using Quicksort. 

Some of the works related to Implementation of sorting algorithms are In [12], the author 

proposes and characterizes the performance of an optimized parallel Radix sort which is a 

hybrid version of parallel partitioned radix sort and conscious Radix sort. Also, the author 

have analyzed the performance of memory tuned Quicksort and optimized the version for 

fast parallel quick sort. In [13], the author have implemented a simple fast parallel version of 

Quicksort on SUN Enterprise 10000*, the results states that on 32 processors of the 

ENTERPRISE 10000, the speedup of parallel Quicksort is more than six units higher than 

the Speedup of Sample sort, resulting in execution times that were more than 50% faster than 

Sample sort. On one processor parallel Quicksort achieved 15% percent faster execution 

times than Sample sorting. In [14], author has calculated Speedup on a multiprocessors with 

a parallel Quicksort and explained its working which was helpful to understand. Though it is 

an old paper, it provides a clear idea on implementation of parallel Quicksort.  In [53], 

parallel Quicksort programming using MPI and Pthreads were implemented and 

benchmarking tests like Megabyte sort and minute sort are conducted and its performance is 

analyzed. MPI performs better than Pthreads at the time of sorting and also the performance 

of a set of benchmarks designed to represent a typical HPC workload is examined. 
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3 RESEARCH METHODOLOGY 
 

       In this research work, two different research methods were used as follows 

 

Method 1: Systematic Literature Review 

Method 2: Experiment 

 

The Research design that is used to answer the research questions is as shown in Fig. 3. 

 

 

 
Figure 3 Overview of a Research Design 

 

 

3.1 Systematic Literature Review (SLR) 
 

A Systematic Literature Review is a means of identifying, evaluating and 

interpreting all available research relevant to research questions or a specific area [15]. The 

main features that differentiate SLR with a conventional literature review are as follows 
 

SLR is a well defined methodology which makes the results obtained less biased when 

compared to conventional literature review. 

SLR’s are based on a defined search strategy which helps in identifying the relevant 

literature as much as possible.  

SLR follows explicit inclusion and exclusion principle to evaluate the primary study. 

 

In this research work, the authors have followed the SLR method suggested by Kitchenham 

et al.  [15]. The three phases involved in conducting Systematic Review are 
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a. Planning the review: It includes motivation for a review, developing and evaluating 

a review protocol. 

 

b. Conducting the review: This is associated with identifying a research, assessment 

of the study quality, Study Selection criteria and procedure.  

 

c. Reporting the review: It includes the collection of results and documenting the 

report. 

 

3.1.1  Planning the review 

3.1.1.1 The need for a SLR 

      
          Many research works are conducted with a normal literature review which usually 

lacks the scientific value and contribution. Before undertaking a Systematic review, we 

ensure that there is no similar work done on primary studies by searching the databases 

namely IEEE Xplore, Inspec, ACM digital library and Springerlink with the following 

search strings 

            

1. {{Cloud OR “Cloud Computing”} AND {Supercomputing OR HPC OR “High 

performance computing”}AND {Application* OR Issue* OR problem* OR challenge*} 

AND {Systematic review OR Systematic literature review} 

 

2. {(Quicksort OR sort*) AND (Implement*) AND (speedup)} AND {Systematic review 

OR Systematic literature review} 

 
There were no results retrieved. So, we confirmed to undertake SLR to answer the research 

questions. 

3.1.1.2 Defining Research Questions 

 

       To accomplish the aims and objectives of this research work, Research questions are 

categorized as shown in Table 1.   

 

Table 1 Defining Research Questions 

 

RESEARCH QUESTIONS 

 

 

PURPOSE 

RQ-1:  

 

a. a. What are the various HPC applications 

done in a Cloud environment?  

b.  

b. What are the problems and challenges 

faced by HPC applications in the Cloud? 

To identify and get an overview of various 

HPC applications deployed in a Cloud 

environment so far.  

To identify the problems that causes 

performance impact on HPC applications. 

Also to identify the challenges faced by 

HPC applications in the Cloud. 

 

RQ-2: 

 How can the Quick sort algorithm be 

implemented in order to obtain good 

Speedup in a Cloud environment?  

 

 

To determine a efficient method used for 

developing a parallel version of Quicksort 

and implement in the Cloud. 
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3.1.1.3 Defining Keywords 

 

           To define Keywords for RQ-1 and RQ-2, PICO method suggested by Kitchenham 

[15] is followed. PICO stands for Population, Intervention, Comparison and Outcome.  

For RQ-1, ‘Cloud Computing’ is chosen as a population, ‘Supercomputing’ or ‘HPC’ as an 

intervention, no comparison is specified and outcomes such as ‘applications’, ‘issues’ and 

‘challenges’ has been chosen. And for RQ-2, ‘Quicksort’ or ‘Sort’ is chosen as population, 

‘Implementation’ as an Intervention and ‘speedup’ as an outcome.  

3.1.1.4 Study Quality Assessment  

 
         The study quality assessment can be used to guide the interpretation of the synthesis 

findings and to determine the strength of the elaborated inferences [15]. The main goal for 

preparing the quality assessment questions is to ensure that the relevant literature is 

considered during the process. To assess the study quality, we developed checklists to ensure 

that the papers reviewed are of high standard, based on guidelines suggested in [15].  

 
Table 2 Quality Assessment  

Quality Assessment questions Yes/ No 

Does the study clearly state aims and objectives? - 

Was it clear which research method was carried out and explained?  - 

Are the findings of research clearly stated? - 

Does the author discuss the limitation constraints? - 

3.1.1.5 Selection Criteria 

    
             We followed the selection criteria described by Kitchenham [15]. We ensured that 

the papers that were considered are relevant and of high quality. Inclusion and exclusion 

principle is followed and the papers which contain information related to Supercomputing or 

HPC in the Cloud environments, Quicksort, Speedup are included. Irrelevant papers, 

duplicates are further filtered out. The selection criterion is mentioned in the Table 3. 

 

 

Table 3 Selection Criteria 

Relevance Criteria 

By Search  Reflects the search string 

 Publication year (2003-2012) 

 Type (Peer-reviewed) 

Title  Language- English 

 Related to Supercomputing or HPC in a 

Cloud. 

 Related to Sorting (Parallel Quicksort 

Implementation). 
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Abstract/Introduction/Conclusion Background related to Empirical study (Industry or 

academia). 

Full text Empirical based study on Supercomputing or HPC in 

a Cloud, Empirical study on parallel Quicksort. 

 

3.1.2 Conducting the review 

3.1.2.1 Data Extraction strategy 

 
            The main aim is to extract the scientific papers relevant to research work that has 

been done on Supercomputing or HPC in the Cloud environments and also to know on how 

to implement the Quicksort algorithm in a Cloud to obtain good speedup. The data is 

extracted from the well-known databases following inclusion and exclusion criteria. The 

search was refined from the publication year 2003-2012.  

3.1.2.2 Identifying the research papers 

 
The first step in undertaking systematic review is to form a search strategy and to 

explore the primary studies related to research questions.  The search strings were 

formulated using Boolean AND’s and OR’s. After formulating the search string, it is used in 

well-known databases like IEEE Xplore, ACM digital library, Springer link and Inspec to 

fetch the relevant information. The keywords used in forming a search string are Cloud 

Computing, Supercomputing, HPC, Quicksort, Implementation and Speedup. The searching 

strategy used for databases is shown in the Appendix A and B. 

3.1.2.3 Study Selection Criteria 

 
             The Study Selection Criteria plays a vital role in SLR as it identifies the primary 

studies and also provides evidence about research questions [15]. As the search strings 

mentioned above were very common which may result in large amount of irrelevant papers 

which does not meet our objective. So, in order to obtain relevant papers to our research, 

Inclusion and Exclusion Criteria has been followed. 

          

3.1.2.3.1 Inclusion criteria 

 
a. The search string formed after deriving keywords from research questions is applied 

on selected four databases namely IEEE Xplore, Inspec, ACM Digital library and 

Springer link. 

b. Empirical Studies relevant to HPC applications associated with Cloud environments. 

c. Studies discussing the problems and challenges associated with HPC in the Cloud. 

d. Empirical studies relevant to parallel Quicksort and its comparison with other sorting 

algorithms on various platforms. 

 

3.1.2.3.2 Exclusion criteria 

 
a. Studies which are not in English. 

b. Studies which are irrelevant to research questions. 

c. Papers emphasizing on Sequential sorting and on Sorting algorithms other than 

Quicksort. 
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d. Grey literature such as unpublished, incomplete, inaccessible (Found more in 

Springerlink database), presentations, magazines and tutorials. 

 

3.1.2.4 Study Selection Procedure 

Fig. 4 and Fig. 5 below illustrate the step-by-step procedure followed to assess the 

primary studies.  

 

 
Figure 4 Search Process for RQ-1 
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Figure 5 Search Process for RQ-2 
 

 

An Inclusion/Exclusion criterion is applied after discarding the duplicates and the papers 

which are not published in English language. The selection criteria was applied first on 

Abstract and if necessary on Introduction and Conclusion. Irrelevant papers were filtered out 

and a total of 22 papers and 10 papers were found for RQ1 and RQ2 after assessing by full 

text. The final collected papers were analyzed to identify the HPC applications, problems 

and challenges associated with the Cloud and also to identify the best implementation 

technique for Quicksort in the Cloud. 
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3.2 Experiment       
        

3.2.1 Experimental Setup 
 
  Prior to the implementation of Quicksort in the Cloud, A cluster has to be 

built and then LAM/MPI package has to be installed and configured on the Amazon public 

Cloud. The Fig. 6 shown below represents the experimental setup for taking Speedup 

measurements of Quicksort in the Cloud.  

 

 
Figure 6 Experimental Setup in the Cloud for measuring Execution Times 

        

3.2.2 Experimental Procedure 

3.2.2.1 RightScale 

 
RightScale is a web-based Cloud management platform acting as a connecting bridge 

between a User and the Cloud provider. The Organizations or the Users can deploy and 

manage applications across the chosen Cloud infrastructures. RightScale is partnered with 

public Cloud providers such as AWS, Rackspace and private Cloud providers such as Citrix, 

CloudStack and Eucalyptus Systems [16]. RightScale accounts were provided to us by 

Telecomcity. The first step is to log into the RightScale accounts by entering the correct 

credentials. 

3.2.2.2 Univa  

 

Univa is a software organization which sells datacenter optimization software products [17]. 

Univa is partnered with RightScale, Intel and AWS. To lessen the effort and time spent in 

configuring the servers and build a Cluster in the Cloud, we have selected the ‘UGE (Univa 

Grid Engine) Cluster’ from MultiCloud Market place which is authorized by RightScale. It 
collects the IP addresses of the requested dynamic Amazon servers and creates a Cluster in 

short time. It supports MPI libraries and is designed to work on Linux platforms. 

 

3.2.2.2.1     Setting up UGE cluster in a Cloud 

 
1. Login into RightScale account, then subscribe to ‘Univa’ Macro from Multi-Cloud 

market place and then select the “Create UGE Cluster Deployment by Univa” 

option. 
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2. Start ‘Univa-Create UGE cluster’. Then set the security groups to be default and 

name SSH-key as Univa-keypair. Save these settings in the Macro and run. Then it 

will prompt to create our own names for deployment, AWS security group and SSH 

keypair. 

3. By default UGE cluster uses Master-Slave model to launch the instances. Firstly, 

specify the number of execution hosts (Slaves) and then select the type of instance 

provided by Amazon EC2. The Macro starts executing the scripts. Deployment can 

be viewed on the RightScale’s Dashboard. Now, select all the nodes and launch the 

servers. By default, Univa is built in a US-East availability zone and running 

CentOS Linux distribution. 

4. Login to terminal of Master via SSH and check whether all the nodes have launched 

without any errors by giving the commands ‘qhost’ and ‘qmaster’ in the terminal. 

The status can be viewed once grid engine on the EC2 compute nodes are ON. 

5. By giving the command ‘get-node-list’ retrieves the total number of nodes present in 

the Cluster. Fig. 7 shows the cluster with servers in operational state on RightScale’s 

dashboard.  
 

 

 
Figure 7 Right Scale’s Dashboard showing the servers of UGE cluster 

 
    Univa uses identical configurations for both Queue Master and the Execution hosts. The 

details of Amazon EC2 server used by Univa are given below in Table 4. 

 

 

Table 4 Server Specifications of a UGE Cluster  

Cloud AWS_US-East 

Availability Zone US-East-1C 

Server Template Univa-UGE Execution Host for slaves (Inherited from Univa 
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Macro) 

Platform Linux/Unix 

Instance Size API name – m1.large 

Physical memory – 7.5 GB 

2 virtual cores with 2 EC2 computing units each 

64-bit platform 

Virtualization Type PVM 

RightScale Image CentOS_5.4_x64 

 

3.2.3 Message Passing Interface (MPI) 
 

MPI is an industry specification standard that defines the syntax and semantics of library 

routines. The goal of MPI is to establish efficiency, flexibility and portability [18]. MPI is a 

communication protocol and a programming standard used to write message passing 

programs on HPC platforms. Parallel programs are described for a multiprocessor with a 

distributed memory, e.g. Computer Clusters, Supercomputers and parallel computer [19]. 

MPI communicates between a set of processes dynamically, where each process is assigned 

to each CPU unit. The basic MPI commands used for developing Quicksort are explained in 

Table 5. 

 

Table 5 Basic MPI Commands 

MPI_Init Used to initialize the MPI execution environment 

MPI_Comm_size To determine the number of processes present in a communication 

world. Each process is mapped to a processor or a CPU unit. 

MPI_Comm_rank After MPI has been initialized, each processor will be assigned a 

unique ID known as Rank. Process with Rank ‘0’ is considered to be 

Master and others with Slaves.  

MPI_Send Used in point-to-point communication for sending the buffer to 

destination. Destination can be specified with Rank. 

MPI_Recv Used for retrieving message from the buffer. 

MPI_Finalize The routine is called by all processes before exit. 

 
After setting up Cluster in the Cloud, install LAM/MPI on all the nodes. Installation steps are 

given in Appendix C. 

 

3.2.4 Parallel Quicksort Design   
 

Three different workloads has been considered i.e., 100MB, 200MB and 500MB of 

integer data. The integer values are generated using a ‘rand’ function. To generate a new 

random sequence during each run, a seed value has been considered. Master-Slave model 

have been chosen from prototype-1 of RQ2 [20]. Also, from SLR conducted for RQ2, MPI is 

chosen as an efficient method to develop and implement parallel Quicksort. The parallel 

Quicksort Design uses divide and conquer strategy which involves three different phases. A. 

Data Decomposition B. Task Decomposition C. Merging.  

 

3.2.4.1 Data Decomposition  

 

In the first phase, the unordered set of data in an array is partitioned into smaller arrays by 

Master using a pivot value. To divide the array into ‘N’ sub-arrays, a recursive tree structure 

is integrated with the basic functionality of Quicksort. A new pivot value is chosen in each 
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recursion. The data sequence is recursively broken down into smaller datasets depending on 

the number of slaves.  

 

Example: We have illustrated a small example on how the sequence of an array is broken 

down into smaller sub-sequences (N=4) as shown in Fig. 8.  In the first step, a randomly 

generated array is split into two sub-arrays after picking up a element (Pivot-1) from a fixed 

index of an array. The array is reordered such that all the elements lesser than the pivot are 

moved to the left and larger than the pivot are moved to the right. In the second step, after 

picking up two random pivot index elements (Pivot-2 and Pivot-3) from each sub-arrays, 

again the two sub-arrays are broken down into four sub-arrays each. This process is recursive 

and it terminates when ‘N’ value is reached.  For ‘N’ sub-arrays, N-1 pivots will be 

considered. After the partition process is finished by the Master node, MPI is initialized. 

 

. 

Figure 8 Data Decomposition to 'N' sub-arrays 

 

3.2.4.2 Task Decomposition 

 

In the second phase, The Master allocates jobs to the slaves. The chunk of data is fed to all 

the slaves for sorting using MPI_Send. The slaves collect the message stored in their 

respective buffers.  Each slave performs the sequential Quicksort operation. Tasks are 

processed in parallel by all the slaves.   

3.2.4.3 Merging 

 

In the third phase, Master collects the sorted chunks from the slaves using MPI_Recv and 

performs merging. The sorted sub-arrays are merged into a single array 

(Slave1+Slave2+….SlaveN= Final Array) and MPI is terminated.  

3.2.4.4 Pivot selection 

 

While designing a parallel algorithm it is important to choose a pivot wisely as a 

poor pivot can significantly affect the algorithm’s performance.  For example, consider the 

case where the pivot is selected to be the largest element in an array of ‘n’ elements. Then 

after splitting, n-1 elements will be assigned to one process and a largest element is assigned 

to another which makes the process idle. In our Quicksort design, ‘Median-of-five’ method 

is considered for selecting a pivot value as it minimizes the effect of unbalanced partitioning 

of sub-arrays when compared to selection of random single pivot value. In this method, five 

different indexes of an array are considered namely First, Last, Center,  
                 and                 as the array indexes. The method compares 
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the elements present in five indexes of an array and selects the middle element as a pivot 

value. Fig. 9 shows the flowchart of our Quicksort design.  

 

 

 
Figure 9 Flow Chart for a Parallel Quicksort 
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4 RESULTS AND ANALYSIS 
 

4.1 SLR Results 
 

After conducting the SLR, we have extracted 22 papers for RQ1 and 10 papers for RQ2 

relevant to meet the goals of the research. This section discusses the results and analysis of 

the papers that were extracted. In recent years, there is seen to be a tremendous growth in the 

field of HPC in a Cloud. The first increased interest of HPC in Cloud is seen to be in 2009. 

Fig. 10 and Fig. 11 show the number of papers extracted for RQ1 and RQ2 year wise. 

 

 
Figure 10 Number of papers refined for RQ1 

 
 

. 

Figure 11 Number of papers refined for RQ2 
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4.1.1 Reporting Results for RQ1 
 

Narrative Analysis is used to summarize the literature available related to HPC applications 

done in the Cloud, the problems and challenges faced by the HPC applications when ported 

to the Cloud. 

 

A. List of Identified HPC applications done in the Cloud 

Table 6 HPC Applications 

S.No. Ref.no. HPC Application Description 

1. 

 

 

 

 

 

 

 

[21]  Astronomy 

 

The applications are tested between High 

performance cluster at NCSA and on the Cloud. 

Cloud is well suited for generating periodgrams for 

2,10,000 light curves. It is helpful in identifying the 

period signals; also the one’s passing through 

exoplanets. Cloud offers a cost-effective and 

powerful resource for compute and memory 

intensive applications. For Input-output bounded 

applications, special hardware is needed like high 

performance clusters equipped with parallel file 

systems to offer better performance. 

2. 

 

 

[22] Weather Research 

and Forecast model 

 

 

Natural disasters such as fires, hurricanes are 

common. So, when these types of disasters happen 

there is a need for large amount of CPU to model a 

big geographical area. The authors have proposed a 

lightweight virtualization approach in the Cloud for 

running WRF-HPC application. The results have 

shown that the proposed new method is better in 

terms of performance when compared to VMware’s 

virtual machines. 

3. [23] Tropical Cyclones Issues such as Climatic changes, fusion energy are 

tackled using huge computing power. The 

tremendous amount of data produced by this 

computation is parallelized on a Cloud Computing 

platform. The study analyzes the networking 

capability of a Cloud and reveals that Cloud is a 

viable platform for distributed scientific data 

analysis traditionally conducted on a dedicated 

Supercomputing systems [23]. 

4. 

 

 

[24] X-ray-

Crystallography 

 

X-ray crystallography is an important field and 

plays an important role in drug discovery and in 

Bioinformatics [24]. The workflow was executed on 

Amazon EC2 using SciCumulus, a layer that 

supports parallel execution. The experiments are 

computation intensive and mainly focus on 

determining the 3-D structure of molecules by 

examining the diffraction shapes received from X-

ray experiments. The overall performance resulted 

to be lower than dedicated Supercomputers.  
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5. 

 

[25] X-ray Spectroscopy 

 

Study of interaction between matter and the radiated 

energy is called Spectroscopy. The authors set out 

to assess the feasibility of HPC on the Cloud. Both 

serial and parallel tests were carried out on X-ray 

Spectroscopy to test the network and computational 

capabilities on the Cloud using scientific codes. 

 

6. 

 

 

[26] Accelerating 3D 

protein modeling. 

 

The knowledge of protein structures in highly 

virulent pathogens is essential in the fight against 

antibiotics resistant bacteria [26]. Predicting the 

structure of a protein is computation intensive. The 

authors have modeled the experiment on IBM 

Smart Cloud.  

7. 

 

 

[27] Biomedical 

Applications 

 

T. Gunarathne et. al. [27] has presented two  

parallel biomedical applications namely assembling 

of genome fragments and dimension reduction in 

analysis of chemical structures on two different 

Cloud Computing platforms of AWS and Microsoft 

Windows Azure. They have shown that MapReduce 

framework offers good parallel efficiencies; Also 

selecting the appropriate instance from the Cloud 

can give pecuniary advantages. 

 

8. 

 

 

[28] Rapid 3D seismic 

inversion using 

windows azure and 

EC2. 

 

MPI-based seismic source inversion has been 

implemented on Amazon EC2 and Windows Azure. 

It is the main problem in Seismology to simulate the 

wave propagation in 3D velocity models. The 

results have shown that the Cloud is well suited 

platform for real-time processing applications. The 

EC2 performs better compared to Windows Azure. 

Azure is not suited for tightly coupled applications. 

 

9. 

 

 

[29] Space exploration 

 

The NASA Jet Propulsion Laboratory (JPL) is 

NASA’s main facility for robotics in exploring the 

Solar system. This is integrated with Amazon EC2 

for computing on demand. The authors   have 

outlined a framework named ‘Polyphony’ that 

makes use of simple queue service provided by 

AWS to handle parallel tasks. The purpose is to 

provide a framework which helps in streamlining 

the process of Mars images. It can be used to 

effectively utilize the idle machines.  

10. 

 

 

 

[30] Satellite Image 

processing  

 

The authors have performed satellite image 

processing using a technique called Cloud bursting; 

a scheduling mechanism to quickly process the 

applications and minimize the cost. The authors 

have evaluated huge data collected from MODIS 

sensor located on the satellite. This sensor captures 

the images of the earth into various segments and 

delivers for processing. The scientists have used 

Microsoft Cloud ‘Windows Azure’ for processing 

and evaluating the data. The results have shown that 

the technique employed for e-science application is 

cost effective and good performance was achieved.  
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11.   [31] Parallel Fluid 

Applications 

 

Numerical Experiments in the field of 

Computational Fluid Dynamics (CFD) are 

benchmarked on Amazon HPC Cloud using MPI. 

The results reported have shown that the Cloud is 

promising for moderately sized parallel CFD 

problems of up to 64 CPU cores which also fit in a 

range of industrial engineering applications. The 

Cloud is viable and cost effective alternative to mid-

sized parallel computing systems. 

 

12. [32] Scientific 

Computing 

Two different Scientific applications namely 

classification of gene expression data and fMRI 

brain imaging workflow are demonstrated on 

Amazon EC2 Cloud and traditional grids to analyze 

the cost and performance. 

 

B. Problems faced by HPC Applications in the Cloud 

Table 7 Problems faced by HPC Applications 

S.No. Ref.no. Type of Issue Description 

1. [8] Virtualization 

 

 

 

The Cloud Computing technology can have 

most serious performance issue which can have 

a great impact on HPC applications. 

2. [22] Virtualization 

overhead 

The Virtualization often degrades the 

performance. In order to optimize the resource 

usage, a special technique called lightweight 

communication has been proposed in [22] 

which outperforms the VMware in Cloud 

environment. 

3. 

 

[33] Network overhead 

problem 

This is a serious issue in a virtual cluster of 

High Performance Computing Cloud. It can be 

solved by using lightweight communication 

protocol instead of TCP/IP in inter-domain 

virtual instances of Cloud [33].  

4. [34],[31] 

 

Network 

Interconnect 

problem 

Makes the Amazon EC2 slower than the 

traditional Linux and HPC cluster, limiting the 

performance and causing variability issues [34]. 

5. [35] Issues when 

fetching data from 

storage 

Applications generally need to fetch data from 

the storage buckets. i.e., while downloading 

data from storage (S3) to compute nodes (EC2). 

The network bandwidth is seen to be dynamic 

not only between the compute nodes but also 

between Cloud storage and compute node 

thereby degrading the performance. This issue 

is addressed in [35] by having good multicast 

algorithms which can efficiently transfer large 

amounts of data from Cloud storage to multiple 

EC2 nodes. 

6. [36] Establishing 

connection among 

This is a serious problem faced by parallel 

scientific applications which results in more 
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instances in a Cloud 

cluster 

delay. However, this issue can be addressed by 

Cluster Compute Instances offered by Amazon 

Cloud EC2 [36]. 

7. [37], [11] Scaling Limitations Various Benchmark tests have been conducted 

on different Clouds namely EC2, GoGrid and 

IBM Cloud. Apart from the poor networking 

behavior of the Cloud, some technical 

difficulties have been observed by Qiming [37] 

to scale HPC applications to Supercomputing 

size. The vendor requests special approval for 

user to launch more than 20 servers, there is a 

risk that the other vendor provides limited 

number of IP’s in a subnet. The dynamic IP on 

each node can be solved by automating the 

configuration process [11]. Also 10 Gbit 

Ethernet provided by Amazon CCI remains the 

chief problem in scaling MPI programs. 

8. [38]             I/O It can be one of the bottlenecks. Local disks 

perform better than block store volumes in the 

Cloud. EBS are used to mount on different 

instances to run MPI applications but the 

performance degrades significantly. 

9. [24] Greater latency and 

lower bandwidth 

The performance degradation in the Cloud is 

observed due to greater latency and lower 

bandwidth when compared against dedicated 

Supercomputers or cluster systems. 

 

C. Challenges faced by HPC Applications in the Cloud environment 

Table 8 Challenges faced by HPC Applications 

S.No. Ref.no. Type of Challenge     Description 

1. [11], [38] Performance tuning 

and designing 

efficient parallel I/O 

solutions 

 

Hypervisors and 

Performance -tuning 

Various benchmark tests have been 

conducted on the recently released Cluster 

Compute Instances by Amazon using MPI. 

Though the Cloud performance variance is 

tolerable for the applications executed, the 

communication and virtual storage devices 

could suffer from performance instability 

thereby increasing the challenge in 

performance tuning and designing efficient 

parallel I/O solutions. 

2. [11], [39] Scalability The HPC community is well experienced in 

exploiting large scale systems. The use of 

thousands of processors will be challenging 

for applications in many scenarios. Existing 

approaches, even science is still in doubt to 

answer Scalability. However, new models are 

needed and it is not limited to parallelization 

and application design but also Infrastructure 

management. 
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3. [40] Transparency  of 

Cloud Infrastructure 

The authors in [40] found that the 

applications running in Windows Azure 

Cloud can face serious behaviors when 

deployed due to heterogeneity of underlying 

software and hardware. So, the transparency 

of a Cloud infrastructure is a challenge for 

developers and it has necessarily raised the 

barrier in developing and deploying the 

application.  

4. [39] Improving Efficiency HPC is always centered to optimization. 

Many research works have been done to 

decrease the execution time or to improve the 

throughput. The efficient use of machines in 

the Cloud can significantly reduce the cost. 

5. [38], [39] 

 

File systems 

 

 

 

More data is handled than processing power. 

So, there is a need to provide efficient File 

systems to process data quickly on virtual 

machines. 

 

4.1.2 Reporting Results for RQ2 
 

Table 9 Various Implementations of Parallel Quicksort 

Prototype Ref.no Implementation 

Method/ 

Architecture 

Description 

P1 [20] MPICH Rahmadi Trimananda et. al. [20] has 

performed parallel Quicksort on 

Symmetric multi processors. The 

implementation method used for 

Quicksort is MPICH. Master-slave model 

has been followed for division of work. 

The results show good speeds for 

Quicksort. However, MPICH1 is not so 

efficient for handling data in a network 

capacity of 1 Gbps. So, in order to obtain 

the faster communication and better 

traffic management MPICH2 is needed. 

P2 [41] MPI In [41], authors have considered three 

different parallel sorting algorithms and 

have discussed the problem of sorting 

with minimal data. Measurements were 

performed using MPI on Blue Gene 

Supercomputer and the results shows 

excellent scalability without any 

additional memory.  

P3 [42] MPI and Cilk 

(Pthreads library) 

Sonny Tham et. al. [42] has tested two 

different programming models on various 

problems like parallel Quicksort, 

Gaussian elimination, fast Fourier 

transform. MPI shows better speedup on 

parallel Quicksort compared to Cilk by 

scaling up the number of processors. The 
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poor performance is due to use of Linux 

Pthreads library used by Cilk run-time 

system. The better performance of MPI is 

observed due to non overlapping 

computation with communication. 

   

P4 [43]         Pthreads Ralf Hoffman et. al. [43] has analyzed the 

performances of irregular parallel 

applications such as parallel Quicksort, 

ray tracing, volume rendering on shared 

memory architectures on IBM p690 

server and SunFire 6800 machines. The 

implementation methods used were 

Pthreads and a task based execution 

method. However there is no significant 

improvement in Speedup of new method 

compared to Pthreads. 

 

P5 [44]         OpenMP In [44], the authors have proposed a new 

algorithm, named “Partition and 

concurrent merging” which is based on 

divide and conquer strategy. Then the 

author compares it with Quicksort 

algorithm and others. The algorithm was 

implemented using OpenMP on shared 

memory multiprocessor system SGI 

Origin 2000 multiprocessor.  

 

P6 [45] 

 

       OpenMP Kil Jae Kim et. al. [45] has proposed three 

different parallel Quicksort algorithms on 

embedded (multi-core) environment using 

OpenMP parallelization technique. 

Results show that introspective Quicksort 

algorithm is fastest Quicksort algorithm 

and parallel hybrid Quicksort is 

considered to be more stable. 

 

P7 [13] Shared Address 

Space 

Architecture. 

 

Philippas Tsigas et. al. [13] has 

implemented sample sort and parallel 

quick sort on shared address space 

multiprocessor architecture SUN 

ENTERPRISE10000. The experiment is 

benchmarked with varying input sizes: 

8M, 32M, 64M, 128M and 256M. The 

results show 15% better execution times 

were observed for parallel Quicksort 

when compared to Sample sort.  

 

P8 [46] Multi-core 

Architectures 

In [46], the author has presented 

automated tuning technique for parallel 

sorting algorithms such as Quicksort, 

Radix sort etc. As parallelization adds an 

overhead, especially when considering 

small data as a input, the authors has 

experimented the technique on different 
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Multi-core Architectures using machine 

learning techniques of Artificial 

Intelligence. 

 

P9 [47] Graphic 

processors 

In [47], authors have implemented 

parallel Quicksort algorithm on graphic 

processors aimed to sort large amount of 

data. 

 

P10 [12] Multi-threaded 

Architecture. 

In [31], the authors have analyzed the 

memory behavior and have tried to 

improve the performance of Radix sort 

and Quicksort algorithms on 

multithreaded architectures. The results 

show that Quicksort has achieved good 

Speedups on various multithreading 

processors. 

 

The implementation method for prototypes P7, P8, P9 and P10 were not discussed by the 

authors. 
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4.2 Experiment Results 
 

4.2.1 Measuring Execution time 
 

To evaluate the performance of Cloud environment using parallel Quicksort, a 

UGE cluster built in the Cloud has been configured with MPI and tested. Firstly, the 

Sequential sort is compiled and executed on the Master node of the Amazon Cloud for 

different workloads (100MB, 200MB and 500MB) and the Execution times are tabulated. 

Then, parallel Quicksort is compiled and executed on the Master node for increasing number 

of slaves (2, 4, 8 and 16) and Execution times have been tabulated. ‘Execution time’ or 

‘Sorting time’ is calculated using ‘time_t’ function and is defined as the time elapsed to 

partition the data by the Master, allocate the data to the Slaves and to retrieve the sorted data 

from the Slaves.  Each experiment is repeated five times and the average has been calculated. 

Due to financial restrictions from Telecomcity, we limited our repetitions to only five counts 

for each Slave with different workload. One way ANOVA (Analysis of Variance) test is 

performed using IBM SPSS software to calculate Standard Deviation and Confidence 

Intervals. More detail analysis is reported in Appendix E.  

 

Table 10 Average Execution Times (sec) for 100MB Integer Data 

100 MB 

 Sequential 

(Master) 

2 Slaves 4 Slaves 8 Slaves 16 Slaves 

 74 

73 

72 

72 

72 

44 

59 

49 

58 

41 

46 

33 

40 

31 

32 

46 

43 

37 

31 

41 

35 

48 

45 

37 

30 

Average  72.6 50.2 36.4 39.6 39 

Standard Deviation 0.89 8.11 6.43 5.81 7.38 

95% 

Confidence 

Interval 

for Mean 

Lower 

Bound 
71.49 40.14 28.42 32.38 29.83 

Upper 

Bound 
73.71 60.26 44.38 46.82 48.17 

 

 

Table 11 Average Execution Times (sec) for 200MB Integer Data 

200 MB 

 Sequential 

(Master) 

2 Slaves 4 Slaves 8 Slaves 16 Slaves 

 152 

150 

148 

150 

149 

130 

109 

114 

104 

103 

65 

73 

86 

100 

89 

112 

84 

92 

86 

71 

116 

67 

77 

89 

65 

Average 149.8 112 82.6 89 82.8 

Standard Deviation 1.48 10.98 13.76 14.97 20.86 

95% 

Confidence 

Interval 

for Mean 

Lower 

Bound 
147.96 98.37 65.52 70.42 56.90 

Upper 

Bound 
151.64 125.63 99.68 107.58 108.70 
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Table 12 Average Execution Times (sec) for 500 MB Integer Data 

500 MB 

 Sequential 

(Master) 

2 Slaves 4 Slaves 8 Slaves 16 Slaves 

 389 

385 

388 

387 

388 

318 

221 

250 

269 

269 

155 

183 

248 

176 

202 

251 

298 

294 

242 

209 

211 

170 

290 

174 

177 

Average 387.4 265.4 192.8 258.8 204.4 

Standard Deviation 1.52 35.36 35.14 37.41 50.57 

95% 

Confidence 

Interval 

for Mean 

Lower 
Bound 

385.52 221.50 149.17 212.35 141.61 

Upper 
Bound 

389.28 309.30 236.43 305.25 267.19 

 

4.2.2 Calculation of Speedup 
 

To know how much performance gain is achieved when an algorithm is 

parallelized over a sequential algorithm on a parallel system is evaluated by using ‘Speedup’. 

It is a measure that captures a relative benefit of solving a problem in parallel [48].  

According to Amdahl’s Law, Speedup is defined as the ratio of execution time of the 

sequential algorithm on a single processor to the execution time of the parallel algorithm on 

p processors [54]. 

 

Table 13 Speedup for different Workloads 

Workload Sequential 2 Slaves 4 Slaves 8 Slaves 16 Slaves 

100 MB 1 1.446215 1.994505 1.83333 1.861538 

200 MB 1 1.3375 1.813559 1.683146 1.809179 

500 MB 1 1.459683 2.009336 1.496909 1.895303 

 

 

. 

Figure 12 Speedup for increasing number of Slaves 
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4.2.3 Results Analysis 
 

For the sequential version of Quicksort for 100MB integer data, the average 

Execution time obtained is 72sec. When the algorithm is parallelized, the average Execution 

times obtained for 2, 4, 8 and 16 slaves for 100MB data are as shown in Table 10. The ideal 

case execution times when the nodes are scaled up as 2, 4, 8 and 16 would be 36, 18, 9 and 

4.5 seconds. When the values are analyzed individually, it has been observed that when the 

input data is distributed evenly (approximate) to the nodes it will have a better execution 

time (ex: 30sec for 16nodes) which is treated as a best case. But when the data is distributed 

unevenly, then the maximum amount of data will be sorted on a single node which yields to 

increase in execution time. For example in the case of 8 slaves, one of value is 46 sec. Here, 

the partitioned data is distributed unevenly and most of load is given to one of the nodes 

which results in maximum Execution time (Explained in detail with Figure in Appendix D). 

The huge variation in the execution times for 200MB and 500MB is considered to be similar. 

The execution time depends on the pivot element and has to be optimized for better 

allocation of data among the Slaves. 

 

From the Fig. 12, the speedup rises at 4 slaves for all the 3 different data sizes but 

In case of 500MB, the speedup is seen to be decreasing from 4 to 8 slaves and slowly 

increasing back from 8 to 16 slaves. In the case of 100MB and 200MB data, speedup has 

decrement after 4 slaves but which is not much affected when compared with the data size of 

500MB. For all the cases, considering the fact that there is load unbalancing between the 

slaves. Load unbalancing results in more execution time and less speedup. We assume that 

the communication time taken by Master to allocate the tasks and to retrieve back the sorted 

data increases with increase in number of slaves. At 2 slaves, we observe that there is 

reasonable Speedup obtained for all the input sizes when compared. This is because the ratio 

of computation time to communication time is more. Also at 4 slaves, we observe the 

maximum Speedup is obtained for all the inputs. The maximum Speedup is 2 for 500MB 

input data. Though the communication time for 4 slaves has slightly increased compared to 2 

slaves, the ratio of computation time to communication time is observed to be better. At 8 

and 16 slaves, though the computing power has increased, the performance has degraded and 

a poor Speedup is observed due to more Communication overhead.  
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5 DISCUSSION 
 

There has been increasing demand to improve data sorting. The sorting algorithms 

have been tested on various computing infrastructures. It would be interesting to see on how 

the Cloud scales when the sorting algorithm is implemented. In this thesis, we have analyzed 

the performance of parallel Quicksort on Cloud Infrastructure. Sorting algorithms are a core 

part used in HPC applications. The Speedup is the performance attribute to analyze parallel 

algorithms.  

 

The objectives of this research are to identify the previous works on HPC in the 

Cloud, to develop and implement the parallel Quicksort and perform Speedup measurements 

in the Cloud. The ‘Speedup’ measurement signifies the performance of both the parallel 

algorithm and the parallel system. In this paper, SLR and Quantitative methodology are 

followed to answer the research questions RQ1, RQ2 and RQ3. To answer RQ1 and RQ2, 

SLR was followed. While answering the RQ1 and RQ2, four different databases were 

selected with a search string formulated based on the keywords of research questions. 

Scientific papers were collected by following the inclusion and execution criteria which was 

explained in detail in the Section 3.1. Based upon the obtained SLR results mentioned in the 

Section 4.1.1 for RQ1, Many HPC applications have been deployed and tested on different 

Cloud platforms in various fields such as Medicine, Astronomy, Weather forecast etc. Also, 

some of the problems faced after deploying HPC applications in Cloud environment are 

discussed in Table. 7. Challenges experienced by HPC are Scalability, Performance tuning, 

Data storage and Designing of efficient parallel I/O solutions. To implement and measure the 

speedup of Quicksort in Cloud, there is a need to study the various methods to implement the 

parallel Quicksort. The efficient method compatible with the Cloud platform is chosen. To 

answer RQ2, we have followed SLR method. The results for the RQ2 were explained and 

reported in section 4.1.2. From the results it has been found that, there were many methods 

for implementing parallel version of Quicksort. They are MPI, OpenMP and Pthreads. After 

judging the three methods which was explained briefly in the section 6.2, MPI was selected 

as a best suitable method for implementing in the Cloud. To answer RQ3, a parallel version 

of Quicksort is developed using ‘C’ and a parallel technique ‘MPI’ selected from RQ2. In 

order to execute a parallel Quicksort, it is compiled on the MPI cluster in Cloud and 

execution times are noted first and later speedup is calculated for three different data sizes 

100, 200 and 500MB by scaling up the nodes from 1, 2, 4, 8 and 16 respectively which is 

explained in detail in Section 4.2. It is observed that the Cloud has shown poor performance 

with the maximum Speedup obtained at 16 slaves is less than 2.  

 

Building a traditional Linux cluster in the Cloud is time consuming and hard as it 

needs to have control of all the dynamic virtual servers. So, to lessen the effort we have used 

a cluster provided by Univa and supported by RightScale. Private IP’s are used by UGE 

cluster for inter-node communication. MPI makes use of SSH or RSH to launch processes on 

remote nodes. Authentication is needed every time when the Master invokes the Slaves.  

This is possible by copying public key of Master Node ‘id-rsa.pub’ to all the Slave nodes. 

We faced few problems while configuring MPI on the Cloud. In a UGE Cluster, the home 

directory of Master node is NFS mounted to all the slaves meaning that accessing home 

directory of the Slave is like entering into home directory of Master. After creating users on 

all the nodes and configuring the system files such as /etc/hosts. ‘Permission denied’ error 

occurred when copying the public key of Master to the Slaves though owner permissions 

were given. So, in the next step we un-mounted NFS partition of Master and the keys were 

copied but MPI failed to boot. The next alternative step we used was SSH-tunneling and the 

problem was fixed. The public key of Master was able to copy with no errors. The cost 

associated for each server in a UGE cluster is 0.32$/hour. The Cloud accounts were provided 

by Telecomcity. The total deployment budget estimated by RightScale is 267 USD. Most of 
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the time in the Cloud was spent in installing and configuring the MPI on all individual 

servers. The configurations were lost once we terminate the servers in the Cluster. To 

prevent the configurations from failure, the boot partition of all the nodes has to be attached 

to EBS which is more expensive. Since we had financial restrictions from Telecomcity, we 

had to limit running the Workload on the Cloud to 5 times for each Slave. 

 

Our results were compared with the previous works done in the Cloud to verify the 

performance when HPC applications were deployed as stated in [6], [7], [8], [9] and [10] 

which are explained briefly in Section 1.1. Related works tells that the Cloud shows poor 

performance for the HPC applications. From the results obtained, we speculate that the 

Cloud is not a good platform for HPC applications. But still there are chances of improving 

the performance by solving the problems mentioned in Table 7 and Table 8 presented in 

section 4.1.1. The future work will be optimizing the parallel Quicksort in order to obtain a 

better Speedup and comparing with other sorting algorithms.  

5.1 Validity Threats 
 

While conducting a research, the following four types of threats may occur, as discussed by 

Wohlin et al. [49]. They are 

 

Construct validity 

Internal validity 

External validity 

Conclusion validity 

 

5.1.1 Construct Validity 
 

Construct validity involves generalizing from your program or measures to the concept of 

your program [49] 

 

In this thesis, SLR has been undertaken for RQ2 to find the suitable method for developing 

a parallel Quicksort algorithm. We have considered this as a threat due to selection of 

extracted papers which may lead to break the chain between RQ2-RQ3. So, to minimize 

this threat we have followed the method suggested by Kitchenham et al. [15] for RQ2. 

 

5.1.2 Internal Validity 
 

Internal validity is the approximate truth about inferences regarding cause-effect or casual 

relationships [50].  

 

SLR: The internal validity occurs while choosing the papers relevant to our research. It is 

considered as a threat because when a study is carried out on previous works in particular 

field, there is a possibility that some of the publications might miss. To mitigate this threat, 

we have followed a Systematic method as suggested in [13] The search strings formed from 

the keywords are discussed with the Supervisor and Librarian. Then both the researchers 

will perform a search in the selected databases and from the obtained results, the 

publications will be selected with mutual understanding which are relevant to the topic 

based on inclusion and exclusion criteria. 

 
Experiment: This threat will have a heavy impact on experimentation. While developing a 

code, many errors might occur. So, each and every step is validated with the help of IDE 

and the output is verified at different stages of code. ‘Speedup’ of each slave is calculated 

from the Average Execution time. The sorting time printed on the Master node when the 



  40 

code is run on the Cloud is cross checked with the Wall clock time for confirmation. For 

making Cluster configurations in the Cloud, we have followed the tutorials provided by 

Rightscale, Univa and other external sources. For configuring MPI in the Cluster, we have 

followed the procedure explained in the LAM/MPI official website. The procedure 

followed is discussed with our Supervisor. As the execution time was varying much for 

each run, we have repeated the experiment five times and the average has been calculated.  

 

5.1.3 External Validity 
 
External validity is the degree to which the conclusions in your study would hold for other 

persons in other places and at other times [51].  

 

SLR:  In SLR, we considered the following criteria for the selection of publications. 

 

Papers between 2003-2012 

Keywords  

Based on Title  

Based on Abstract and Introduction  

 

It describes on how our SLR results are general and hold for other researchers. The results 

may vary if the researcher performs the SLR considering the publication years other than 

2003-2012 and if there is a change in Inclusion/Exclusion criteria. So, to avoid this threat 

we have checked for the years before 2003. No results were obtained before 2003 for RQ1. 

Few results obtained for RQ2 doesn’t meet the aim and objectives. The study is limited till 

March 2012 and is mentioned in Appendix A and B. To minimize the threat, the results 

were cross checked several times and also verified by Supervisor. 

 

Experiment: There could be few limiting factors on the quantitative results, due to poor 

Internet connectivity or due to change in location. So, to mitigate this threat, the experiment 

was repeated many times in a controlled environment. The experiment was carried at BTH 

on Amazon US-East public Cloud provided by Rightscale. The results obtained are fixed to 

m1.large standard Instance provided by Amazon EC2 and they might change with other 

instances. 

5.1.4 Conclusion Validity 
 
Conclusion validity refers to the statistically significant relationships between treatment 

and outcomes [52].  

 

The threat for this validity might be due to bias in selecting the papers. In order to reduce the 

bias in the study, Inclusion/Exclusion criteria is followed which filters out the irrelevant 

papers to a large extent. Also quality assessment checklist prepared has helped us in finding 

the relevant literature with good quality. To minimize the threat, the results were critically 

analyzed before making final conclusion. 
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6 CONCLUSION 

6.1  RQ1 
 
 From the SLR results, we conclude that 12 HPC applications that have been 

deployed in the Cloud so far includes Weather Research and forecast model, Astronomy, 

Finding Tropical cyclones, Space Exploration, Satellite Image processing, Scientific 

Computing, Seismology, Protein Modeling and in medicinal fields such as Biomedical 

Applications, X-ray Crystallography and X-ray Spectroscopy. The problems faced while 

deploying HPC applications in the Cloud are Virtualization Overhead, Network Overhead, 

Establishing the connection among the nodes, I/O problems and Scaling problems. The 

important challenges faced by HPC that needs to be solved in the Cloud are Scalability, 

Performance tuning, Data storage and designing of efficient Parallel I/O solutions.   

6.2 RQ2 
 

From the SLR Results, we found that Parallel version of Quicksort can be 

implemented in many ways. Some of the major implementation methods are MPI, OpenMP 

and Pthreads. MPI shows better performance than Pthreads in [P3]. In various 

implementations, MPI and OpenMP are often implemented in parallel computing. As 

parallel computing involves frequent communication, it demands high communication 

bandwidth, authentication, scheduling units etc. These features are sufficiently provided by 

the MPI and OpenMP which other methods can’t provide.  MPI is an API (Application 

programming Interface) or programming library which allows FORTRAN and C/C++ to 

send messages among parallel machines where as OpenMP is another method of parallelism 

which is not an API but it is an extension to a compiler. However, both Pthreads and 

OpenMP are designed for shared memory architecture’s which can’t be implemented in 

Cloud environment. Hence, we conclude that Quicksort can be implemented using ‘MPI’ to 

obtain good Speedup in the Cloud environment. 

6.3 RQ3 
 

To answer RQ3, Quicksort has been implemented in the Cloud environment and 

the Speedup has been calculated for 3 different data sizes 100, 200 and 500 MB by scaling 

up the number of Slaves as 2, 4, 8 and 16. The maximum Speedup is observed at 4 slaves, it 

is decreasing for 8 slaves and slowly increasing back at 16 slaves. So, in order to get better 

Speedup it is necessary to balance the data equally (approximately) among the slaves. Data 

allocation depends on the pivot value and it should be optimized for better Speedup. As 

Cloud fails to scale and has shown a very less speedup for 16 slaves, we speculate that the 

Cloud is not a good platform for HPC applications. The possible reasons for Cloud’s 

performance degradation might be due to Communication overhead, Virtualization overhead 

etc. and it has to be further investigated. 
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6.4       Future Work 
 

The speedup of Quicksort should be measured and compared on various Amazon 

Clouds located at different regions. Also, the problems identified from RQ1 should be 

minimized in order to improve the performance of HPC applications in the Cloud. Also, it 

would be interesting to compare and analyze the performances of other sorting algorithms 

such as Radix sort, Merge sort and Sample sort etc. The performance can also be checked on 

other public Clouds like Microsoft Azure and IBM Cloud.  
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APPENDIX A 
 

 

DATABASE SEARCH QUERY USED FOR RQ-1 

 

 

 

IEEE Xplore 

You searched for : (Cloud or “Cloud computing”) and 

(Supercomputing or HPC or “High performance computing”) 

and (Application* or issue* or problem* or challenge*) 

 

Subscribed Content: IEL   

 

Content Type: Conferences, Journals, Books 

 

Publication Year: 2003-2012  

 

 

Inspec 

SELECT DATABASE 

All Compendex    Inspec  

SEARCH FOR (Cloud OR “Cloud computing”)  AND 

(Supercomputing OR HPC OR “High performance computing”) 

AND (Application* OR Issue* OR problem* OR challenge*)  

LIMIT BY All document types, All treatment types,            

Language: English, Year: 2003-2012 

SORT BY  Relevance  Publication year 

 

 

ACM Digital Library 

Query used in Advanced search: (Cloud OR “Cloud 

Computing”) AND (Supercomputing OR HPC OR “High 

performance computing”) AND (Applications OR Issues OR 

problems OR challenges) 

Published since 2003, Published before 2012 

In publication types: Journal Proceeding  

 Full text Abstract  Review 

 

 

Springer Link 

Search string: (Cloud OR “Cloud computing”) AND 

(Supercomputing OR HPC OR “High performance computing”) 

AND (Applications OR Issues OR problems OR challenges) 

 

CATEGORY AND DATE LIMITERS:  

Computer Science and Computer communication networks 

 

PUBLICATION DATES BETWEEN 

START DATE: 01/01/2003, END DATE: 21/02/2012 
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APPENDIX B 
 

 

DATABASE SEARCH QUERY USED FOR RQ-2 

 

 

 

IEEE Xplore 

You searched for : (quicksort OR sort*) AND (Implement*) 

AND (speedup) 

You refined by: 

 

Subscribed Content: IEL   

 

Subject: Computing & Processing (Hardware/Software)  , 

Communication, Networking  & Broadcasting , Engineering 

Profession   

 

Publication Year: 2003-2012  

 

 

 

Engineering Village 

SELECT DATABASE 

All Compendex    Inspec  

SEARCH FOR  ((quicksort OR sort*) AND (implement*) AND 

(speedup))) WN All fields), English only   
 

LIMIT BY All document types, All treatment types,            

Language: English, Year: 2003-2012 

SORT BY  Relevance  Publication year 

 

 

ACM Digital Library 

Query used in Advanced search:  

 

((quicksort and "OR" and sort*) and "AND" and (Implement*) 

and "AND" and (speedup)) 

 

Published since 2003, Published before 2012 

In publication types: Journal Proceeding Transaction 

Magazine Newsletter 

 

 

Springer Link 

Search string : (quicksort OR sort*) AND (Implement*) AND 

(speedup) 

 

CATEGORY AND DATE LIMITERS: ALL CATEGORIES 

 

ONLY ENGLISH 

 

PUBLICATION DATES BETWEEN 

START DATE: 01/01/2003, END DATE: 16/03/2012 
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APPENDIX C 
 

Configuration and Installation of LAM/MPI after UGE cluster is built on Amazon EC2 

 

 
Figure 13 3 Node UGE cluster built on AWS in US-East zone 

 

1. Make sure that all the nodes in the Cluster are up and running. In order to check the 

status of nodes type ‘get-node-list’ 

 

2. Install LAM/MPI in “/usr/local” in all the nodes.  

The procedures followed for Installation of LAM/MPI  

[root@domU-12-31-39-0B-78-A1 ~]# cd .. 

[root@domU-12-31-39-0B-78-A1 /]# cd usr/local 

[root@domU-12-31-39-0B-78-A1 local]# gunzip lam-7.1.4.tar.gz  

[root@domU-12-31-39-0B-78-A1 local]# tar -xf lam-7.1.4.tar  

[root@domU-12-31-39-0B-78-A1 local]# cd lam-7.1.4 

[root@domU-12-31-39-0B-78-A1 lam-7.1.4]# ./configure --prefix=/usr/local 

[root@domU-12-31-39-0B-78-A1 lam-7.1.4]#make all 

[root@domU-12-31-39-0B-78-A1 lam-7.1.4]#make install 

 

3. Configuration of SSH on all the nodes. 

      [root@domU-12-31-39-0B-78-A1 lam-7.1.4]#./configure --with-rsh="ssh -x" 

[root@domU-12-31-39-0B-78-A1 lam-7.1.4]#make all 

[root@domU-12-31-39-0B-78-A1 lam-7.1.4]#make install 

4. Add user Master on all the nodes and create a host file on the master node. 

[root@domU-12-31-39-0B-78-A1 lam-7.1.4]#touch /home/master/hostfile      

(In Master Directory) 

[root@domU-12-31-39-0B-78-A1 lam-7.1.4]# nano hostfile  

Write all the nodes present in the cluster which can be obtained by using the command  

‘get-node-list’ 

domU-12-31-39-0B-78-A1 
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domU-12-31-39-04-F2-A8 

 ip-10-64-86-69 

 

3. Generating public key authentication with SSH. 

 [root@domU-12-31-39-0B-78-A1 /]# scp –p 12345 /home/master/.ssh/id_rsa.pub 

master@(slave): /home/master/.ssh 

cp: omitting directory `root/.ssh' 

 

4. To check whether LAM MPI is installed correctly with connectivity between the nodes. 

Execute the following commands. 

[master@domU-12-31-39-0B-78-A1 /]# recon  -v hostfile (If output is “WooHoo” then 

in next step lamboot will execute correctly) 

[master@domU-12-31-39-0B-78-A1 /]# lamboot –v hostfile 

[master@domU-12-31-39-0B-78-A1 /]#tping –cp3 N 

 

5. To run MPI program 

[master@domU-12-31-39-0B-78-A1 /]#mpicc –o <outputfilename>  <source file> 

[master@domU-12-31-39-0B-78-A1 /]#Lamboot –v hostfile 

[master@domU-12-31-39-0B-78-A1 /]#mpirun N <outputfilename> 
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APPENDIX D 
 

 
Figure 14 Data sorted on individual nodes on a 8 node Cluster 

 

As it can be seen in Fig. 14, the execution time taken for sorting 100 MB integer data is 46 

seconds. It is the sum of partitioning time at Master (7 sec) and the time taken to send, sort 

and receive the sorted data from the slaves (39 sec). Also, we can observe that more data is 

being sent to 8
th
 slave (~56%) to sort. Hence, the 8

th
 slave takes more time to sort compared 

to other slaves which results in increase in execution time. 
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APPENDIX E 
 

The Experiment results are validated using One Way ANOVA (Analysis of Variance) test 

for different Workloads and Slaves. The test is performed using IBM SPSS software to 

calculate Standard Deviation and Confidence Intervals. 

 

ONEWAY Sequential @2Slaves @4Slaves @8Slaves @16Slaves BY Workload 

/STATISTICS DESCRIPTIVES HOMOGENEITY 

/PLOT MEANS 

/MISSING ANALYSIS 

/POSTHOC=LSD GH ALPHA(0.05). 

 

ONE WAY ANOVA TEST DETAIL ANALYSIS  

 

Descriptive Test 

 N Mean Std. 

Deviation 

Std. 

Error 

95% Confidence 

Interval for Mean 

Minimum Maximum 

Lower 

Bound 

Upper 

Bound 

Sequential 

100.00 5 72.60 .894 .400 71.49 73.71 72 74 

200.00 5 149.80 1.483 .663 147.96 151.64 148 152 

500.00 5 387.40 1.517 .678 385.52 389.28 385 389 

Total 15 203.27 138.669 35.804 126.47 280.06 72 389 

@2Slaves 

100.00 5 50.20 8.106 3.625 40.14 60.26 41 59 

200.00 5 112.00 10.977 4.909 98.37 125.63 103 130 

500.00 5 265.40 35.360 15.813 221.50 309.30 221 318 

Total 15 142.53 95.811 24.738 89.48 195.59 41 318 

@4Slaves 

100.00 5 36.40 6.427 2.874 28.42 44.38 31 46 

200.00 5 82.60 13.759 6.153 65.52 99.68 65 100 

500.00 5 192.80 35.138 15.714 149.17 236.43 155 248 

Total 15 103.93 70.926 18.313 64.66 143.21 31 248 

@8Slaves 

100.00 5 39.60 5.814 2.600 32.38 46.82 31 46 

200.00 5 89.00 14.967 6.693 70.42 107.58 71 112 

500.00 5 258.80 37.413 16.731 212.35 305.25 209 298 

Total 15 129.13 99.582 25.712 73.99 184.28 31 298 

@16Slaves 

100.00 5 39.00 7.382 3.302 29.83 48.17 30 48 

200.00 5 82.80 20.861 9.330 56.90 108.70 65 116 

500.00 5 204.40 50.570 22.615 141.61 267.19 170 290 

Total 15 108.73 78.205 20.193 65.42 152.04 30 290 
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Test of Homogeneity of Variances 

 Levene 

Statistic 

df1 df2 Sig. 

Sequential .388 2 12 .687 

@2Slaves 2.362 2 12 .136 

@4Slaves 3.710 2 12 .056 

@8Slaves 6.722 2 12 .011 

@16Slaves 3.770 2 12 .054 

 

 

ANOVA 

 Sum of 

Squares 

df Mean Square F Sig. 

Sequential 

Between Groups 269187.733 2 134593.867 76185.208 .000 

Within Groups 21.200 12 1.767   

Total 269208.933 14    

@2Slaves 

Between Groups 122769.733 2 61384.867 128.197 .000 

Within Groups 5746.000 12 478.833   

Total 128515.733 14    

@4Slaves 

Between Groups 64565.733 2 32282.867 66.095 .000 

Within Groups 5861.200 12 488.433   

Total 70426.933 14    

@8Slaves 

Between Groups 132201.733 2 66100.867 119.640 .000 

Within Groups 6630.000 12 552.500   

Total 138831.733 14    

@16Slaves 

Between Groups 73436.933 2 36718.467 36.152 .000 

Within Groups 12188.000 12 1015.667   

Total 85624.933 14    

 

Post Hoc Test 

Multiple Comparisions 

Dependent Variable (I) 

Workload 

(J) 

Workload 

Mean 

Difference (I-

J) 

Std. 

Error 

Sig. 95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

Sequential LSD 

100.00 
200.00 -77.200

*
 .841 .000 -79.03 -75.37 

500.00 -314.800
*
 .841 .000 -316.63 -312.97 

200.00 
100.00 77.200

*
 .841 .000 75.37 79.03 

500.00 -237.600
*
 .841 .000 -239.43 -235.77 

500.00 
100.00 314.800

*
 .841 .000 312.97 316.63 

200.00 237.600
*
 .841 .000 235.77 239.43 
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Games-

Howell 

100.00 
200.00 -77.200

*
 .775 .000 -79.52 -74.88 

500.00 -314.800
*
 .787 .000 -317.16 -312.44 

200.00 
100.00 77.200

*
 .775 .000 74.88 79.52 

500.00 -237.600
*
 .949 .000 -240.31 -234.89 

500.00 
100.00 314.800

*
 .787 .000 312.44 317.16 

200.00 237.600
*
 .949 .000 234.89 240.31 

@2Slaves 

LSD 

100.00 
200.00 -61.800

*
 13.840 .001 -91.95 -31.65 

500.00 -215.200
*
 13.840 .000 -245.35 -185.05 

200.00 
100.00 61.800

*
 13.840 .001 31.65 91.95 

500.00 -153.400
*
 13.840 .000 -183.55 -123.25 

500.00 
100.00 215.200

*
 13.840 .000 185.05 245.35 

200.00 153.400
*
 13.840 .000 123.25 183.55 

Games-

Howell 

100.00 
200.00 -61.800

*
 6.102 .000 -79.56 -44.04 

500.00 -215.200
*
 16.223 .000 -270.55 -159.85 

200.00 
100.00 61.800

*
 6.102 .000 44.04 79.56 

500.00 -153.400
*
 16.558 .001 -208.24 -98.56 

500.00 
100.00 215.200

*
 16.223 .000 159.85 270.55 

200.00 153.400
*
 16.558 .001 98.56 208.24 

@4Slaves 

LSD 

100.00 
200.00 -46.200

*
 13.978 .006 -76.65 -15.75 

500.00 -156.400
*
 13.978 .000 -186.85 -125.95 

200.00 
100.00 46.200

*
 13.978 .006 15.75 76.65 

500.00 -110.200
*
 13.978 .000 -140.65 -79.75 

500.00 
100.00 156.400

*
 13.978 .000 125.95 186.85 

200.00 110.200
*
 13.978 .000 79.75 140.65 

Games-

Howell 

100.00 
200.00 -46.200

*
 6.791 .002 -67.40 -25.00 

500.00 -156.400
*
 15.975 .001 -211.71 -101.09 

200.00 
100.00 46.200

*
 6.791 .002 25.00 67.40 

500.00 -110.200
*
 16.876 .003 -164.37 -56.03 

500.00 
100.00 156.400

*
 15.975 .001 101.09 211.71 

200.00 110.200
*
 16.876 .003 56.03 164.37 

@8Slaves 

LSD 

100.00 
200.00 -49.400

*
 14.866 .006 -81.79 -17.01 

500.00 -219.200
*
 14.866 .000 -251.59 -186.81 

200.00 
100.00 49.400

*
 14.866 .006 17.01 81.79 

500.00 -169.800
*
 14.866 .000 -202.19 -137.41 

500.00 
100.00 219.200

*
 14.866 .000 186.81 251.59 

200.00 169.800
*
 14.866 .000 137.41 202.19 

Games-

Howell 

100.00 
200.00 -49.400

*
 7.181 .002 -72.48 -26.32 

500.00 -219.200
*
 16.932 .000 -278.28 -160.12 

200.00 
100.00 49.400

*
 7.181 .002 26.32 72.48 

500.00 -169.800
*
 18.021 .000 -227.46 -112.14 
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500.00 
100.00 219.200

*
 16.932 .000 160.12 278.28 

200.00 169.800
*
 18.021 .000 112.14 227.46 

@16Slaves 

LSD 

100.00 
200.00 -43.800 20.156 .051 -87.72 .12 

500.00 -165.400
*
 20.156 .000 -209.32 -121.48 

200.00 
100.00 43.800 20.156 .051 -.12 87.72 

500.00 -121.600
*
 20.156 .000 -165.52 -77.68 

500.00 
100.00 165.400

*
 20.156 .000 121.48 209.32 

200.00 121.600
*
 20.156 .000 77.68 165.52 

Games-

Howell 

100.00 
200.00 -43.800

*
 9.896 .016 -76.03 -11.57 

500.00 -165.400
*
 22.855 .004 -245.33 -85.47 

200.00 
100.00 43.800

*
 9.896 .016 11.57 76.03 

500.00 -121.600
*
 24.464 .008 -199.51 -43.69 

500.00 
100.00 165.400

*
 22.855 .004 85.47 245.33 

200.00 121.600
*
 24.464 .008 43.69 199.51 

*. The mean difference is significant at the 0.05 level. 

 
 

 

 


