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Abstract
In grids, resource co-allocation is required in situations where applications require
simultaneous availability of multiple resources throughout their execution period. Simultaneous
availability of the required resources within the time period of start time and end time of the
application is essential for successful completion of the application. The selection of appropriate
resources for co-allocation so that the desired resource utilization is achieved for the resource
providers as well as the quality of service requirements of the resource consumers are satisfied, is
performed by the co-allocation algorithm in a broker. This research presents co-allocation
algorithms that take advantage of the different steps in the co-allocation process for ensuring
effectiveness of the algorithms. Performance analysis of the co-allocation algorithm is performed
using simulations. A thorough analysis of the simulation results and key observations in terms of
system performance are presented in this thesis.
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Chapter 1

Introduction
1.1 Background
In recent years, demands for high performance computational capabilities, extensive
communication and data usage, has been ever increasing. The size and complexity of
applications increase as advances in technology add more computational capabilities to
hardware. Applications become more sophisticated and their requirements often exceed the
resource capabilities available within a single organization. Maintaining dedicated high resource
capabilities within a single organization and to accommodate the increasing resource demands of
the applications is very costly. To accommodate these changing needs and challenges,
organizations have moved from a centralized computing architecture towards a distributed
computing architecture. Distributed computing provides a more scalable solution for the
problems that the resource intensive applications produce. However, the scalability in distributed
computing is limited by the number of resources available at the organizations. The need for
sharing of resources that are geographically distributed becomes prominent to overcome these
scalability problems. Advances in Internet technologies and high-speed networking capabilities
allow the geographically distributed resources to become accessible for distributed computing
with minimal cost.

Grid computing provides an effective and scalable distributed solution for applications with
high demands for computing, communication and storage. Instead of dedicating resources for
applications within the administrative domain, grid computing enables the sharing, selection and
aggregation of a pool of independently controlled and administrated resources available in
1

multiple organizations. A set of grid standards allows secured and coordinated access of
heterogeneous resources that are geographically distributed and reside in different administrative
domains [FOS-02]. The heterogeneous nature of the grid resources and the fact that they are
independently controlled and administrated by different administrative domains provides many
challenges for both grid resource consumers and providers to overcome. Resource providers
need to ensure that their resources are shared by resource consumers so that an effective
utilization of resource and revenue is achieved. Resource consumers need to ensure that required
resources are available for their applications and that these resources meet their requirements.
The common requirements of grid applications include, meeting quality of service requirements,
required resource capabilities, and availability of multiple resources for parallel tasks.

This thesis explores the challenges in co-allocating resources for applications that consist of
parallel tasks that need to be co-allocated on multiple resources so that they can run
simultaneously. These applications require all resources and their communication links between
one another to be available throughout the execution period of these applications. The diverse
nature of these resources, network communication latencies and different scheduling policies
from different administrative domains, makes the co-allocation of these resources a challenging
task for resource brokers. Inefficient co-allocation of resources may result in poor utilization of
resources. There have been several research studies done in the context for co-allocation of
resources.

2

1.2 Motivation for the Thesis
Grid systems provide effective, scalable and flexible environments for grid applications, by
enabling sharing, selection, and aggregation of a wide range of distributed resources that are
independently controlled and administrated. Grid applications are generally resource intensive
and have high demands for memory, storage, and processing power. Parallel computing has been
one of the essential requirements for high performance grid applications. Some of the examples
of such applications are:

data intensive communication using multiple channels, resource

intensive multimedia applications, scientific research computations and geo-processing.
Available resources from a single administrative domain often fail to fulfill the increasing
demands of application requirements, thus forcing the design and deployment of such
applications to move towards grid computing [JOS-1].

Allocating resources for applications that require parallel computing, is a challenging task
even in a single multiprocessor system. These applications require guaranteed simultaneous
availability of all the required resources throughout the execution period of the applications.
Unavailability of a single required resource during the execution of the application might
compromise the execution of the entire application. The diverse nature of resources, network
communication latencies and different scheduling policies from different administrative
domains, makes the resource co-allocation process more challenging in grid environments.
Advance reservation solves these problems by reserving the required resources in advance to
guarantee their availability at the scheduled start time and during the execution period of the
application. Advance reservations of resources also help to provide quality of service guarantees
to the resource consumer.

3

Choosing the appropriate resources for co-allocation plays a key role in meeting the
resource provider's goals of optimized resource utilization. Since co-allocation involves
reservation of multiple resources to ensure the simultaneous availability, special care has to be
given when selecting the resources. Reserving the required resources in advance without the
considerations of dynamic characteristics of the resources and in an uncontrolled manner, may
downgrade system performance [SID-06]. Appropriate control of advance reservation of
resources is necessary for meeting the objectives of both resource providers and consumers. This
thesis focuses on co-allocation strategies that can help the resource providers to achieve
optimized system performance while providing QoS guarantees to resource consumers.

In recent years, cloud computing has emerged as a new and promising paradigm for
providing computational resources based on Service Level Agreements (SLA) to computing
service users (consumers) [BUY-09]. Cloud computing offers services making resources
available on demand to consumers and enables users to increase or decrease the resource
capacity they consume based on their requirements [ARM-09]. Resource management in cloud
computing share common grounds with grid computing and existing techniques for resource
management on grids can be extended to cloud computing. Co-allocation techniques presented in
this research can also be applied in cloud computing environments to serve applications that
demand simultaneous allocations of multiple resources.

1.3 Contributions of the Thesis
The main contributions of the thesis are listed.

4

•

New co-allocation algorithms that explore various ways to provide enhanced system
performance to resource providers while ensuring quality of service for resource
consumers.

•

The co-allocation algorithms introduced in the thesis were compared with an algorithm that
evaluates each possible resource combination for allocation, In spite of having a lower
complexity in comparison to this algorithm that performs an exhaustive search in the
solution space, the co-allocation algorithms introduced in this thesis provided a comparable
performance for a range of parameter values experimented with.

•

An understanding of what information regarding system state leads to a high performing
algorithm.

•

Insights into effects of various workload and system parameters on the performance of coallocation algorithms. These insights are based on the results of running a simulator that
was devised for this research.

•

Comparisons of the proposed algorithm for determining the best and worst strategies for
selecting resources and their impacts on system performance.

1.4 Thesis Outline
The thesis comprises six chapters. Chapter 2 provides an overview of grid computing, grid
resource access and management and related work on resource co-allocation. Chapter 3 gives a
detailed view of resource co-allocation and proposes new algorithms to solve the co-allocation
problems. The simulation model is explained in chapter 3, providing details about experimental
setup, workload and system parameters and performance metrics. Chapter 4 discusses the
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performance results of the proposed algorithms for various workloads and presents a comparison
of the algorithms. Chapter 5 concludes the thesis and discusses directions for future research.

Chapter 2

Background
2.1. Overview of Grid Computing
A grid is a collection of geographically distributed resources that are independently
controlled and administrated by the organizations that owns them. Grid systems provide a set of
standards to allow organizations to share these resources on grid applications on an as-needed
basis. The term, "the grid", originated from power grids to capturing their similarities in
providing electricity on demand. The main objective of grids is to make the computational
power available for applications on demand as easily as the electric power grid provides
consistent, pervasive, dependable, transparent access to electricity, irrespective of its source, to
consumers. Since the mid 1990s, considerable progress has been made towards grid standards
and the definition of grid has evolved to accommodate new grid standards. An early definition of
the grid given by Ian Forster, widely regarded as one of the 'fathers of the grid', is as follows:
"A computational grid is a hardware and software infrastructure that provides
dependable, consistent, pervasive, and inexpensive access to high-end computational
capabilities." [FOS-1]
The definition of grid was later refined as more research was done on improving grid computing
standards. As a complete definition of grids, Ian Forster defines grids in three points.
1) "coordinates resources that are not subject to centralized control..."
2) "... using standard, open, general-purpose protocols and interfaces"
3) "... to deliver nontrivial qualities of service.'''1 [FOS-02]
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The first point empathizes that a grid system consists of a pool of resources that are
independently controlled in different administrative domains and makes them available to
resource consumers. A distributed computing environment that is subject to centralized control
cannot fall in the category of grids. The second point empathizes that a grid is not an application
specific system with a set of closed standards. Grid is built using a set of standards, open
interfaces and protocols that addresses the fundamental issues including resource discovery,
resource access, user authentication and authorization. The third point states that a grid enables
controlled and coordinated use of its resources to fulfill users' quality of service demands. These
demands include meeting execution deadlines, resource availability, security related issues and
availability of resources for simultaneous execution.

2.1.1 Types of Grids
Grids can be categorized by the type of resource that they provide. In general grids often
provide more than one type of resource for sharing. Researchers have tried to classify grids in
various ways based on their functionality. However, there is no single standard way for
characterizations of grids. Based on the intentions of resource sharing, grids can be categorized
into the following categories: computational grids, data grids and service grids.

2.1.1.1 Computational Grids
Computational grids provide higher aggregate computational capabilities for resource
intensive applications. This is the most commonly used grid type. Resource providers provide
computational resources, whose intent is to provide computational power with resource
consumers. Depending on how computing capabilities are utilized, computational grids can be
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categorized into two forms: distributed supercomputing and high-throughput computing [KRA1]. Applications requiring distributed supercomputing are generally more complex and highly
resource intensive. Grid environments are well suited for these types of applications. On the
other hand, applications requiring high-throughput computing consist of streams of incoming
jobs [KRA-1].

One example of a computational grid is the TeraGrid which is an open scientific
discovery infrastructure [TER-1].

2.1.1.2 Data Grids
Data grids deal with the controlled sharing and management of many distributed data
storage devices. Data grids provide specialized infrastructures to applications for storage
management and data access. Maintaining high resource capacity within a single organization
tends to be costly. Data grids can provide a powerful platform for data mining operations. They
can also be cost effective and highly scalable. Some of the well known examples for storage
grids are the Amazon S3 [AMA-1] and The European DataGrid Project [WIL-1].

2.1.1.3 Service Grids
Service grids are grids that are service oriented. The main focus of service grids is to
provide quality of service guarantees to users. Most common applications that use service grids
are on-demand applications, real-time multimedia applications, and collaborative applications.
On-demand service grids make specialized services accessible to users on demand. Multimedia
grids provide infrastructure for real-time multimedia applications. Grids provide support for

9

collaborative needs to ensure that continuous real-time interactions between users are
established. The flexible, secure and scalable nature of grid environments provides a powerful
platform for service oriented grid applications [KRA-1].

2.1.2 Workload of Grids
The workload for grids consists of requests that are made for the execution of grid
applications on grid resources. This section discusses two possible request types that the resource
consumer can make.

2.1.2.1 On-Demand Requests
On-demand requests are the most common requests made in grid environments.
Applications that these requests are made for, are queued to be scheduled on resources. The
resource providers do not provide any quality of service guarantees for on-demand requests. The
requests are typically served on a best effort basis.

2.1.2.2 Advance reservation Requests
Advance reservation requests are made for applications that begin execution at a time in
the future. These requests are used for applications that require QoS guarantees. An advance
reservation request includes all the information about the application for the required resources
to be reserved. These requests consist of the earliest possible start time of the application, the
deadline of the application, which indicates the time that the application must finish its
execution, and the execution duration of the application.
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2.1.3 Resource Access and Management in Grids
Grids enable the sharing, selection and aggregation of geographically distributed resources
for resource consumers. Grid resources are often heterogeneous, independently administrated,
controlled by different administrative domains that they belong to, and are accessed through the
wide area network. Resource providers have different objectives for sharing resources and their
scheduling policies differ from each other. The grid consumer might have to use resources from
multiple administrative domains collaboratively. Grid computing has grown larger than what it
was originally meant for as applications became larger and more complex. Grid applications
require coordinated and controlled access and management of resources in order to meet
resource consumer requirements. Consumer satisfaction is measured via the QoS provided by the
grid in terms of availability, performance, resource access, and flexibility. This makes resource
management in grids a key area of focus.

For a large scale distributed computing environment like a grid system, traditional
distributed computing approaches based on centralized policies are not suitable. The integration
of hierarchal and decentralized approaches with economical models, are suitable for grid
environments [BUY-00]. With these approaches, the grid resource broker mediates the
interactions between the resource provider and consumer. The broker has access to information
about all available resources. The consumers interact with resource brokers for executing their
applications on grid resources. The Broker takes care of all the steps necessary for executing
these applications.

The following sub-sections discuss the steps involved in grid resource management.
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2.1.3.1 Resource Discovery
In Grids, the first step for selecting a grid resource for application execution is the resource
discovery process. Grid resource discovery can be described as a process of matching dynamic
and static resource characteristics, to a set of application requirements [IAM-01]. The nature of
the grid environment adds many challenges to this process. In grids, resource information and
states change dynamically as resource providers introduce new resources or remove resources
from being shared or from being available. For applications that require multiple resources to run
collaboratively, accurate matching of resource characteristics and applications requirements is
important for uninterrupted execution.

In grids, resource information about available resources is stored in Grid Information
Services (GIS). As a resource directory service, it maintains/updates the information provided by
resource providers and makes that information available upon request [PLA-02]. There have
been several research and implementations done on GIS. One such implementation is provided
through the Globus Toolkit and it is called the Globus Monitoring and Discovery System (MDS)
[GMDS-1]. MDS provides standards for registration and discovery of grid resource statuses and
configurations. The resource information data is structured into a decentralized structure that
adds scalability. The MDS architecture consists of two main components: Globus Resource
Information Service (GRIS) and the Globus Index Information Service (GIIS). The GRIS
component provides a uniform means of querying resources to retrieve their current
configuration and capabilities. GIIS collects the resource information and provides the collective
level indexing and searching functions. GRIS and GIIS interact with each other to keep resource
details up-to-date. Other considerable research on GIS is done through the Global Grid Forum
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Performance Working Group. Their implementation is called the Grid Monitoring Architecture
(GMA). The goal of GMA is to provide a minimal specification that will support required
functionality and allow interoperability [GMA-1].

Once resources that match the grid application requirements have been discovered,
application jobs are submitted to these resources directly.

2.1.3.2 Advance Reservations
As discussed in section 2.3, the grid workload can be categorized into two different types
depending on characteristics of the request for application execution. On-demand requests are
most common requests that are satisfied on a best-effort basis. Applications that on-demand
requests are made for are submitted to resource(s) immediately after the resource discovery
process is complete. Advance reservation requests are made for applications that begin execution
at a certain time in the future. Advance reservation requests include the details about the
application such as the earliest start time, the deadline of the application, and the estimated
execution duration of the application. The advance reservation process is a process for obtaining
a resource's capability over a defined time interval through negotiations with the resource
provider to ensure the guaranteed availability of the resource [XIN-04]. Usage of advance
reservation (AR) provides a powerful mechanism for providing quality of service guarantees to
the resource consumers.

The advance reservation concept is used in many other areas such as reservation
protocols, RSVP [SCH-98] and ST-II [REI-95], and routing algorithms for networks with
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advance reservations [GUE-00]. Usage of advance reservation in grids is first introduced in the
Globus Architecture for Reservation and Allocation (GARA) discussed in [FOS2-99]. Advance
reservation is used in GARA to provide QoS guarantees for the applications that require
simultaneous execution on multiple resources. AR enables the required resources to be reserved
in advance and ensures their guaranteed availability. AR has been used in several other contexts
such as grid based architectures for dynamic optical networks [LAV-04] and architectures for
data-intensive collaboration [FOS-03]. Although AR provides a powerful platform for ensuring
QoS guarantees for resource consumers, it may create problems on the resource provider's end
such as under-utilization of the resources and maintenance issues due to the dynamic behavior of
grids [SID-06]. By holding resources for the reservation time period, AR may harm the flexible
resource scheduling that can help to achieve optimized utilization.

2.1.3.3 Matchmaking
Matchmaking in grids is the process of selecting a single resource or a single resource set
for a grid application in such a way that minimum application requirements are met and overall
system performance is optimized. The main concern in matchmaking is performance and
efficiency. A matchmaker can use different criteria for achieving the optimized system
performance.

Matchmaking is investigated in several researches. In [RAM-98], the matchmaking
framework presented uses a semi-structured data model, classified advertisements (classads), to
describe resources. Resources are selected based on their ranking. In [CAS-00], an application
level scheduling system is presented where matchmaking is done using different heuristics to
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minimize the job completion time. In [SNM-07, BUY2-00, BUY-02, BUY3-00], matchmaking is
based on computational economy.

2.1.3.4 Co-allocation
In grids, Co-allocation of resources is required for applications that need simultaneous
availability of multiple resources throughout their execution period. One of the examples for
applications that need co-allocation of resources can be a data transfer application that uses an
optical communication link which consists of multiple channels. Each channel is a resource and
the application requires all channels for a complete data transfer. If one or more required
resources are not available during the execution, the application cannot start its execution.
Reserving the resources in advance is the most effective way to ensure simultaneous availability
of multiple resources in multiple domains [FOS2-99]. The main focus of this thesis is coallocation strategies for advance reservation (AR) requests.

Figure 2-1 shows an example of how co-allocation of resources is done for an application
that consists of two parallel tasks (Tl and T2). Both application tasks need to be scheduled
simultaneously within the same time window. Resources Rl and R2 are found for Tl
considering the type of resources that Tl needs to be scheduled on, and their availabilities.
Similarly, resources R3 and R4 are found for T2. In Figure 2-1, the boxes shaded in blue indicate
the busy periods for the resources.

From Figure 2-1, resources R2 and R3 are selected for co-allocation because they have
idle periods that can allow simultaneous allocation of the application tasks (within ts and te) for a
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duration of the application's execution time. Although all resources have idle periods that can
allocate the application tasks, simultaneous allocation of resources for both tasks is possible with
R2andR3.

Rl

R2
R3
R4

t
Figure 2-1: An example of resource co-allocation for an application that consists of two
parallel tasks.

2.1.4.5 Job Submission and Monitoring
Once the resources are selected for a grid application or advance reservation is made,
application tasks are submitted to the resources. A set of grid standards for task submission to
resources, monitoring the progress of the task and notifications for successful completion of task
execution, makes this process robust and easy for the resource consumers. Job submission and
monitoring are challenging tasks in grid environments due to security concerns, the
heterogeneous nature of resources and network related concerns [MAT-1]. Some notable
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implementations of architectures for job submission are Globus Resource Allocation Manager
(GRAM) developed by Globus Alliance [CZA-98] and GridSAM Architecture [GSAM-1].
These systems provide a set of Application Provider Interfaces (API) for job submission and
monitoring functionalities to resource consumers. They also provide Service provider Interfaces
(SPI), which is configurable by resource providers. Job submission is generally a single
command operation or a script that executes a set of commands depending on the API of the
platforms used.

Once the job is submitted, progress can be monitored. This is essential for debugging,
failure detection and job rescheduling purposes. Monitoring the system should provide current
status information about tasks running on resources and provide notifications upon the
occurrence of certain events such as system failure and job completion [BAL-03].

2.2 Overview of Cloud Computing
Cloud computing that has a number of similarities with grid computing has started
receiving a great deal of attention. A Cloud is a collection of virrualized computing and data
storage resources that offers computational and data storage services to consumers based on
Service Level Agreements (SLA) [BUY-09]. Based on consumer demands, cloud computing
offers readily available services which enable users to increase or decrease the resource capacity
they consume [ARM-09]. Consumers can determine the required service level through Quality of
Service (QoS) parameters and SLAs. Clouds are available to the consumers in different forms
including private and public clouds. Public clouds can be used by all users at large. Notable
public cloud environments are available from Google, Amazon, Microsoft Oracle/Sun and
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Canonical/Eucalyptus. Amazon's Elastic Compute Cloud (EC2) [AMA-3] and Elastic Block
Store (EBS) [AMA-2] are good examples for public cloud environments. Private cloud
technologies, where the cloud software is loaded on resources accessed by single group, in an
enterprise for example, are available from VMware, Eucalyptus, Citrix and Microsoft.

A large portion of resource management techniques for grids can be extended to the
domain of cloud computing. Resource co-allocation algorithms presented in this thesis can be
applied to resource management in cloud computing.

2.3 Background on Resource Co-Allocation
This section describes the existing grid frameworks that support co-allocation of
resources. It includes a discussion on a representative set of existing works on co-allocation
algorithms.

2.3.1 Frameworks that Support Co-Allocation
Several research groups have focused on developing grid middleware systems that support
co-allocation of resources. This section presents brief descriptions of some of the notable works.

The Globus Architecture for Reservation and Allocation (GARA) provides a layered
architecture that supports resource access and management functionalities, resource discovery,
reservation, allocation, co-allocation and co-reservation. It takes advantage of advance
reservation to support co-allocation of resources with QoS guarantees to the applications. Usage
of AR is first introduced in GARA [FOS-99]. Although GARA provides a framework that
supports co-allocation, it does not present any algorithms that can be used to effectively select
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resources for co-allocation or determine the best schedule time for the application to start it's
execution of the resources selected.

Grid Advance Reservation-based Scheduling Framework (GARS) is an advance
reservation-based resource co-allocation framework proposed by National Institute of Advanced
Industrial Science and Technology (AIST). The framework uses Web Services resource
Framework (WSF) / Grid Security Infrastructure (GSI) and a two-phased commit (2PC)
protocol, which supports the generic and secure advance reservation of resources. 2PC protocol
allows the reservation process to be completed in a non-blocking manner, simultaneously. This
makes GridARS a scalable and more effective co-allocation framework [TAK-07].

Highly-Available Robust Co-scheduler (HARC) is a co-allocation framework that is
deployed in several infrastructures such as TeraGrid [TER-1] and UK National Grid Service
[UKNG-1]. The framework supports a powerful fault tolerant co-allocation process by taking
advantage of its Three-phase Commit Protocol based on the Paxos consensus algorithm [LAM1]. Co-allocation with HARC is achieved in two steps. First, Resource Manager Components are
contacted for timetable information of resources by the clients. Second, based on an analysis of
this information, a set of resources are selected and reservation requests are sent to the Acceptor
Component of the framework. The framework does not present any algorithms for selecting
suitable resources [MAC-11].

2.3.2 Related Work
In this section, co-allocation algorithms and other related works are presented.
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In [CAS-09], an efficient online algorithm is presented for co-allocating recourses that
provides support for advance reservations. The design of the algorithm is mainly driven by its
scalability aspect in large-scale distributed system environments. The algorithm makes the
resource search efficient by organizing the temporal availabilities of resources into a two
dimensional tree data structure based on their start time and end time. The algorithm first
performs a tree-based search to find suitable resources that can start the application at the earliest
possible time. If resources are found for all application tasks during the first iterations, the
request is accepted. If not, the same step is repeated with a new start time. The new start time is
calculated by incrementing the previous start time by a pre-determined value. Searches are
repeated until resources are found and the application tasks can be scheduled to execute at the
same time, or after the number of iterations has reached a pre-configured max value. The request
is rejected if resources are not found for all application tasks.

The algorithm presented in [CAS-09] takes advantage of advance reservation techniques for
co-allocating resources. However the algorithm does not provide any QoS guarantees for the coallocation requests. Instead it tries to reduce the complexity and co-allocate resources at the
earliest available time, but do not consider other aspects such as optimizing the resource
utilization. Since the algorithm is simplified to ensure the scalability for large-scale distributed
systems, it may reject requests that shouldn't be rejected.

In [ZHA-06] a set of adaptive selection algorithms to co-allocate resources is presented. In
this study authors utilize a batch scheduler (that uses first-come-first-serve policies) with
backfilling support to schedule incoming jobs. Backfilling is used to improve the system
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utilization by identifying idle periods in nodes and moving forward smaller jobs that fit into
those nodes. There are two different multisite resource selection algorithms proposed - optimal
and greedy adaptive resource selection algorithms. For each co-allocation request, both
algorithms try to select resource combinations based on the heuristic values calculated for each
combination. The heuristic value calculation incorporates network bandwidth and latency
between the nodes. The greedy resource selection algorithm employs the greedy heuristic for all
tasks in the request. The optimal resource selection algorithm enumerates all the resource
combinations for best performance. Performance metrics are calculated based on relative
computation costs of the resources.

Batch scheduling techniques typically implement first-come-first-serve (FCFS) policies and
are difficult to extend to support advance reservations [ZHA-06]. Pure FCFS policies lead to
high fragmentation of resource, low utilization of resources and limited scheduling flexibility.
Since there is no support for advance reservation, requests with QoS requirements cannot be
served.

In [WAN-03], a co-allocation algorithm which tries to schedule the application tasks on
resources at the earliest possible time is presented. The algorithm selects resources for each task,
one after the other. The task that can be scheduled the latest, considering the availabilities of the
resources it requires, is chosen as the first task. Resources selected for the first task determines
the start time of the application. Resources for all other tasks are selected so that the selected
resources have the least communication delay, with the resource selected for the first task. The
co-allocation request is rejected when required resources for all the tasks are not found.
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The algorithm presented in [WAN-03] allows the first task to be the bottleneck task. The
algorithm presented in this work, only consider the communication delay with the resource
selected for first task, for selecting resources for the other tasks. It also keeps the resource
selected for the first task fixed and tries to select resources for other tasks for that particular
resource's availability. This might lead to a very inefficient co-allocation of resources.

In [DEC-07], a co-allocation algorithm which is an extension of Heterogeneous-EarliestFinish-Time algorithm [TOP-02] is presented. The co-allocation process starts with a randomly
selected task and the grid resource that gives the lowest earliest-finish-time (EFT) for the task, is
selected, and an initial co-allocation window is set. Resources for other tasks are searched to
allocate them within the co-allocation window. When two or more resources are found for a
particular task, the one that gives the EFT is selected. For a particular task, if none of the
resources are available to allocate the task within the current co-allocation window, a new coallocation window is determined accordingly and all reservations made for the previous tasks are
cancelled. The co-allocation process is restarted again for the new co-allocation window. After
resources for all the tasks have been selected, start time of the final co-allocation window, is
selected as the scheduled time for the application.

The algorithm presented in this paper focuses on ensuring that the co-allocation of resources
produces EFT. This approach may not give the best results when considering communication
delays, and resource utilization. Requests with deadlines do not require earliest-finish-time as
long as their deadline is satisfied. The algorithms presented in this thesis consider other more
useful aspects than earliest-finish-time for co-allocation requests.
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In [FAR-07], three different co-allocation algorithms are presented. The co-allocation
process in all the algorithms starts with determining a set of all possible resource combinations
that can accommodate all the application tasks for the period of application's execution time. Coallocation algorithms presented in [FAR-07] differ between each other in the methods that they
use for selecting a resource combination form the set. Co-allocation algorithm, RAN/RAN
selects the resource combination randomly. The other co-allocation algorithms select the
resource combination based on the relative speeds of the resources in the combination. A cost
factor is calculated for each combination using the relative speeds of the resources in the
combination. The best combination from the set is determined based on the cost factor values.
The resources of the combination selected are reserved at the earliest possible start time. The
request is rejected when no resource combinations are found.

Even though the algorithms presented in this thesis can provide an effective coallocation, they don't scale for large-scale systems. The size of resource combinations increases
exponentially with the number of resources.
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Chapter 3

Resource Co-Allocation
In grids, resource co-allocation is required in situations where applications require
simultaneous availability of multiple resources throughout their execution period. Parallel
computing has been one of the essential requirements for high performance grid applications.
Some examples of such applications are: data intensive communication using multiple channels,
resource intensive multimedia applications, scientific research computations and geo-processing.
Such applications need to use multiple resources simultaneously so that component jobs of the
applications can execute at the same time. Brokers that support co-allocation of resources need to
ensure that different jobs of the Grid application are scheduled to execute at exactly the same
time on different resources in potentially different domains. Co-allocation process should
consider the resource provider's priority for optimizing system performance while meeting QoS
constraints of resource consumers.

The system performance achieved by a broker depends on the co-allocation algorithm
used by the broker. The goal of a co-allocation algorithm is to determine the suitable scheduledtime and resources for each co-allocation request in such a way that system performance is
optimized. It seeks to minimize work rejected by the system while meeting the QoS and coallocation constraints of the applications. The most effective way to ensure guaranteed
simultaneous availability of multiple resources in multiple domains is to reserve the resources in
advance [FOS2-99]. Inefficient selection of resources for co-allocation might lead to
performance deterioration in grids. If not managed carefully an AR that needs to hold multiple
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resources for the reservation time period, an AR can reduce the flexible resource scheduling that
can help to achieve optimized utilization.

This thesis focuses on co-allocation algorithms for advance reservation requests (ARs)
with laxity. Laxity of an AR is the difference between deadline of the application and the time at
which it would finish executing if it starts executing at its earliest start time. Laxity adds
flexibility to the scheduling by allowing more choices for the scheduled time of the application
[FAR-07]. Advance reservation is used to ensure the simultaneous availability of resources and
meet the QoS constraints of the applications. Once allocated each resource is used by the same
application task for the entire duration of the application execution. Such a system is used in the
context of ARs by other researches as well. Thesis addresses the problem of co-allocation by
dividing the co-allocation process into several steps. There are 16 different co-allocation
algorithms presented in this thesis. They use different approaches in two different steps of the coallocation process, Start task selection and Next task selection. For each step, a different set of
sub-algorithms is proposed. Two sets with 4 sub-algorithms in each, makes their 16
combinations to focus on different aspect in co-allocating the resources. Section 3.1, discusses
the steps that the co-allocation algorithms follow and presents the two sets of sub-algorithms.

3.1 Resource Co-Allocation Algorithms
All algorithms proposed in this thesis, have a common flow in co-allocating resources for
grid applications that consist of concurrent task that need to be scheduled on multiple resources
within the same time window. They try to select a resource for each application task, one by one.
Resources selected for an application task is influenced by the resources selected for the previous
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tasks. The algorithms make sure that resources are selected for all of the application tasks and
they can be scheduled to execute in the same time window. There are two key steps in the coallocation process which play crucial roles in determining the efficiency of the algorithms. One
is when selecting the application task to co-allocation process. The other is when selecting
resources for the remaining task.

Advance reservation requests made for grid application that require co-allocation, carry all
necessary details about the application. The application corresponding to an AR is characterized
by the following parameters.
•

Earliest Start Time (tssi)
o

•

This indicates the earliest time at which the application can start executing.

Deadline = (tD)
o

This indicates the time by which the application needs to complete its execution
on the resources.

•

Service Time = (tET)
o

This indicates the execution time of the application.

All tasks in a grid application that require co-allocation have the same IEST , tD and tETFollowing are the steps that the algorithms follow during the co-allocation process.

Step 1: In this step, algorithms determine resource candidate sets for each application task. The
resource candidate set for a task, consists of a set of all the available resources that the task, Ti
can be allocated for a duration of IET in the time window, [tssT-tD ]• Each resource in the
candidate set of a task, may be able to execute the task at different intervals within tEsT and to.
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Overlap between candidate sets of one or more tasks are handled accordingly during the coallocation process.
Step 2: In this step, a set of time intervals is determined for each task. An interval set of a task
consists of all time intervals on all resources in the candidate set at which the task can be
scheduled. Each interval in the set should be able to schedule the task for a duration of X^j. Each
resource may contribute multiple intervals within IEST and to.
Step 3: The next step of the algorithm, is to pick an application task, called the start task, to start
the resource selection process. This step is crucial for the algorithm's efficiency. Choosing the
appropriate application task to start the co-allocation process is important. There are four subalgorithms (1A, IB, IC and ID) proposed for selecting the start-task. They follow different
approaches and consider different situations for selecting the start task. These sub-algorithms
determine the start task as well as the resource and time interval in the resource, for which the
task is to be allocated on the resource. The interval selected becomes the allocation window that
is used in the following iterations which select resources for the remaining tasks. The start-task is
kept same throughout the iterations for selecting resources and intervals for all the remaining
tasks.
Step 4: After determining the start-task and the allocation, algorithms try to select resources for
all the remaining tasks in several iterations. For each iteration, a resource is selected for one of
the remaining tasks in which the task can be scheduled simultaneously. The time interval
selected with the start task is used as the initial co-allocation window. Co-allocation window is
the time frame in which the application tasks are to be allocated simultaneously. For each
remaining task, a resource is selected in such a way that it has an interval with duration greater
than or equal to tET within the current co-allocation time window. Current co-allocation window
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is adjusted after each iteration according to the interval selected. Figure 3-1 shows how the coallocation window is adjusted after two iterations. In the figure, Ti is the start-task. After
intervals for T2 and T3 are selected current co-allocation window for T4's iteration is adjusted
according to the intervals selected for T2 and T3.
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Figure 3-1: An example of how co-allocation window is adjusted

During an iteration, if no time interval can be found to schedule an application task
within the current co-allocation window, resources selected for previous tasks are released and
the co-allocation process is repeated with the next time interval in the set for start task. Next
interval of the start task is selected in accordance with the sub-algorithm used for selecting the
starting task. For example, if the sub-algorithm selects a task with largest interval in its interval
set as the start task, next largest within the interval set is selected as the next interval. There are
four sub-algorithms (IE, IF, IG and IH) proposed for selecting the next-task.
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The co-allocation request is rejected when all application tasks cannot be co-allocated for
a duration of tET within

IEST

and to after performing resource selection iterations for all the

intervals in start-task's interval set.

If all tasks can be co-allocated in the same time window, resources selected for the tasks
are reserved for the duration of tET and the co-allocation request is accepted. The start time of
the final co-allocation window becomes the execution start time of the application.

Following sections discusses the sub-algorithms used for selecting a resource/interval for
the application tasks. Table 3-1 lists all the sub-algorithms proposed in this thesis.

3.1.1 Start-Task Selection Sub-Algorithms
Start-Task sub-algorithms play a major role in the co-allocation algorithm. It determines
the first application task to start the resource co-allocation process with. The task selected is
referred as the start-task and determines the co-allocation time window for the rest of the
iteration. These sub-algorithms determine both the resource and interval in the resource for the
start-task.
The following sections discuss the sub-algorithms used for selecting the start-task.

3.1.1.1 Sub-Algorithm 1A - First Task with Largest Interval
Sub-Algorithm 1A (First Task with Largest Interval) compares the largest interval in each
application task's interval set with other application tasks' largest intervals. It selects a task that
has the largest interval than the other application tasks. The selected task becomes the start-task
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and the interval and resource that has the interval are also selected. When there is a tie between
one or more application tasks, next largest interval is considered to break the tie.

Larger intervals are given priority in the sub-algorithm because it can add more flexibility
when choosing the resources and intervals for the remaining tasks.

3.1.1.2 Sub-Algorithm IB - First Task with Smallest Interval
Sub-Algorithm IB (First Task with Smallest Interval) compares the smallest interval in
each application task's interval set with other application tasks' smallest intervals. It selects a
task that has the smallest interval than the other application tasks. The selected task becomes the
start-task and the interval and resource that has the interval are also selected. When there is a tie
between one or more application tasks, next smallest interval is considered to break the tie.

Smallest interval selection approach taken in this sub-algorithm may lead to a 'best-fit'
resource selection for co-allocation while leaving the larger intervals to larger applications.

3.1.1.3 Sub-Algorithm IC - First Task with Latest Available Interval
Sub-Algorithm IC (First Task with Latest Available Interval) compares the latest
available interval in each application task's interval set with other application tasks' latest
available intervals. It selects a task that has the latest interval than the other application tasks.
The selected task becomes the start-task and the interval and resource that has the interval are
also selected. When there is a tie between one or more application tasks, next latest available
interval is considered to break the tie.
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The approach taken in this algorithm attempts to push the co-allocation towards the
deadline of the application and leave the earliest intervals to the applications with earlier
deadlines.

3.1.1.4 Sub-Algorithm ID - First Task with Earliest Interval
Sub-Algorithm ID (First Task with Earliest Available Interval) compares the earliest
available interval in each application task's interval set with other application tasks' earliest
available intervals. It selects a task that has the latest interval than the other application tasks.
The selected task becomes the start-task and the interval and resource that has the interval are
also selected. When there is a tie between one or more application tasks, next earliest available
interval is considered to break the tie.

The approach taken in this algorithm can lead to the application scheduled at the earliest
possible time and leave the later intervals to the applications with later deadlines.

3.1.2 Next-Task Selection Sub-Algorithms
These sub-algorithms are used for selecting resources and intervals for the remaining
tasks after the start-task selection. Start-task's interval becomes the initial co-allocation window.
Co-allocation window is the time slot available for remaining tasks to be allocated within. The
resources to be chosen for the remaining tasks need to have interval that can allocate the task
within the co-allocation window. The sub-algorithms choose the resources and intervals for the
remaining tasks so that simultaneous allocation of resources can be achieved within the co-
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allocation window. The next-task selection algorithm plays the role of selecting the appropriate
resource and interval for each application task.

Table 3-1: List of Start-Task and Next-Task Selection Sub-algorithms
Sub-algorithm Prefix

Sub-algorithm

Start-Task Selection Sub-algorithms
1A

First Task with Largest Interval

IB

First Task with Smallest Interval

IC

First Task with Latest Available Interval

ID

First Task with Earliest Available Interval

Next-Task Selection Su b-algorithms
IE

Resource with Smallest Leftover Time

IF

Resource with Largest Leftover Time

IG

Resource with Highest Utilization

IH

Resource with Lowest Utilization

3.1.2.1 Sub-Algorithm IE - Resource with Smallest Leftover Time
Sub-Algorithm IE (Resource with Smallest Leftover Time) selects a resource that
produces the smallest leftover time within the co-allocation window. The resource that has this
interval is also selected. Leftover time is calculated as:
Leftover time = duration of current co-allocation window — execution time
of the application

(3.1)
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When there is a tie between one or more resources, next smallest leftover time intervals
of the resources are taken into consideration to break the tie.

This approach attempts to fill in smaller intervals while leaving larger intervals for the
other applications.

3.1.2.2 Sub-Algorithm IF - Resource with Largest Leftover Time
Sub-Algorithm IF (Resource with Largest Leftover Time) selects a resource that
produces the largest leftover time within the co-allocation window. The resource that has the
interval is also selected. When there is a tie between one or more resources, next largest leftover
time intervals of the resources are taken into consideration to break the tie.

This approach attempts to leave a longer leftover space in the interval in which the other
applications may be scheduled.

3.1.2.3 Sub-Algorithm IG - Resource with Highest Utilization
Sub-Algorithm IG (Resource with Highest Utilization) selects a resource that has the
highest utilization than other resources in the time frame: [tssT, to]. The resource that has this
interval is also selected. When there is a tie between one or more resources, a resource is
randomly selected.

This approach can lead to a high utilization of the resources used in co-allocation.
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3.1.2.4 Sub-Algorithm IH - Resource with Highest Utilization
Sub-Algorithm IH (Resource with Highest Utilization) selects a resource that has the
lowest utilization than other resources in the time frame: [t£ST, to]. The resource that has this
interval is also selected. When there is a tie between one or more resources, a resource is
randomly selected.

This approach prioritizes fairness among the resources.

3.2 Simulation Model
3.2.1 Experimental Setup
A simulator was developed to simulate the grid environment, so that the performance of
the co-allocation algorithms can be evaluated. It captures different aspects of grid resources, grid
applications and their interactions and ensures that a realistic grid environment is modeled. This
section discusses the different entities of the simulation model and the workload model used in
the simulation.

3.2.1.1 System Architecture
Figure 3-2 shows the system architecture and interactions between the entities. The grid
system consists of a collection of resources that reside in multiple administrative domains. All
resources register themselves with the Grid Information Service (GIS) entity. GIS in grids, keeps
a registry of all the resources registered with it. Grid users submit their requests to the broker.
The broker discovers the resources using a GIS. It then chooses appropriate resources that suit
the QoS constraints of the resource consumer captured in the co-allocation request and schedule
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the application on the resources selected. This system architecture is developed as the simulation
environment of this thesis. GridSim ToolKit is used to build the simulator. GridSim ToolKit is
discussed in the next section.

3.2.2 GridSim ToolKit
The GridSim toolkit is a Java based library that allows modeling and simulation of
entities in parallel and distributed computing environments [BUY 1-02]. The toolkit helps to
develop a simulation environment with heterogeneous resources, resource brokers. Network
configurations and other aspects of grid environments can also be configured using the toolkit. It
allows researchers to conduct repeatable and controlled experiments to evaluate the performance
of grid resource management and application scheduling algorithms. GridSim toolkit is userfriendly and can be learnt with a few weeks of effort.
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3.2.3 Simulation Entities
This section describes various grid entities, which make up the simulation environment
used in this research. These entities are implemented using the GridSim Toolkit described in
section 3.3.2.
Configuration of these entities and implementation of the simulator for the co-allocation
algorithms were performed during this Master's thesis research.

3.2.3.1 Source
Source entity is used to simulate the grid users. A single GridSim user entity is used to
generate all user requests to the broker. Workload is modeled using the workload parameter
values (discussed in section 3.3.3.2). Experimental data collection and computations of
performance metrics are also done in the source entity.

3.2.3.2 Broker
Broker entity is the core component of the simulation environment. It is responsible for serving
requests from the source. Co-allocation algorithms are executed in the broker. Upon arrival of a
user request at the broker, a co-allocation algorithm is executed to determine whether to accept
or reject the request. The algorithm also selects the suitable resources and determines the
scheduled time for the request.

3.2.3.3 Grid Information Service (GIS)
GIS is responsible for maintaining a registry of the resources in the grid environment.
The broker queries the GIS to get the list of available resources. In a grid environment, GIS can

36

be geographically distributed in order to keep the registry spread across multiple GIS entities. In
this research, a single GIS is used and is appropriate for this research that focuses on coallocation of resources.

3.2.3.4 Resource
In the simulation environment, a number of different types of resources are created. All
the resources used in this research have advance reservation capabilities. Application tasks are
scheduled on the type of resource that they request for.

Every resource has a resource characteristics component that contains all the records
about the resource. The broker determines suitable resources for a user request using the resource
characteristics.

A resource interface is used by the broker to access the resource characteristics and for
interactions with the resources. This information is used in the co-allocation algorithms.

3.2.3.5 Requests
All requests made by the user in the simulation environment are co-allocation requests.
Each request is made by a grid application that consists of a number of parallel tasks, which need
to be scheduled within the same time window. In GridSim Toolkit, tasks are represented by
gridlets. Thus, each request consists of a number of gridlets, which characterizes the application
tasks. The requests also include other details about the applications such as earliest start time,
deadline and execution time.
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3.2.4 Performance Metrics
This section discusses the performance metrics used in this thesis to evaluate the coallocation algorithms. Performances of the algorithms are compared using the Blocking Ratio
(B), Percentage of Work Rejected (WR), Utilization (U) and Fairness (QR), for various workload
and system parameters. The following sub-sections describe the performance metrics in details.

3.2.4.1 Percentage of Work Rejected (WR)
Percentage of Work Rejected (WR) measures what portion of the work is rejected by the
broker. It is the ratio between sum of the total work of all the requests rejected and the sum of the
total work of all the requests submitted. It can be calculated as the following formula.
WR =100 * (Sum of the Total Work of the Requests Rejected by the
System/ Sum of the Total Work of All the Requests Submitted)

(3.2)

Total work of each request is calculated by summing their execution times. Since all tasks in a
co-allocation request have the same execution window, it can be calculated by multiplying the
execution time of the application by the number of application tasks.

3.2.4.2 Blocking Ratio (B)
Blocking Ratio (B) is the ratio between the number of requests rejected by the broker and
the number of requests submitted. Requests are rejected by the broker because their deadline
cannot be met. It can be calculated as:
B = (Total Number of Requests Rejected / Total Number of Requests) *100

(3.3)

The Total Number of Requests, N, is fixed at 6000 for each simulation run (See table 4-1).
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3.2.4.3 Utilization (U)
Utilization (U) measures the fraction that the resources are in use. Average value of the
resource utilization is calculated and used in performance comparison. U can be calculated as:
U = Sum of the Busy Units of Time for All the Resources / (Total
Observation Time * Total Number of the Resource)

(3.4)

3.2.4.4 Fairness (QR)
Fairness measures the ability of the system to treat large and small applications equally.
Fairness is calculated as:
Fairness (QR) = (average total work of all requests rejected / average
total work of all requests submitted)

(3.5)

The metric is used to determine how the algorithms would handle scenarios with different
proportions of small and large applications. A value of 1 for QR indicates that the algorithm
treats the small and large applications equally. A value greater than 1 for QR, (the numerator
higher than the denominator) indicates that the algorithm is discriminating against the large
applications because the average total work for rejected jobs is higher than the average total
work for all jobs submitted. A value less than 1 for QR, (the numerator lower than the
denominator) indicates that the algorithm is discriminating against the small applications over
large applications because the average total work for rejected jobs is lower than the average total
work for all jobs submitted.

3.2.5 Workload and System parameters
This section describes the workload and system parameters considered in this research.
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3.2.5.1 System parameters
This section describes the system parameters that are used to configure the simulation
entities.
Number of Resources: This parameter refers to the number of resources in each resource type
used in the simulation.

Number of Resource Types: This parameter refers to the number of resource types used in the
simulation. Application tasks are scheduled on the resources that match the resource types they
require.

3.2.5.2 Workload Parameters
Workload parameters are used to model the workload used in the simulations. In each
experiment, one or more of these parameters are varied and the performance of the co-allocation
algorithms evaluated.

Number of Parallel tasks: This parameter refers to the number of application tasks in each
request. This parameter is generated by using a uniform distribution and the default value of this
parameter is generated by using uniform distribution and the default values for lower and upper
bounds are 2 and 6 respectively.

Arrival Rate (X): Arrival rate is the rate at which requests arrive on the system. The Poisson
arrival process is used to characterize the arrival of requests in this research. The Poisson arrival
process is used in several other research works (see [FAR-03] and [RCP-01] for example). The
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parameter, X, is the number of arrivals per second. The default value of A, used in this thesis is 0.4
arrivals per second.

Service Time: This parameter refers to the execution time of an application corresponding to a
request. In a co-allocation request, all application tasks have the same execution time. The
service time is assumed to be uniformly distributed and the default values of the lower bound and
the upper bound are 10 minutes and 90 minutes respectively. A similar modeling of service time
is used in several other researches (see [MAJ-09] and [SUL- 04] for example).

Earliest Start Time: This parameter refers to the earliest possible time that the application can be
executed on the resources. This is modeled using a delay parameter, which is uniformly
distributed with a lower bound of 0 hours and an upper bound of 10 hours. The earliest start time
of the request is calculated by adding the value of the delay parameter with the arrival time of the
request. This method ensures more realistic modeling of the earliest start times for the user
requests.

Laxity: Laxity of an AR request is defined as the ratio of the difference between the deadline and
the earliest start time, and its execution time:
Laxity = (Deadline - Earliest start time) /Execution time

(3.6)

Laxity influences the deadline of the application. The following equation is used to calculate the
deadline of the application.
Deadline = Earliest start time + (Laxity * Execution time)

(3.7)
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3.2.6 Verification of Simulation Results
This section discusses the various ways used to verify the validity of the simulation runs
performed in this thesis.

3.2.6.1 Manual Verification
To validate the simulation runs performed in this research, some verifications are
performed manually with the aid of debugging and reporting functionalities of the programming
environment. Simulation results are compared with manually calculated results using interim
results collected throughout the simulation run. Several states of the simulation environment are
also recorded and verified to ensure correctness of the simulation model.

3.2.6.2 Little's Law
Little's Law [LIT-61] was also used for verifications of the simulation experiments.
Little's Law states that the mean number of requests in a system is equal to the product of the
mean response time and the system throughput. Values of these parameters were recorded during
simulation runs and the relationship among them was verified using little's Law.

42

Chapter 4

Performance Analysis
This chapter discusses the results of various simulation experiments conducted for
evaluating the performance of the co-allocation algorithms proposed in this thesis. The
simulation model developed (see Chapter 3) to simulate the grid environment to capture different
aspects of grid resources, grid applications and their interactions. It also provides a controlled
environment to conduct experiments that can be used to effectively study the performance of the
co-allocation algorithms.

The simulation model that was used for the experiments, has been discussed in detail in
Section 3.3.1 while the workload model used in the experiments, has been discussed in Section
3.3.3. To evaluate the performance of the algorithms, a factor at a time approach is used. In each
simulation experiment, all workload and system parameters are held at their default values while
varying the parameter (factor) of interest. Varying a single parameter helps identify the impact of
that parameter on the performance of the algorithms.

As discussed in Section 3.3.3, default

values for these parameters, were chosen carefully to ensure that the simulation setup can
effectively evaluate the performance of the co-allocation algorithms. Table 1 shows the list of
system and workload parameters and their default values used in the experiments.

4.1 Objectives
The objectives of this chapter are to compare the co-allocation algorithms proposed in
this thesis. As discussed in earlier sections, the algorithms are combinations of two sets of subalgorithms. Each sub-algorithm focuses on a different aspect and can impact the performance of
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the algorithm. Experiments were conducted to analyze the effect of various workload and system
parameters that can examine the performance of the algorithms. Each simulation run considered
6000 request arrivals. The simulation run for a given combination of system and workload
parameters was repeated multiple times. Each performance metric reported is an average
computed over these multiple runs.
Table 4-1: Default Values of System and Workload parameters
Value
Parameter
Workload parameters
Arrival Rate, X

0.4/ mins

Total Number of Requests, N

5000

Number of concurrent tasks, I

U(2,6)

Difference between request arrival time U(0,10) hours
and tEsT, DEST

Execution time, tET

U(10, 90) mins

Laxity, L

2

System Parameters
Number of Resource Types, J

6

Number of resources in each type, Mj

15

4.2 Impact of Co-Allocation Algorithms on Performance
In order to study the performance of the co-allocation algorithms, workloads with coallocation advance reservation requests is used. Following sections discuss the results of
experiments conducted and the impact that a given workload parameter has on the performance
of the algorithms. Performance metrics used in these experiments have been discussed in Section
3.3.2.
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4.2.1 Comparison of the Sub-Algorithms
This section studies the performance of co-allocation algorithms proposed in this thesis.
As discussed in earlier sections, there are 16 different algorithms derived in this thesis by using
different approaches in the two different steps in the co-allocation process. Two sets with 4 subalgorithms in each are proposed (see Section 3.1). Each sub-algorithm in a set contributes
differently to the efficiency of the algorithm combination. Each sub-algorithm in a set is
compared with others in the set while keeping the sub-algorithm from the other set the same in
the pair: start-task selection and next-task selection sub-algorithms. For example, to evaluate the
best and the worst start-task selection sub-algorithms, their combinations with the same next-task
selection algorithm, are used. In this way, the sub-algorithm can be evaluated against others to
choose the best and the worst within the set. This section studies the effectiveness of the subalgorithms and the combinations.

All user requests used in the experiments are co-allocation advance reservation requests
with laxity. Laxity allows flexibility to the allocation of resources to the grid applications. As
discussed in section 3.3.3, arrival of the requests, are modeled as a Poisson arrival process with
arrival rate k. Each request is made for a grid application that requires multiple resources to be
allocated simultaneously during its execution period. Application tasks may require different
types of resources. Once the request arrives at the broker end, the broker tries to select and
allocate resources for the application. Co-allocation algorithm plays the role of selecting
appropriate resources for the grid application.
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4.2.1.1 Performance Comparisons of Start-task Selection Sub-Algorithms
Figures 4.1 - 4.6 show the impact of varying arrival rate for the set of sub-algorithms
responsible for selecting the start-task in the algorithm combination. In the graphs shown, subalgorithm IE (Resource with Smallest Leftover Time) is used as the next-task selection subalgorithm. During the experiment, the arrival rate, A, is varied between 0.05 and 1 requests per
min. Figure 4.1 shows the impact of arrival rate on Blocking Ratio. Each line in the graph
corresponds to a combination of sub-algorithms, where each combination consists of a start-task
selection sub-algorithm and the next-task selection sub-algorithm, IE (Resource with Smallest
Leftover Time). Figure 4.1 shows that as the arrival rate increases, B increases for all the subalgorithms 1A-1D. As the arrival rate increases, the competition for resources increases and the
rate of rejection increases. For low and high arrival rates, differences among these first-task
selection sub-algorithms are not visible. This is because when A, is at very low values, the
competition for resources is low and all the four sub-algorithms are able to accept most requests.
Similarly, for very high A values, the resources tend to saturate reducing the difference in
performance of the sub-algorithms. However, at the intermediate arrival rates the difference in
performance of sub-algorithms is significant. For a better understanding, intermediate arrivals
are further illustrated in Figure 4-2 that presents an expanded version of a part of Figure 4-1 that
corresponds to a range of intermediate arrival rates. Between the sub-algorithms IC (First Task
with Latest Available Interval) and ID (First Task with Earliest Available Interval), IC (First
Task with Latest Available Interval) showed better performance. Pushing the resource allocation
towards the deadline, tends to give rise to a better performance than choosing the earliest
available schedule time for the application. Between IB (First Task with Smallest Interval) and
1A (First Task with Largest Interval), IB demonstrates a better performance. Choosing a
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resource with a smaller free interval and leaving the resources with larger free intervals for future
allocations tends to reduce resource fragmentation and improves performance. In the start-task
selection algorithms set, IC (First Task with Latest Available Interval) and 1A (First Task with
Largest Interval) showed the best and the worst performances respectively in terms of B, than the
others. Selecting a resource that pushes the resource allocation towards the deadline seems to
give rise to the best system performance by leaving the resources with earlier intervals free for
future allocations. Selecting a resource with largest available interval leads to the worst
performance by using up the larger free intervals that could have been used for future resource
allocations.

Figure 4-3 shows the impact of arrival rate on Utilization. Utilization (U) indicates how
the resources are utilized. Higher utilization indicates better performance as resource providers
wants higher utilization of the resources they provide.

For all arrival rates, difference in

utilization is clearly visible. In comparison using U, IC (First Task with Latest Available
Interval) and ID (First Task with Earliest Available Interval) showed the best and the worst
performances respectively. Selecting a resource that can push the allocation farther towards the
deadline, leaves the resources with earlier intervals free for future allocations. This improves
resource utilization. 1A (First Task with Largest Interval) shows the second worst performance
in terms of resource utilization among the start-task selection algorithms.

Figures 4-4 and 4-5 shows the impact of arrival rate on percentage of the work rejected
by the broker (WR). WR indicates how much of the work submitted rejected by the broker. Lesser
WR indicates better performance. Similar to B, as the arrival rate increases, WR increases. For
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lower and higher arrival rates, differences in performances of the first-task selection subalgorithms are small. As intermediate arrival rates the sub-algorithms perform differently from
one another. Similar to the comparisons using B, IC (First Task with Latest Available Interval)
and 1A (First Task with Largest Interval) shows best and worst performances respectively. By
pushing the resource co-allocation towards the deadline (IC) of the application, more workload
is accepted by the broker. Choosing a resource with the largest available free interval for the
start-task (1 A) tends to give rise to a poorer system performance. This is because using up larger
free intervals for the tasks, hurts the future allocation of resources to larger applications.
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Figure 4.6 shows the impact of arrival rate on fairness for the requests (QR). QR indicates
how fairly large and small request are treated by the broker. QR closer to 1 indicates a better
performance. When QR is higher than 1, larger requests are accepted more than smaller requests.
Similarly when QR is lower than 1, smaller requests are accepted more than larger requests.
Ability of the algorithm's to treat small and large grid applications equally determines the
effectiveness of the algorithm. Sub-algorithm 1A (First Task with Largest Interval) demonstrates
the best performance for most arrival rates in terms of QR. At very low arrival rates, when
competition for resources is low, all the sub-algorithms demonstrate a similar fairness. Also at
high arrival rates at which the resources tend to get saturated, all the sub-algorithms demonstrate
a comparable fairness.
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In Figures 4-2 and 4-5, the differences in performance of the sub-algorithms are larger for
a range of intermediate arrival rates. Results presented in all these figures, indicate that IC (First
Task with Latest Available Interval) and 1A (First Task with Largest Interval) demonstrates the
best and the worst performance respectively.

Figure 4.6 demonstrates a non-monotonic behavior for all the sub-algorithm
combinations displayed in the figure. At very low arrival rates none of the requests are rejected,
leading to a fair system (QR = 1). It is interesting to note that for a range of intermediate values
of arrival rates QR < 1 is achieved. This implies the rejection of a higher number of small jobs at
these arrival rates. QR is observed to improve at higher arrival rates.

4.2.1.2 Performance Comparisons of Next-task Selection Sub-Algorithms
Figures 4-7 - 4-10 show the impact of varying anival rate on performance achieved by
the set of next-task selection sub-algorithms in the algorithm combination. In the graphs shown
the start-task selection sub-algorithm is kept same, to IC (First Task with Latest Available
Interval). Start-task, IC (First Task with Latest Available Interval), is chosen because it is the
best sub-algorithm in its set and in terms of B, combinations with IC (First Task with Latest
Available Interval) shows more visible performance differences than combinations with other
first-task sub-algorithms. Next-task sub-algorithms are compared with each other using all the
four performance metrics.

As observed with Figures 4-1 - 4.6, the next-start selection sub-algorithms perform
comparably at low and high arrival rates. In Figure 4-7 and 4-10, intermediate arrival rates result
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in differences in performance of the sub-algorithms. Results indicate that IG (Resource with
Highest Utilization) and IH (Resource with Highest Utilization) demonstrates the best and the
worst performance respectively.
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B is an important parameter because it reflects the ability of the system to accept requests
and has a direct impact on the revenue earned by the resource provider on a market oriented grid.
Thus, B is chosen as the performance metric to be used for determining the best and the worst
sub-algorithms. From B values observed for the sub-algorithms, it is concluded that for the firsttask selection sub-algorithm set, IC (First Task with Latest Available Interval) and 1A (First
Task with Largest Interval) showed the best and worst performance respectively. Similarly, in
the next-task selection sub-algorithm set, IG (Resource with Highest Utilization) and IH
(Resource with Highest Utilization) showed the best and the worst performance respectively.
From further analysis, it was found that the algorithm combination that includes both best subalgorithms achieves the best performance. Similarly the algorithm combination that includes
both worst sub-algorithms achieves the worst performance. The results of performance
comparisons for various workload parameters are presented in Table A.l - Table A. 10 included
in the Appendix. As can be clearly seen in majority of the cases (each case captured in a specific
row of a given table) IC (First Task with Latest Available Interval), IG (Resource with Highest
Utilization) gives rise to lowest B whereas 1A (First Task with Largest Interval), IH (Resource
with Highest Utilization) produces the highest B. Thus, IC (First Task with Latest Available
Interval), IG (Resource with Highest Utilization) is referred to as the best and 1A (First Task
with Largest Interval), IH (Resource with Highest Utilization) as the worst performer.

The experimental results indicate that using the latest available interval in choosing the
resources for the first task (IC) and using the highest utilized resource in choosing the resources
for the remaining tasks (IG) leads to a high system performance. Choosing the best and the
worst combination allowed us to focus only on two combinations rather than 16 different
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combinations in the remaining experiments. Impact of varying other workload and system
parameters on system performance achieved by the best and the worst combinations wraps the
behavior of all 16 combinations.

4.2.1.3 Effects of Arrival Rate on Co-allocation Algorithms
Figures 4-11 - 4-14, shows the impacts of varying arrival rates on best and worse
algorithm combinations, IC (First Task with Latest Available Interval), IG (Resource with
Highest Utilization) and 1A (First Task with Largest Interval), IH (Resource with Highest
Utilization). In the graphs, the difference in performance of the algorithms, are clearly visible for
intermediate arrival rates because the performance shows the accumulated effectiveness of the
best and the worst sub-algorithm choices.

In Figure 4-11, as expected, values observed for intermediate arrival rates show a
significant difference in performance. For lower and higher arrival rates difference is not visible.

In figure 4-12, values observed for U shows higher difference for higher arrival rates.
This indicates that the IC (First Task with Latest Available Interval), IG (Resource with Highest
Utilization) combination becomes more effective when the competition for resource is really
high. This is because sub-algorithm IG tries to choose highly utilized resources for application
tasks while IH (Resource with Highest Utilization) tries to choose lowly utilized resources for
the application tasks. Allocating tasks to highly utilized resources first and leaving the resources
with lower utilizations for future allocations seems to give rise to a higher performance. The gap
between utilizations achieved by the combinations tends to widen as arrival rate increases
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leading to an increase in competition for resources. IC (First Task with Latest Available
Interval), IG (Resource with Highest Utilization) outperforms 1A (First Task with Largest
Interval), IH (Resource with Highest Utilization) for intermediate arrival rates in terms of both
WR and QR (See Figures 4-13 and 4-14). In Figure 4-14, it is observed that for most arrival rates,
QR values for IC (First Task with Latest Available Interval), IG (Resource with Highest
Utilization) Combination are closer to 1 compared to QR values for IC (First Task with Latest
Available Interval), IG (Resource with Highest Utilization) Combination. A QR values closer to
1 indicates that the algorithm combination is treating large and small applications fairly, thus the
combination showed better performance.

4.2.2 Effect of Laxity
This section focuses on determining the effect of the request's laxity on performance. In
this experiment laxity values are varied while keeping the other parameters at their default
values. Deadline of a request is determined by using Equation 3.6 in Section 3.3.5.2.5. Varying L
helps to evaluate the impact the amount of this flexibility in the requests, has on the system
performance of the algorithm combinations. In this experiment, L is varied between 1 and 5.
Higher the laxity the higher is flexibility in scheduling the request.

As expected, in Figure 4-15, as L increases B is decreases. This is because an increase in
the flexibility associated with a request increases its probability of being schedulable. The gap
between the B values of combinations 1A (First Task with Largest Interval), IH (Resource with
Highest Utilization) and IC (First Task with Latest Available Interval), IG (Resource with
Highest Utilization) widens as L increases. Allowing more flexibility in scheduling resources for
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application tasks lets 1A (First Task with Largest Interval), IH (Resource with Highest
Utilization) to select lower utilized resources. This leads to poorer resource selection when using
1A (First Task with Largest Interval), IH (Resource with Highest Utilization) as L increases.
However IC (First Task with Latest Available Interval), IG (Resource with Highest Utilization)
combination handles the flexibility more effectively and shows better performance for larger L.

Figure 4-11: Comparison of algorithms 1A, IH and IC, IG using the impact of arrival rate
on Blocking Ratio (B)
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Figure 4-13: Comparison of algorithms 1A, IH and IC, IG using the impact of arrival rate
on Percentage of Work rejected (WR)

59

Figure 4-14: Comparison of algorithms 1A, IH and IC, IG the using impact of arrival rate
on Fairness (QR)

In figures 4-16, utilization increases as L increases. Similarly in figure 4-17, WR is observed to
be decreasing as L increases. However the performance differences in both graphs, is observed
during the intermediate L values. This shows that higher performance difference can be achieved
when intermediate L values are used.

In figure 4-18, it is seen that IC (First Task with Latest Available Interval), IG (Resource
with Highest Utilization) outperforms 1A (First Task with Largest Interval), IH (Resource with
Highest Utilization) as QR values of IC (First Task with Latest Available Interval), IG (Resource
with Highest Utilization) tend to be closer to 1 for most L values.
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Figure 4-16: Comparison of algorithms 1A, IH and IC, IG using the impact of laxity on
Utilization (U)
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Figure 4-17: Comparison of algorithms 1A, IH and IC, IG using the impact of laxity on
Percentage of Work Rejected (WR)

4.2.3 Effect of Start Time Delay
In this section, impact of Start Time Delay on the performance of the co-allocation
algorithms is analyzed. As discussed in section 3.3.3,
request to get TESx. As mean

DEST

decreases,

TEST

DEST

is added to the arrival time of the

of the requests are squeezed together and

competition between them increases because a lower mean

DEST,

pushes the

TEST

of the requests

closer to their arrival time.

In figure 4-19, it can be observed that as competition decreases, B decreases and the gap
between performance of 1A (First Task with Largest Interval), IH (Resource with Highest
Utilization) and IC (First Task with Latest Available Interval), IG (Resource with Highest
Utilization) increases. This is because at higher mean

DEST,

tEST of the requests are spread in time

and the flexibility to schedule them increases. When the flexibility in scheduling is higher, IC
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(First Task with Latest Available Interval), IG (Resource with Highest Utilization) combination
handles the co-allocation more effectively by choosing best-fit highly utilized resources than 1A
(First Task with Largest Interval), IH (Resource with Highest Utilization). Similarly Figure 4-21
shows that WR decreases as mean DEST increases.

In Figures 4-21 and 4-22, it can be observed that IC (First Task with Latest Available
Interval), IG (Resource with Highest Utilization) outperforms 1A (First Task with Largest
Interval), IH (Resource with Highest Utilization) for all values of mean DEST-

1.2

0.8

e
£
£

0.6

-1A,1H

•1C,1G

0.4

0.2

0

I

0

1

1

1

1

2

1

1

1

3

1

r

4

Laxity

Figure 4-18: Comparison of algorithms 1A, IH and IC, IG using the impact of laxity on
Fairness (QR)
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Figure 4-19: Comparison of algorithms 1A, IH and IC, IG using the impact of Start Time
Delay on Blocking Ratio (B)

Figure 4-20: Comparison of algorithms 1A, IH and IC, IG using the impact of Start Time
Delay on Utilization (U)
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Figure 4-21: Comparison of algorithms 1A, IH and IC, IG using the impact of Start Time
Delay on Percentage of Work Rejected (WR)

Figure 4-22: Comparison of algorithms 1A, IH and IC, IG using the impact of Start Time
Delay on Fairness (QR)
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4.2.4 Effect of the Number of Tasks
This section presents an analysis of the impact of the number of application tasks (I) on
performance of the algorithms. By default, I, is uniformly distributed between 2 and 6 with a
mean of 4. In this experiment, multiple uniform distributions are used to model the number of
tasks and the means of these distributions are indicated on the x-axis. As seen in Figures 4-23, 424, 4-25 and 4-26, the variability in number of application tasks didn't have significant impact
on the performance metrics.
The results show that IC (First Task with Latest Available Interval), IG (Resource with
Highest Utilization) performs slightly better than 1A (First Task with Largest Interval), IH
(Resource with Highest Utilization) for all values of the number of tasks experiments for all the
performance metrics.
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Figure 4-23: Comparison of algorithms 1A, IH and IC, IG using the impact of Number of
Tasks on Blocking Ratio (B)
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Figure 4-24: Comparison of algorithms 1A, IH and IC, IG using the impact of Number of
Tasks on Utilization (U)

Figure 4-25: Comparison of algorithms 1A, IH and IC, IG using the impact of Number of
Tasks on Percentage of Work Rejected (WR)
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Figure 4-26: Comparison of algorithms 1A, IH and IC, IG using the impact of Number of
Tasks on Fairness (QR)
4.2.5 Effect of Service Time
This section focuses on determining the effect of the mean application execution time
(t£T) on performance. In this experiment, tET is uniformly distributed and mean tET values are
varied while keeping the other parameters at their default values. Uniform distribution is used to
model tET values for the experiment, similar to the work in RCA-02. Mean tET is used in
calculations for the distribution's upper and lower bounds. The upper and the lower bound values
are obtained by multiplying 0.5 and 1.5 with mean tET respectively.

As mean tET increases, requests for larger applications are generated in the workload.
Requests for larger application hold the resources for a longer period of time increasing the
competition for resources. As expected, Figure 4-27 shows that as mean tET increases, B
increases. Performance difference between IC (First Task with Latest Available Interval), IG
68

(Resource with Highest Utilization) and 1A (First Task with Largest Interval), IH (Resource
with Highest Utilization) is more visible for intermediate mean tET values. This is because for a
lower mean service time the competition for resources is low and most requests are accepted. For
very high mean service time the competition for resources is so high that a large proportion of
requests is rejected and both 1A (First Task with Largest Interval), IH (Resource with Highest
Utilization) and IC (First Task with Latest Available Interval), IG (Resource with Highest
Utilization) display smaller differences in system performance.

In figure 4-28, it shows that as mean tET increases, U increases. This is because longer
application, gives higher utilization of resources. In figure 4-27, WR increases as the mean
service time increases. However, since B increases with mean service time U seems to level off
after a certain value of mean service time is reached. For intermediate mean tET values, the
difference in performance between IC (First Task with Latest Available Interval), IG (Resource
with Highest Utilization) and 1A (First Task with Largest Interval), IH (Resource with Highest
Utilization), is clearly visible. Such behavior is similar to the one predicted for the system
behavior captured in Figure 4.29. In Figure 4-30, fairness values of IC (First Task with Latest
Available Interval), IG (Resource with Highest Utilization) tends to be closer to 1 as compared
to 1A (First Task with Largest Interval), IH (Resource with Highest Utilization), indicating that
IC (First Task with Latest Available Interval), IG (Resource with Highest Utilization) treats the
large and small applications more fairly. In all the Figures 4-27 - 4-30 IC (First Task with Latest
Available Interval), IG (Resource with Highest Utilization) displays a higher performance as
compared to 1A (First Task with Largest Interval), IH (Resource with Highest Utilization).
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Figure 4-27: Comparison of algorithms 1A, IH and IC, IG using the impact of Mean
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Figure 4-28: Comparison of algorithms 1A, IH and IC, IG using the impact of Mean
Service Time on Utilization (U)
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Figure 4-29: Comparison of algorithms 1A, IH and IC, IG using the impact of Mean
Service Time on Percentage of Work Rejected (WR)

Figure 4-30: Comparison of algorithms 1A, IH and IC, IG using the impact of Mean
Service Time on Fairness (QR)
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4.2.6 Performance Comparison of the Proposed Co-Allocation Algorithms with the
RAN/RAN Co-Allocation Algorithm
This section discusses the performance comparison of co-allocation algorithms proposed
in this thesis and the RAN/RAN algorithm presented in [FAR-07]. As discussed in section
Chapter 2, the co-allocation algorithm presented in [FAR-07], uses a combination-based
approach for solving the co-allocation problem. For each co-allocation request, all possible
available resources combinations are derived and one combination is chosen for co-allocation.
Although RAN/RAN has high computational complexity, it evaluates all possible combinations
and thus has the potential of generating low B values. Thus, it was chosen as the reference for
performance comparison.

Figure 4-29 shows the comparison of algorithms IC (First Task with Latest Available
Interval), IG (Resource with Highest Utilization) and 1A (First Task with Largest Interval), IH
(Resource with Highest Utilization) with co-allocation algorithm, RAN/RAN. The experiment is
conducted with the workload and system parameters set to their default values and the arrival
rate(X) is varied. It seems that B for RAN/RAN lies between the B of IC (First Task with Latest
Available Interval), IG (Resource with Highest Utilization) and 1A (First Task with Largest
Interval), IH (Resource with Highest Utilization) for most arrival rates.

As seen in Figure 4-29, IC (First Task with Latest Available Interval), IG (Resource with
Highest Utilization) outperforms RAN/RAN even though RAN/RAN examines all possible
combinations for co-allocation. RAN/RAN randomly selects a feasible resource combination and
does not look at the current state of the resources. However IC (First Task with Latest Available
Interval), IG (Resource with Highest Utilization) uses resources state information to effectively
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pick resources for co-allocation and this makes the co-allocation process to adapt the system
conditions effectively. IC (First Task with Latest Available Interval), IG (Resource with Highest
Utilization) provides a comparable system performance to RAN/RAN which requires higher
computations in co-allocation process.
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Figure 4-31: Comparison of algorithms 1A, IH and IC, IG with RAN/RAN

Table 4-2: Comparison of the Algorithm Execution Time Delay of 1C,1G and 1A,1H with
RAN/RAN
Algorithms

RAN/RAN
1C,1G
1A,1H

Case 1 — Default
Parameter Values
(in milliseconds)
183
122.93
119.93

Case 2 - High No. of
Tasks(I = U(2,10))
(in milliseconds)
587.8
207.4
209.53

Case 3 - High No. of
Resources (J x Mj = 6
x 20 =120)
(in milliseconds)
592.467
227
225.267
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Table 4-2 shows a comparison of execution times for IC (First Task with Latest
Available Interval), IG (Resource with Highest Utilization) and 1A (First Task with Largest
Interval), IH (Resource with Highest Utilization) with that for RAN/RAN. Three different cases
are tested. In each case, the broker entity is run on the same machine (with Processor Speed: 2.26
GHz, Memory: 4GB, OS: Windows 7). In case 1, the system and workload parameters are kept
at their default values during the simulation. In case 2 and case 3 a higher Number of Task (I)
and a higher Number of Resources are used respectively. All the other parameters are held at
their default values. The differences in execution time between RAN/RAN and algorithms IC
(First Task with Latest Available Interval), IG (Resource with Highest Utilization) and 1A (First
Task with Largest Interval), IH (Resource with Highest Utilization) seem to be high. These
differences are observed to increase as the number of application tasks and number of resources
increase (as seen in cases 2 and 3). The algorithmic complexity of RAN/RAN increases its
execution time greatly, particularly in case 2 and 3, as compared to IC (First Task with Latest
Available Interval), IG (Resource with Highest Utilization) and 1A (First Task with Largest
Interval), IH (Resource with Highest Utilization).

4.3 Summary
The simulation experiments described in this chapter show that that the sub-algorithm
combination IC (First Task with Latest Available Interval), IG (Resource with Highest
Utilization) demonstrates the best performance for most combinations of the workload
parameters. Although inferior, a number of other sub-algorithm combinations demonstrated a
performance that is close to that of IC (First Task with Latest Available Interval), IG (Resource
with Highest Utilization). Using IC (First Task with Latest Available Interval) in the selection
of the first-task and IG (Resource with Highest Utilization) in the selection of the next task
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seems to be the most effective in making a co-allocation decision. The effect of key system and
workload parameters on system performance is discussed.

Both the arrival rate and the mean task execution time tET control the system load: an
increase in any of these parameters leads to a higher load on the system. The difference in B
values achieved by IC (First Task with Latest Available Interval), IG (Resource with Highest
Utilization) and 1A (First Task with Largest Interval), IH (Resource with Highest Utilization)
that gave rise to the best and the worst performance

respectively seems to be high at

intermediate values of system load. For low and high system loads all the sub-algorithm
combinations are observed to perform comparably. A significant difference between the
utilization, U, achieved by IC (First Task with Latest Available Interval), IG (Resource with
Highest Utilization) and 1A (First Task with Largest Interval), IH (Resource with Highest
Utilization) is observed at higher system loads. A difference of approximately 7.86%, is
observed for example, at X=0.3 (see Figure 4.11. The relationship between WR and system load
follows the same pattern as B: a substantial difference between IC (First Task with Latest
Available Interval), IG (Resource with Highest Utilization) and 1A (First Task with Largest
Interval), IH (Resource with Highest Utilization) is observed at intermediate system loads. For
most workload parameters, IC (First Task with Latest Available Interval), IG (Resource with
Highest Utilization) gives rise to the best fairness metric QR. By producing a QR close to 1, IC
(First Task with Latest Available Interval), IG (Resource with Highest Utilization) treats both
large and some jobs in an equitable fashion. It is interesting to note that the mean number of
tasks I has minimal impact on the relative performance of IC (First Task with Latest Available
Interval), IG (Resource with Highest Utilization) and 1A (First Task with Largest Interval), IH
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(Resource with Highest Utilization) (see Figure 4-23 for example). A more detailed discussion of
the relationship between system and workload parameters and performance is presented in
Section 5.2.
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Chapter 5

Conclusions
5.1 Summary
In grids, resource co-allocation is essential in situations where applications require
simultaneous availability of multiple resources throughout their execution period. Resource
brokers that support co-allocation of resources need to ensure that the application tasks are
scheduled to execute at the same time on different resources in potentially different domains.
The broker also needs to ensure that both the resource provider's priority of optimized system
performance and QoS constraints of the resource consumers are satisfied.

As discussed in Section 2.2, resource management in cloud computing share common
grounds with grid computing and existing techniques for resource management on grids can be
extended to cloud computing. Co-allocation algorithms and the performance analysis presented
in the thesis, can also be applicable to clouds.

This thesis focuses on co-allocation allocation algorithms for Advance reservation (AR)
requests with laxity. Advance reservation is used to ensure the simultaneous availability of
resources and meet the QoS constraints of the applications. The thesis presents 16 different
algorithms that solve the co-allocation problem effectively. Even though all the algorithms have
a common flow and try to select a resource for each application task, one by one, they differ in
two key steps of the co-allocation process which play crucial roles in determining the efficiency
of the algorithms. One step corresponds to selecting the first-task to start the co-allocation
process with. The other corresponds to selecting resources for the remaining tasks. A request is
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accepted when resources for all of the application tasks are selected and they can be scheduled to
execute in the same time window.

To evaluate the algorithms, a simulator is devised for comparing the performance of the
various co-allocation algorithms. Workloads used in the experiments are controlled by a number
of workload parameters. A factor at a time approach is used to evaluate the impact that different
workload and system parameters have on the performances of the algorithms. Performance
metrics used in the performance analysis, are Blocking Ratio (B), Percentage of Workload
Rejected (WR), Utilization (U) and Fairness (QR)

5.2 Summary of Performance Analysis
This section presents a summary of key observations made from the simulation results.
•

Blocking Ratio is an important performance metric. For most workload parameters, the
start-task selection algorithms, IC (First Task with Latest Available Interval) and 1A
(First Task with Largest Interval), showed the best and the worst performances in terms
of B respectively. Selecting a resource with the latest available interval (IC) seems to
give rise to the best system performance. Selecting a resource with the largest interval
(1A) leads to the worst performance. Although inferior, performances of IB (First Task
with Smallest Interval) and ID (First Task with Earliest Available Interval) were close to
that of IC (First Task with Latest Available Interval).

•

For most workload parameters, the next-task selection sub-algorithm, IG (Resource with
Highest Utilization) and IH (Resource with Highest Utilization), showed the best and the
worst performance in terms of B respectively. Choosing a highly utilized resource (IG)
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when compared to choosing a less utilized resource (IH) for an application task, gives
rise to a better performance. Although inferior, the performances of IE (Resource with
Smallest Leftover Time) and IF (Resource with Largest Leftover Time) were close to
that of IG (Resource with Highest Utilization).
•

Combining both best sub-algorithms and both worst sub-algorithms respectively gives
rise to the best and the worst sub-algorithm combinations, IC, IG (Resource with Highest
Utilization) and 1A (First Task with Largest Interval), IH (Resource with Highest
Utilization) respectively, as far as the Blocking Ratio is concerned.

•

The performance difference between the combinations 1A (First Task with Largest
Interval), IH (Resource with Highest Utilization) and IC (First Task with Latest
Available Interval), IG (Resource with Highest Utilization) is observed to widen as L
increases. Allowing more flexibility in scheduling resources for application tasks lets 1A
(First Task with Largest Interval), IH (Resource with Highest Utilization) to select lower
utilized resources that leads to a poorer system performance.

•

It is observed that as competition decreases with an increase in start time delay, the
difference between the performance of 1A (First Task with Largest Interval), IH
(Resource with Highest Utilization) and IC (First Task with Latest Available Interval),
IG (Resource with Highest Utilization) increases. This is because at higher mean DEST,
tESTof the requests are spread in time and the flexibility to schedule them increases.
When the flexibility in scheduling is higher, IC (First Task with Latest Available
Interval), IG (Resource with Highest Utilization) combination handles the co-allocation
more effectively by choosing the latest available and highly utilized resources in
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comparison to 1A (First Task with Largest Interval), IH (Resource with Highest
Utilization).
•

For intermediate mean tET values, the difference in performance between IC (First Task
with Latest Available Interval), IG (Resource with Highest Utilization) and 1A (First
Task with Largest Interval), IH (Resource with Highest Utilization), is clearly visible.
When the competition for resources is low and high, acceptance of the request is
influenced more by the availability of the resources than the effectiveness of the
algorithms.

•

Comparison of algorithms IC (First Task with Latest Available Interval), IG (Resource
with Highest Utilization) and 1A (First Task with Largest Interval), IH (Resource with
Highest Utilization) with co-allocation algorithm, RAN/RAN in [FAR-07] shows that
effectiveness of the proposed algorithms are comparable to a combination based coallocation algorithm in which all available resource combinations are determined before
selecting resources for the application tasks. IC (First Task with Latest Available
Interval), IG (Resource with Highest Utilization) shows a slightly better performance
than RAN/RAN.

5.3 Future Research
Directions for future research include the following:
•

The proposed co-allocation algorithms do not consider network delays when choosing the
resources for co-allocation. Incorporating network delays in resource selection can
potentially lead to a more effective co-allocation.
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•

The co-allocation process considered in this thesis assumes that the user estimated
execution time is correct and makes decision accordingly. This may not be always true in
real systems. Handling uncertainties associated with the user estimated application
execution time is an important direction for future research.

•

The co-allocation algorithms presented in this thesis, service AR co-allocation requests.
Supporting on demand co-allocation in addition to ARs warrants further investigation.
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Appendix
Table A.l: Comparison of Blocking Ratios for Various Arrival Rates (1A, IE to IB, IH)
Arrival
Rate (k)
0.05
0.1
0.15
0.2
0.25
0.3
0.4
0.5
0.7
1

1A, IE
0.00
0.00
0.02
0.24
4.16
14.66
34.48
47.52
62.78
73.88

1A, IF
0.00
0.00
0.00
0.22
4.14
14.14
34.44
47.56
62.56
73.82

1A, IG
0.00
0.00
0.00
0.30
4.44
14.08
34.36
47.30
62.42
73.68

1A, IH
0.00
0.00
0.00
0.34
4.48
14.78
34.88
48.00
63.08
74.16

IB, IE
0.00
0.00
0.00
0.00
0.84
7.62
32.42
46.58
62.32
73.92

IB, IF
0.00
0.00
0.00
0.04
0.86
7.92
32.14
46.56
62.46
73.94

IB, IG
0.00
0.00
0.00
0.00
0.72
6.90
29.06
43.66
60.84
73.24

IB, IH
0.00
0.00
0.00
0.00
0.98
8.70
33.06
46.74
62.96
74.16

Table A.2: Comparison of Blocking Ratios for Various Arrival Rates (IC, IE to ID, IH)
Arrival
Rate (X)
0.05
0.1
0.15
0.2
0.25
0.3
0.4
0.5
0.7
1

IC, IE
0.00
0.00
0.00
0.00
0.66
7.68
32.16
46.26
62.40
73.86

IC, IF
0.00
0.00
0.00
0.00
0.76
7.94
32.42
46.60
62.32
73.72

IC, IG
0.00
0.00
0.00
0.00
0.76
6.92
28.96
42.68
60.80
73.80

IC, IH
0.00
0.00
0.00
0.02
1.32
8.96
32.78
46.94
62.70
74.20

ID, IE
0.00
0.00
0.00
0.04
1.18
10.40
33.16
46.82
62.70
74.04

ID, IF
0.00
0.00
0.00
0.06
1.48
9.72
33.20
47.14
62.68
74.00

ID, IG
0.00
0.00
0.00
0.00
0.96
9.66
32.18
46.34
62.74
73.92

ID, IH
0.00
0.00
0.00
0.00
1.40
10.20
33.54
47.26
62.88
74.38

Table A.3: Comparison of Blocking Ratios for Various Laxity Values (1A, IE to IB, IH)
Laxity
1
2
3
4
5

1A, IE
39.12
37.44
35.46
34.4
34.48

1A, IF
38.9
36.98
35.5
33.98
34.44

1A, IG
39.92
37.76
36.53
35.63
35.53

1A, IH
39.93
37.98
36.68
35.65
36

IB, IE
38.48
34.8
33.22
32.95
33.66

IB, IF
38.6
35.15
33.17
33
33.37

IB, IG
38.45
34.7
32.75
31.62
30.32

IB, IH
38.52
34.97
33.23
33.67
33.06
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Table A.4: Comparison of Blocking Ratios for Various Laxity Values (IC, IE to ID, IH)
Laxity
1
2
3
4
5

IC, IE
37.6
33.82
32.06
31.62
32.16

IC, IF
37.7
33.72
31.9
31.9
32.42

IC, IG
37.68
33.86
31.78
30.46
28.96

IC, IH
37.66
34.04
31.98
32.48
32.78

ID, IE
37.6
35
33.1
32.88
33.16

ID, IF
37.64
34.6
33.18
32.46
33.2

ID, IG
37.24
34.72
33.04
31.98
32.18

ID, IH
37.14
34.76
33.38
33.26
33.54

Table A.5: Comparison of Blocking Ratios for Various Start Time Delay Values (1A, IE to
IB, IH)
Start
Time
Delay
1
2
3
4
5
6
7
8
9
10

1A, IE
40.23
39.40
38.40
37.93
37.23
37.03
36.30
35.68
35.10
34.00

1A, IF
41.21
40.87
40.18
39.55
38.68
37.55
37.12
36.83
36.08
35.60

1A, IG
41.10
40.58
39.60
38.80
37.97
37.30
36.88
36.67
35.97
35.53

1A, IH
42.12
41.82
41.10
40.15
38.93
38.18
37.87
37.17
36.60
36.00

IB, IE
40.52
40.18
39.34
38.48
37.40
36.18
34.88
33.80
32.84
32.42

IB, IF
40.52
40.18
39.50
38.54
37.50
36.42
34.90
33.80
32.98
32.14

IB, IG
38.64
36.70
35.66
34.12
31.74
31.48
30.96
30.18
29.34
29.06

IB, IH
41.76
41.32
40.60
39.76
38.42
36.78
35.82
34.52
33.74
33.06

Table A.6: Comparison of Blocking Ratios for Various Start Time Delay Values (IC, IE to
ID, IH)
Start
Time
Delay
1
2
3
4
5
6
7
8
9
10

IC, IE
40.48
40.20
39.42
38.52
37.28
36.18
34.94
34.02
33.06
32.16

IC, IF
40.36
40.20
39.42
38.58
37.40
36.12
34.84
33.84
32.92
32.42

IC, IG
38.18
37.66
36.06
33.70
31.68
30.24
30.64
30.24
28.90
28.96

IC, IH
41.78
41.32
40.66
39.40
38.38
37.02
35.92
34.52
33.68
32.78

ID, IE
40.86
40.32
39.58
38.62
37.40
36.34
35.82
35.00
33.90
33.16

ID, IF
40.76
40.26
39.66
38.68
37.64
36.40
35.50
34.52
33.64
33.20

ID, IG
40.38
39.74
38.76
38.06
36.90
35.84
35.14
33.54
33.12
32.18

ID, IH
41.70
41.30
40.44
39.40
38.32
37.18
35.80
35.10
34.08
33.54
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Table A.7: Comparison of Blocking Ratios for Various Number of Task Values (1 A, IE to
IB, IH)
No. of
Tasks
U(2,3)
U(2,4)
U(2,5)
U(2,6)

1A, IE
34.90
34.30
34.68
34.48

1A, IF
34.70
34.44
34.34
34.44

1A, IG
34.18
34.14
34.22
34.36

1A, IH
34.74
34.98
34.48
34.88

IB, IE
33.70
33.58
33.50
33.62

IB, IF
33.30
33.80
33.53
33.37

IB, IG
29.58
29.72
29.3
28.96

IB, IH
32.90
32.80
32.92
33.06

Table A.8: Comparison of Blocking Ratios for Various Number of Task Values (IC, IE to
ID, IH)
No. of
Tasks
U(2,3)
U(2,4)
U(2,5)
U(2,6)

IC, IE
32.34
32.42
32.22
32.16

IC, IF
32.42
32.58
32.34
32.42

IC, IG
29.30
29.22
28.80
29.06

IC, IH
32.66
32.84
32.58
32.78

ID, IE
34
33.66
33.32
33.16

ID, IF
33.78
33.42
33.32
33.2

ID, IG
33.54
33.08
32.9
32.18

ID, IH
34.48
33.92
33.66
33.54

Table A.9: Comparison of Blocking Ratios for Various Service Time Values (1A, IE to IB,
IH)
Mean
Service
Time
20
30
40
50
60
70
80

1A, IE
0.22
4.48
18.36
32.04
41.32
48.90
56.18

1A, IF
0.18
4.94
18.40
32.24
41.20
48.92
56.14

1A, IG
0.24
4.46
18.22
32.12
41.16
48.88
56.08

1A, IH
0.20
4.40
18.24
32.20
41.50
49.28
56.36

IB, IE
0.00
0.02
7.86
26.72
39.42
48.92
56.30

IB, IF
0.00
0.02
8.30
26.60
39.42
48.94
56.28

IB, IG
0.00
0.00
8.08
25.66
38.66
48.32
55.74

IB, IH
0.00
0.02
8.88
27.06
39.60
49.20
56.22
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Table A.IO: Comparison of Blocking Ratios for Various Service Time Values (IC, IE to
ID, IH)
Mean
Service
Time
20
30
40
50
60
70
80

IC, IE
0.00
0.00
8.04
26.56
39.38
48.92
56.26

IC, IF
0.00
0.00
8.14
26.50
39.30
49.02
56.26

IC, IG
0.00
0.02
8.00
25.58
38.62
48.10
55.74

IC, IH
0.00
0.00
8.74
26.96
39.54
48.96
56.34

ID, IE
0.00
0.16
11.34
28.46
40.44
48.98
56.30

ID, IF
0.00
0.26
11.34
28.20
40.00
49.00
56.42

ID, IG
0.00
0.20
10.92
28.10
39.84
49.00
56.20

ID, IH
0.00
0.38
11.18
28.36
40.28
49.22
56.46
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