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PREFACE

The rapid growth of network technologies, processor architecture and software
development has facilitated meaningful attempts to exploit the capabilities of a
collection of computers for speeding up computations and services. A distributed
system consists of various servers integrated in such a manner so as to appear as
one system, whereas a distributed computing system (DCS), also appearing as one
system to the user, aims at distributing the parts of a task submitted to it, to vari-
ous participating nodes of the system. Thus one may view a distributed computing
system as one that tries to minimize the execution time of tasks submitted to it by
exploiting as many computing nodes as possible and plausible. A distributed sys-
tem may also have computing nodes that may be known as compute servers, and
co-operatively execute various modules of tasks submitted; apart from the services
that it runs e.g. print, mail, name etc. In this book, distributed system has been
used quite frequently to refer to the distributed computing system, because the ob-

jective is scheduling of the computational load.

The distribution of a computation load across processing nodes, forming a DCS,
has been a challenging task. Many researchers have contributed to study of this
problem during the last two decades. The problem consists of allocation of task
modules to various processing nodes so as to incur as minimum as possible inter-

processor communication overhead and thereby obtaining good execution speed
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as opposed to a single processor execution. Many a times the inter-processor

communication may be too substantive compared to the total execution time.

The approaches for task scheduling in operating system for a distributed comput-
ing system must consider the multiplicity of processing nodes with underlying in-
terconnection network unlike the case of a single processor system. In the case of
uniprocessor system, the objective is to make the processors busy executing jobs

all the time by insuring that it does not idle and this serves the purpose.

In a distributed computing system, the scheduling of various modules on particular
processing nodes may be preceded by appropriate allocation of modules of the dif-
ferent tasks to various processing nodes and then only the appropriate execution
characteristic can be obtained. Thus task allocation becomes the important most

and major activity in the task scheduling within the operating system of a DCS.

Various research papers have addressed this problem during the last two decades.
As the problem is quite difficult, most of the solutions proposed had simplifying
assumptions. The very first assumption has been: consideration of a single task
only, second no consideration of the status of processing nodes in terms of the
previously allocated modules of various tasks and third the capacity and capability
of the processing nodes. The solutions reported in the beginning even assume that
the precedence constraints amongst the modules of a task are non existent or neg-

ligible. Nevertheless many good algorithms were proposed for the purpose.
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This book consists of various proposed algorithms for task allocation as part of
scheduling in an operating system for DCS. It starts with analyzing the existing
propositions, considering the precedence constraint and improving the known al-
gorithms, proposing a solution for minimizing intermodule communication apart
from the main and important contribution, made in this book, in the form of the al-
location algorithms that aim at distribution of computational modules belonging to
multiple tasks onto the various processing nodes considering there status in terms
of previous allocations and capacity. As the problem is NP-Hard, the techniques of

A*, GA etc. have been purposefully used to propose the algorithmic solutions.

The meaningful contributions have been organized in the chapters as given below:

Chapter 1 discusses the possible performance improvement in computing system.
It also addresses how the distributed computing system has evolved over the years

and the issues in DCS research.

Chapter 2 briefs about the distributed computing system. It discusses various ar-
chitectural models of DCS. Transparency is one of the biggest issues in the design
of a DCS that gives the DCS a single system image. Chapter 2 points out transpar-
ency issues of the DCS. Fault tolerance and synchronization in the DCS has also

been briefed in chapter 2.
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Chapter 3 defines the scheduling problem and identifies the characteristic parame-
ter for a scheduler. It indicates the task allocation issues. Assumptions and nota-

tion, used in this book, have been kept together at one place in chapter 3.

Chapter 4 addresses the load balancing problem in a DCS. It defines load distribu-
tion, load balancing methodology, migration and also the conflict between load

balancing and task allocation.

Chapter 5 briefs the earlier task allocation models. Propositions, which consider
the precedence amongst the modules of the task and multiprogramming of the in-
dividual nodes, have been proposed in section 5.3 of chapter 5 using list schedule.
In the same chapter an inter module communication reduction model is also pro-

posed (sec. 5.4), which incurs a heavy penalty in total turnaround time of any task.

Chapter 6 proposes a few Load Balancing Task Allocation (LBTA) models. It dis-

cusses the LBTA strategy and its solution for single and multiple tasks.

Chapter 7 uses the important search technique of GA in proposing two allocation
models, one, which incorporates problem specific knowledge for quick conver-

gence and the other to maximize the reliability of the DCS with allocation.

Chapter 8 considers the important proposition of multiple tasks allocation and
proposes a few models. In section 8.1, an allocation algorithm based on A* is pro-
posed and in section 8.2 a new and novel idea of cluster based allocation is pro-

posed. Cluster based allocation model avoids the priori requirement of execution
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time of modules of the task on the processing nodes and thus can be proved to be
very useful model of task allocation. Sections 8.3 and 8.4 deal with the LBTA

strategy using A* and GA respectively.

Chapter 9 proposes few other approaches for task allocation models. These are

hybrid and object oriented models.

Computational Grid is an emerging form of distributed computing. Chapter 10
concentrates on Grid Computing systems and discusses the scheduling problem
for a computational grid. “What are the various issues in Scheduling for Grid

Computing systems?” finds place in chapter 10.

Finally concluding remarks are made in chapter 11. This chapter also discusses the

structure and place of a scheduler in a DCS.
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CHAPTER 1

Introduction

A Distributed Computing System (DCS) falls in the category of disjoint mem-
ory multiple processor architecture with an underlying processor-to-processor in-
terconnection network. Such a private memory-processor interconnection network
is known to constitute a multi-computer system only if the programmers need to
consider the multiplicity of the machines, in programming a solution to the prob-
lem. In case of a distributed computing system the entire system appears as a cen-
tralized system to the user submitting a task; meaning thereby that it is the respon-
sibility of the system to distribute the computational modules of the given task to
various processing nodes for their efficient execution unlike the case of multi-

computer system as stated above.

With the proliferation of large-scale inter-networks, the idea of distributed
computing system has been gaining importance. In a distributed computing system
various computational and informational resources are dispersed over a wide geo-
graphical area with appropriate servers maintaining them at locations and provid-
ing services to clients hooked onto these systems. The idea is that a distributed
computing system may receive a task that requires various named services from

various servers and in this case the job of the operating system is to provide the
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appropriate connectivity and the service mechanism. In case of a computational
task, consisting of various modules, the requirement is that of identification of ap-
propriate computing nodes in the distributed computing system for scheduling the
executable modules of the task so as to achieve a good turnaround for such a task
and possibly an increase in the throughput of the computing system. This problem
has been studied as task scheduling or task allocation problem in the literature [1-
7]. This book deals with the problem of task scheduling/ allocation in a distributed

computing system.

The following section 1.1 reviews the various ways of performance improve-
ment in computing system including parallel computing with multiprocessors,
multi-computers and distributed computing environment for the sake of complete-
ness. Section 1.2 discusses the role of distributed computing system in high speed
computing. Section 1.3 takes a view how the DCS has evolved, as a computing
system, over the time. Section 1.4 deals with the research issues in distributed

computing systems. Final section 1.5, describes the organization of the book.

1.1 Performance Improvement in Computing System

Parallel processing has emerged as a key enabling technology in modern com-
puters, driven by the increasing demand for higher performance, lower cost and

sustained productivity in real-life applications. Concurrent events are taking place
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in today’s high performance computers due to common practice of multipro-
gramming, multiprocessing and multi-computing. Modern computers are equipped

with powerful hardware facilities driven by extensive software packages [8].

Parallel processing and distributed processing are closely related. In some cases
certain distributed techniques are used to achieve parallelism. As the communica-
tion technology advances progressively, the distinction between parallel and dis-
tributed processing becomes smaller and smaller. In this extended sense, we may
view distributed processing as a form of parallel processing in a special environ-

ment [9].

It has long been recognized that the concept of computer architecture is no
longer restricted to the structure of the bare machine hardware. It is an integrated
system of machine hardware, system software, application programs and user in-
terfaces. Depending on the nature of the problems, the solutions may require dif-
ferent computing resources. The rapid progress made in hardware technology has
significantly increased the economic feasibility of building a new generation of
computers adopting parallel processing. Two categories of parallel computers are
architecturally modeled. These physical models are distinguished by having a
shared common memory and unshared distributed memories. Multiprocessors are
called tightly coupled systems due to the high degree of resource sharing (includ-
ing memory). Symmetric multiprocessors are those in which all processors have
equal access to all peripheral devices. In such system, all the processors are

equally capable of running the executive programs, such as OS kernel and I/O ser-
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vice routines etc. In contrast to this, in an asymmetric multiprocessor system only

one or a subset of processors is of executive capable [8].

The distributed memory multi-computer consists of multiple computers, often
called nodes, interconnected by a message-passing network. Each node is an
autonomous computer consisting of a processor, local memory and sometimes at-

tached disks or I/O peripherals.

Distributed computing system falls in the category of distributed memory par-
allel architecture and is characterized by resource multiplicity and system trans-
parency. The advantage of the DCS is that they are capable of incremental
growth[5] i.e. it is possible to gradually extend the power and functionality of a
distributed computing system by simply adding additional resources (both hard-
ware and software) to the system as and when the need arises. For example, addi-
tional processors can be easily added to the system to handle the increased work-
load of an organization that might have resulted from its expansion. With the
rapidly increasing power and reduction in the price of microprocessors, DCS po-
tentially have a much better price performance ratio than a single large centralized
system. Moreover the existing microcomputers, minicomputers or even a work-

station can be added to the DCS for its better utilization.

1.2 High Speed Computing and DCS
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In practice, parallelism appears in various forms, such as look ahead, pipelin-
ing, vectorization, concurrency, simultaneity, data parallelism, partitioning, inter-
leaving, overlapping, multiplicity, replication, time sharing, space sharing, multi-
tasking, multiprogramming, multithreading and distributed computing at different
processing levels. All forms can be attributed to levels of parallelism, computa-
tional granularity, time complexities, communication latencies, scheduling poli-
cies and load balancing [10]. DCSs are naturally attractive as existing intercon-
nected computers can be used to assign them various parts of a computational task

to achieve parallelism.

The definition of high speed computing has undergone many changes in recent
years. Perhaps, the most notable development in the evolution from the industry,
dominated by vector mainframe architectures, to one in which massively parallel
computers have been the primary choice for solving computationally intensive
problems. As an alternative to massively parallel computers, increasing interest
has immerged in distributed computing in which networked collection of dedi-
cated or general purpose workstations are treated as a parallel computer. Although
this method has existed for many years, two developments have served as cata-
lysts to the rapid growth in the use of such cluster-based computing. First, high
performance workstations with microprocessors that challenge custom-made ar-
chitectures are widely available at relatively low cost. Second, several software
packages have been developed to assist the programmer in process management,
inter-process communication and program monitoring/debugging in a distributed

environment [11].
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The researches in the area of parallel computing have been indicating the avail-
ability of immense computing power, for execution of properly distributed and
coordinated parts of jobs submitted to the system from time to time. The conflu-
ence of low-cost high performance processors and interconnection technologies
has spurred a great interest in the advancement of computer architectures. The of-
ten-cited advantages of these architectures include high performance, availability,
and extensibility at lower cost. As pointed out earlier, the computer architectures,

consisting of interconnected multiple processors are of two types:

1) Multiprocessors, known as tightly coupled systems, allow sharing of
global memory by multiple processes running on their processors and
communication amongst the processes is actuated by use of the shared
variables. In such coupled systems, the number of processors that can be
usefully deployed is usually small and limited by the bandwidth of shared

memory.

(ii) Multicomputers and DCSs consist of a number of independent processors

with private memory units and the IPC is done by message passing mak-

ing use of the processors interconnection.

1.3 Evolution of the DCS
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The processors in a DCS may vary in the size and the functionality. They may in-
clude small microcomputers, workstations, minicomputers and large general pur-
pose computer systems. For a particular processor its own resources are local,
whereas the other processors and their resources are remote. Together, a processor
and its resources are usually referred to as a node or site or machine of the distrib-
uted computing systems. Resource sharing, computational speedup, reliability and

communication over distances are the main reasons for building the DCS [12].

DCSs have become more and more attractive in recent years due to the advance-
ment of VLSI and computer networking technologies. DCS not only provide the
facility for utilizing remote computer resources and data but also increase the
throughput by providing facilities for multiprogramming and parallel processing
[13]. Furthermore, modularity, flexibility and reliability of the DCS make them at-

tractive for many types of application.

The advent of time-sharing systems was the first step towards building the DCS
because it provides us with two important concepts used in DCS; the sharing of
computer resources simultaneously by many users and the accessing of computers
from the different places. The centralized time-sharing systems had a limitation
that their terminals/workstations could not be placed very far from the main com-
puter room/system (like in minicomputers) since ordinary cables were used to
connect the terminals to the main computer. But the advancement of computer
networking technologies LAN (Local Area Network) and WAN(Wide Area Net-

work) allow hundreds, even thousand of computers to be connected (may be resid-
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ing in different cities or countries or continents) in such a way that the small
amounts of information can be transferred between computers in a fraction of sec-
ond or so. Recently there has been another major advancement in networking
technology, the ATM (Asynchronous Transfer Mode) technology, which makes
very high speed networking possible in both LAN and WAN environments. The
availability of such high bandwidth networks allows DCSs to support a com-
pletely new class of distributed applications called multimedia applications that
deal with the handling of a mixture of information, including voice, video and or-

dinary data [14].

The operating systems commonly used for DCS can be broadly classified into two
types- Network Operating System (NOS) and Distributed Operating System

(DOS) [14].

In NOS, the users are aware of the multiplicity of the machine and can access the
resources either by logging into the appropriate remote machine or transferring the
data from the remote machine to their own machine. On the other hand, in DOS
the users would not be aware of the multiplicity of machines. It provides a single
system image to its users. Users access remote resources in the same manner as
they access local resources. A DOS dynamically and automatically allocates tasks

to the various machines of the system for its processing.

In NOS, each computer of the system has its own local operating system (the op-

erating systems of different computers may be the same or different) that functions
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independently of the other machines meaning thereby that each one makes inde-
pendent decisions about the creation and termination of their own processes and
management of local resources. Due to the possibility of difference in local oper-
ating systems, the system calls for different machines of the same DCS may be
different in this case. On the other hand, in DOS which is a single system wide
operating system and each machine of the DCS runs a part of this global operating
system. There is a single set of globally valid system calls available on all com-

puters of the DCS.

The fault tolerance capability of a DCS is usually very high as compared to that of
a networked system. If some computers fail in NOS, then several users are unable
to continue with their work. On the other hand, in case of a DOS, most of the users
can continue their work normally with only some percentage of loss in perform-

ance of the DCS.

1.4 Issues in DCS Research

The hardware issues of building a distributed computing system were fairly well
understood, the major stumbling block is the availability of adequate software for
making these systems easy to use and exploit its power fully. Therefore, since
1970, a significant amount of research work was carried out in the area of distrib-
uted operating system. Designing a distributed operating system is more difficult

than a centralized one mainly because of the non-availability of complete informa-
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tion about the system environment [4-7, 12, 14]. There is no common clock and
various resources are physically separated in DCS in contrast to a centralized sys-
tem. Despite these, the users of the DCS are to be provided all the advantages of
the system. To meet these challenges the researchers, in the DCS discipline, must
deal with several important issues. Some of these key issues are identified and dis-

cussed below.

The distributed computing system is designed in such a way that the collection
of various machines, connected by an interconnection network, appears as a vir-
tual uniprocessor system. Achieving complete transparency is a difficult task and
research is still continuing on this issue. Of the several transparency issues identi-
fied by the ISO Reference Model for Open Distributed Processing, location trans-
parency, migration transparency and concurrency transparency are very important

[6-7, 14].

The often-advocated advantage of the DCS, in comparison to the centralized
system, is the reliability due to the existence of multiple resources. However, only
the multiple instances of resources cannot increase the reliability of the DCS,
rather the various processes of the distributed operating system (viz. memory
manager, task scheduler etc.) must be designed properly to increase the reliability

by extracting the characteristic features of the DCS.

Another important issue is flexibility. It is more required for open distributed

system [4-5, 14].



1 Introduction 11

Performance improvement of an application running on the DCS than that of
single processor system is another desired feature. To achieve this though the
various components of the distributed operating system are taken into account, but
the most important role is that of a scheduler or task allocator. The turnaround and
throughput are the two important characteristic measures for the performance im-

provement.

Another issue in DCS research is scalability that refers to the capability of the
system to adapt to an increase in the service load. A distributed computing system
should be designed to cope with the growth of the processing nodes and the users
as well. How to design a system so that such growth should not cause any serious

disruption of services is very important research issue in the DCS.

Growth, in the number and types, of processing nodes introduces another di-
mension that is inevitable to have dissimilar hardware or software. Many users of-
ten prefer heterogeneity because it provides the flexibility of different computer
platforms for different applications. Designing heterogeneous system is far more

difficult than a homogeneous one.

In order that the users can trust the system, the various resources must be pro-
tected against destruction and unauthorized access. Enforcing security in a DCS is
another important research area and is much more difficult than in a centralized

one.
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The book discusses one of the research issues that of task scheduling/allocation
thoroughly. The problem is as such an NP-Hard problem and thus various feasible
solutions are possible. The authors present and discuss all those task scheduling

models that have been proposed by the authors themselves.

1.5 Organization of the Book

The book is organized in ten chapters. The current chapter, which is the first
one, is an introductory chapter. Second chapter defines the task scheduling prob-
lem of the DCS. Chapter 2 takes a cursory look over the distributed system. What
is exactly expected out of scheduling and how it has been addressed in this work,
is detailed in chapter 3. Load balancing is an important aspect of the scheduling
problem and is pursued in the chapter 4. Some of the earlier task allocation mod-
els, their limitations and few proposed trivial models for task allocation have been
discussed in chapter 5. A precedence constrained task allocation model, in which
the emphasis is on the precedence of the modules [15] and that minimizes the
turn-around time of the given task is discussed in sec 5.3 of chapter 5. The effect
of already allocated modules of unrelated tasks, on the processing elements com-

prising the system, is considered (assuming round robin scheduling) in this model.

Communication amongst the modules adds to the cost of overall execution of

the task, for the allocation being considered, if its modules are to execute onto the
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distant processing nodes of the DCS. An IMC cost reduction model (section 5.4),
an aid in allocation algorithms, uses fuzzy logic to consider high and low commu-
nicating modules. The same fuzzy function is applied to determine near or distant
nodes of the DCS. This IMC cost reduction model can be introduced in any task

allocation algorithms at minimum cost [16].

Load balancing task allocation models find place in chapter 6. This chapter
considers load balancing strategies and discusses the LBTA solutions for both the

single and multiple task allocation.

As the task allocation problem is an NP-hard problem, Genetic Algorithms
(GA) is found to be suitable to solve it. Two task allocation models, based on GA,
have been proposed in chapter 7. First one aims at minimizing turn-around time of
a task (sec. 7.1) and the second (sec. 7.2) gives an allocation that maximizes the
reliability of the DCS as desired in some systems. The TA model proposed in sec-
tion 7.1 [17], is based on a finding that the incorporation of some problem specific
knowledge in construction of the GA, improves its performance and solution con-
verges quickly [18]. This algorithm considers the inclusion of all possible con-

straints in the model, and as suggested in [19] will converge quickly.

Task allocation models for maximizing reliability of a DCS have appeared in
the past [20-22]. We applied GA to maximize reliability of the DCS with task al-
location and the same is discussed in section 7.2. The algorithm not only gets the

advantage of GA for quick convergence but also produces better solutions in terms
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of allocation with improved reliability [23]. The result is compared with that of
Shatz [21] and it shown that the proposed model performs better. Many more in-

ferences are drawn.

The TA models, proposed by researchers in the past, have considered the mod-
ules of a single task and assume that processing nodes have enough memory to ac-
commodate unlimited modules. In a realistic situation multiple tasks arrive and at
any instance of time, the Processing Element (PE) has modules of earlier tasks al-
located and the memory occupied by it. In chapter 8, multiple tasks allocation in
DCS is deliberated. Multiple task allocation, using A*, appears in sec. 8.1 [24]. To
implement this, the concept of Global Table is introduced. Section 8.2 proposes a
new idea of cluster-based approach of load partitioning and allocation in DCS.
Cluster of the modules, based on communication requirement and cluster of PEs
based on interprocessor distance is formed. Allocation is decided from task cluster
to processor cluster. This model has the advantage that it does not require the pri-
ori knowledge of execution time of the modules of the tasks onto nodes of the
DCS. As the allocation algorithms, in this chapter, consider multiple tasks and
status of PEs due to previous allocations, these are not comparable with other
models proposed in the literature. Section 8.3 discusses the load balancing task al-
location for multiple tasks execution in DCS using A* and section 8.4 discusses

the same using GA.
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Chapter 9 makes a comparative analysis of scheduling models based on A* and
GA and proposes a hybrid model using both A* and GA. This chapter also dis-

cusses the object allocation as most of the system are going object oriented.

Grid Computing is another form of Parallel and Distributed Computing. Com-
putational grid is an emerging computing system so chapter 10 is dedicated to the
discussion on the scheduling in computational grid. This chapter details various

research issues in Grid scheduling.

Chapter 11 is the concluding chapter that summarizes the whole book. Struc-
ture and place of scheduler in Distributed Operating System is briefed in sec. 11.2

of this chapter.

The abbreviations used in the book are listed at one place for quick reference.
Finally, we have listed few programs written to carry out the experiments in the

appendix given is last.
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CHAPTER 2

An Overview of a Distributed System

This chapter takes a cursory view of a distributed system. It discusses various
architectural models of a distributed system and various types of transparencies
involved. It also discusses fault tolerant, one of the very important property of a
distributed system. A clock of the distributed system makes its computing nodes
independent. How the system will be synchronized, in spite of the distribution of
the clock, has been discussed in this chapter. The objective in this chapter is to in-
troduce briefly the important properties of a distributed system to its readers, be-
fore moving to the scheduling aspect in a distributed computing system. The dis-
cussion, in general, is on a distributed system as the distributed computing system
differs from the distributed system in its objective of handling the computational

load as mentioned at other places as well.

2.1 DCS Architecture Models

Various models for the design of a distributed computing system have been

proposed. We discuss here few models.
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2.1.1 Workstation model

The workstation model is the simplest one and is consists of several worksta-
tions connected by a common communication network (Fig. 2.1). This is the most
popular model also as it uses the available legacy systems in designing a distrib-
uted computing system. It has been observed that not often all the workstation in
an organization are used all the time, whereas they are on and can be used for the
execution of the jobs belonging to the other user. Thus by connecting all the work-
station of an organization, all the workstation can be utilized fully and this will re-

sult in parallel execution of the jobs reducing the overall completion time.

The issue may arise that what happens when a workstation was executing a
job of some other workstation. These issues have been addressed by Tanenbaum

[2].

A user logs onto his/her workstation and submits the job to be executed. This
job will be exploited for available parallelism and thus various concurrent mod-
ules of the job will be allocated onto any free workstation. This way the coopera-

tion amongst the workstation will result in the concurrent execution of the job.



