Efficient Load Balancing Algorithms
for

Parallel and Distributed Systems

A Thesis

Submitted in the partial fulfillment of the

requirements for the award of the degree of

Doctor of Philosophy

Submitted By

Jahangir Alam
(Registration No. 90603504)

®
THAPAR &

UNIVERSITY

Under Supervision and Guidance of

Dr. Rajesh Kumar
(Professor, CSED, TU Patiala)

Department of Computer Science & Engineering
Thapar University,

Patiala - 147004 (Punjab), India.
July, 2016






Certificate

I hereby certify that the work which is being presented in this thesis entitled EFFI-
CIENT LOAD BALANCING ALGORITHMS FOR PARALLEL AND DISTRIBUTED
SYSTEMS, in fulfilment of the requirements for the award of degree of DOCTOR
OF PHILOSOPHY submitted in the Department of Computer Science and Engi-
neering, Thapar University, Patiala, is an authentic record of my own work carried
out under the supervision and guidance of Dr. Rajesh Kumar, and refers the work
of other researchers, which are duly listed in the reference section.
The matter presented in this thesis has not been submitted for the award of
any other degree of this or any other university.
‘o

Ao

Jahangir Alam

Registration No. 90603504

This is to certify that the above statement made by the candidate is correct and

Dr. Rajesh Kumeul ;

Professor

true to the best of my knowledge and belief.

Department of Computer Science and Engineering
Thapar University, Patiala, Punjab - 147004 (INDIA)

Supervisor




Dedicated to

My Parents, Wife and Kids



Abstract

Parallel and Distributed computing is essential for modern research as the demand
for more and more computing power is continuously increasing. A number of
aspects within parallel and distributed computing have been explored in recent
years, however two of the most pertinent issues relate to the design of scalable
interconnection network topology and task allocation for load balancing. This
work addresses these two problems.

The first part of the thesis presents the design and evaluation of a highly scal-
able and economical interconnection network topology known as the STH (Seri-
ally Twisted Hypercube). It begins with a brief survey of various interconnection
network topologies proposed in literature followed by the design principles on
which the proposed STH interconnection network will be based upon. Various
properties of the proposed topology are derived and then compared with other
topologies on a number of interconnection networks evaluation parameters.

The second part of the thesis deals with the task allocation problem taking into
account load balancing. Exploiting the full potential of a parallel and distributed
system requires efficient allocation of the program tasks to the diversely capable
machines within the system. If the task allocation strategy is not properly framed,
machines in the system may spend most of their time waiting for each other in-
stead of performing useful computations. This part of the thesis focuses on static
task allocation considering load balancing in heterogeneous distributed comput-
ing systems sometimes also referred to as heterogeneous multicomputer systems
(HMS). The thesis first presents a brief literature survey on the proposed solutions
and then classifies them according to the solution techniques. It then presents two
mathematical models based on fuzzy logic to solve the task allocation problem.
Finally based on the proposed models the the thesis presents two algorithms to
solve the aforementioned problem. The algorithms are coded in C and the pro-
posed models are verified by executing the corresponding programs with several
sets of randomly generated data. Experimental results prove that the algorithms

successfully allocate tasks to the machines whilst balancing the allocated task load.



Vi

Analysis of the proposed method also proves that its complexity is low compared

to similar existing approaches.
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Chapter 1

Introduction

The speed of silicon based CPUs is reaching its physical limits as they are con-
strained by the speed of electricity, light and certain thermodynamics laws. To
solve complex and large problems the viable solution to this limitation is to make
use of multiple connected CPUs working in coordination with each other. Clearly
high performance computing requires the use of Massively Parallel Systems con-
taining thousands of powerful processors connected in some prescribed fashion.
This chapter introduces the context within which research was undertaken as
part of this thesis. It starts with introducing the general idea of parallel process-
ing. It then presents an overview of various parallel and distributed Systems.
Next, it discusses the significance of interconnection network topologies, task allo-
cation and load balancing within systems under consideration. The chapter then
presents the primary contributions of this research and ends with a discussion on

the organization of the rest of the thesis.

1.1 Parallel Processing

According to Buyya [60], processing of multiple tasks simultaneously on multiple
processors is called parallel processing. A single large program is divided into mul-
tiple tasks (active processes) using a divide-and-conquer technique and each one

of them is processed on a different CPU. Programming on multiprocessor systems

1



1.2. Need for Parallel Processing 2

using a divide-and-conquer technique is referred to as parallel programming.

1.2 Need for Parallel Processing

Until only a few years ago, it was widely believed that single-CPU clock rates could
be doubled every 18 months in accordance to Moore’s Law [[165]]. However, recent
advances in processor fabrication technology have begun to push the limit of this
law to the extent that under certain conditions, Moores law has been violated [26]].
Despite these advances, today’s applications require more computing power than
a sequential computer can offer. By adding more CPUs and an effective communi-
cation system between them, parallel processing provides a cost-effective solution
to this problem. The evolution of parallel processing has been influenced by many

factors. The most prominent among them include:

e Computational requirements are ever increasing, both in the area of scien-
tific and business computing. Computing problems that require high speed
computational power are extensively employed in areas of architecture, me-

teorology, life sciences and space etc.

e Sequential architectures are rapidly reaching their physical limit as they are
constrained by the speed of light and thermodynamics laws. Hence, an al-
ternative way to ensure high computational speed is to effectively connect

multiple processors.

e Hardware innovations in pipelining, superscalar etc., are non-scalable and
require sophisticated compiler technology. Developing such a compiler tech-

nology is a complex task.

e For certain kind of problems (e.g. massive matrix operations) vector process-
ing works well, however, it is not suitable for generalized applications like

databases.
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e The technology that makes parallel processing possible has now matured and
is commercially viable. A significant amount of research for development of
tools and environment for parallel processing architectures has already been

done.

e Advances in the area of networking is also paving the way for a more ad-
vanced form of parallel computing which is referred to as heterogeneous

multicomputers.

1.3 Taxonomy of Computer Architectures

Flynn [[109] defined the most popular classification of computer architecture.
Quinn [179] provides a good review of Flynn’s taxonomy.
On the basis of number of instruction and data streams that can be processed

simultaneously, Flynn classified computer systems into following four categories:
1. Single Instruction Single Data (SISD)
2. Single Instruction Multiple Data (SIMD)
3. Multiple Instruction Single Data (MISD)
4. Multiple Instruction Multiple Data (MIMD)

Following subsection briefly discusses each of them:

1.3.1 Single Instruction Single Data (SISD)

Conventional uniprocessor Von Neumann computers are classified as SISD sys-
tems. Such machines are capable of executing a single instruction which operates
on a single data stream. Figure shows a typical SISD machine. In this architec-
ture instructions are processed sequentially. Consequently, machines developed
around this architecture are called sequential machines. Most of the machines

which are used for general purpose computing are built on the SISD model. The
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Instruction Stream

/o Control Unit »  Processor [« - Memory
.-

Instruction Stream Data Stream

Figure 1.1: SISD architecture

data and instructions to be processed are first stored in primary memory. The
speed of the processing element is governed by the rate at which the data trans-
fer can take place internally. Examples of SISD architecture are IBM-PC, Apple

Macintosh, general purpose workstations etc.

1.3.2 Single Instruction Multiple Data (SISD)

A multiprocessor machine which executes the same instruction on all processors

but operate on different data streams is known as a SIMD machine. A computer

Data Stream

—» P71 —m M

- - Data loaded
Cunt_rul » - & from front end
Unit
- L 2
Data Stream
Program loaded —» Pn [—» NMn
from front end

Figure 1.2: SIMD architecture

based on the SIMD model usually has two parts: a front-end computer of the usual
Von Neumann style and a processor array as shown in Figure The processor

is a set of identical synchronized processing elements capable of simultaneously
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performing the same operation on different data. Each processor in the array has a
small amount of memory where data is stored while they are processed in parallel.
Machines based on this architecture are extensively used in scientific computing
applications since such applications involve lot of vector and matrix operations.
Examples of SIMD based computers are CRAY’s VPM (Vector Processing Machine),

Thinking Machine’s cm* etc.

Won Meumann Computer

Virtual Processors

Figure 1.3: SIMD architecture components

1.3.3 Multiple Instruction Single Data (MISD)

A multiprocessor machine which executes different instructions on different pro-
cessors but all of them operate on the same data set is classified as an MISD ma-
chine. Figure shows a typical SIMD machine. Machines based on the MISD
model are not useful for most applications, however few machines have been built
around this architecture but none of them are commercially available. However,
some authors like Roosta [[183]] have considered pipelined machines (and systolic-

array computers) as examples of MISD architecture.
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Instruction Instruction Instruction Instruction
Stream 1 Stream 2 Stream3 | T Stream n
Y Y Y Y
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Figure 1.4: MISD architecture

1.3.4 Multiple Instruction Multiple Data (MIMD)

A multiprocessor machine which executes multiple instructions on multiple data
sets is categorized as an MIMD machine. Figure shows a typical MIMD ma-

chine. In this architecture, for each processor, there are separate instructions and
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Instruction Stream . . .
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& - L
Instruction Stream Data Stream
¥ o Control - -, N
Unit - Pn 3 » Mn —

Instruction Stream

Figure 1.5: MIMD architecture

data stream and hence machines based on this architecture are useful for almost
all applications [94] [103].

MIMD architectures are made up of multiple processors and multiple memory
modules connected together through an interconnection network. They are clas-

sified into two categories: shared memory systems and message passing systems.
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Figure 1.6 further elaborates the MMID architecture and Figure [1.7] highlights the

distinctions between the two categories of this architecture.

Shared Memory Systems

A shared memory model is one in which processors communicate by reading and
writing locations in a shared memory that is equally accessible by all processors.
Each processor may have registers, buffers, caches, and local memory banks as ad-
ditional memory resources [[114]. The simplest shared memory system consists of
one memory module that can be accessed from two processors. Requests arrive at
the memory module through its two ports. An arbitration unit within the memory
module passes requests through to a memory controller. If the memory module
is not busy and a single request arrives, then the arbitration unit passes that re-
quest to the memory controller and the request is granted. The module is then
placed in the busy state while a request is being serviced. If a new request arrives
while the memory is busy servicing a previous request, the requesting processor
may hold its request until the memory becomes free or it may repeat its request
later. Depending on the interconnection network, a shared memory based sys-
tem can be classified as: uniform memory access (UMA), non-uniform memory
access (NUMA), and cache-only memory architecture (COMA). In the UMA sys-
tem, a shared memory is accessible by all processors through an interconnection
network in the same way a single processor accesses its memory. Therefore, all
processors have an equal access time to any memory location. The interconnec-
tion network used in the UMA can be a single bus, multiple buses, a crossbar, or
a multiport memory. In the NUMA system, each processor has part of the shared
memory attached. The memory has a single address space. Therefore, any pro-
cessor could access any memory location directly using its real address. However,
the access time to modules depends on the distance to the processor. This results
in a non-uniform memory access time. A number of architectures are used to in-
terconnect processors to memory modules in a NUMA. Similar to the NUMA, each

processor has part of the shared memory in the COMA. However, in this case the
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Figure 1.7: MIMD architecture - Shared Memory & Message Passing

shared memory consists of cache memory. A COMA system requires that data be
migrated to the processor requesting it.

Commercial examples of shared memory systems are Sequent Computer’s Bal-
ance and Symmetry, Sun Micro-systems multiprocessor servers, and Silicon Graph-

ics Inc. multiprocessor servers.

Message Passing Systems

Message passing systems are a class of multiprocessors in which each processor has
access to its own local memory. Unlike shared memory systems, communications
in message passing systems are performed via send and receive operations. A node
in such a system consists of a processor and its local memory. Nodes are typically
able to store messages in buffers (temporary memory locations where messages
wait until they can be sent or received), and perform send/receive operations at
the same time as processing [121]] [213]]. Simultaneous message processing and

problem calculation are handled by the underlying operating system. Processors
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do not share a global memory and each processor has access to its own address
space. The processing units of a message passing system may be connected in
a variety of ways ranging from architecture-specific interconnection structures to
geographically dispersed networks. The message passing approach is, in principle,
scalable to large proportions. By scalable, it is meant that the number of processors
can be increased without significant decrease in efficiency of operation.

Message passing multiprocessors employ a variety of static networks in local
communication. Of importance are hypercube networks, which have received spe-
cial attention for many years. The nearest neighbour two-dimensional and three-
dimensional mesh networks have been used in message passing systems as well.

Commercial examples of message passing architectures were the nCUBE, iPSC/2
and various Transputer-based systems. These systems eventually gave way to In-
ternet connected systems whereby the processor/memory nodes were either Inter-
net servers or clients on an individual’s desktop. These systems are also referred
to as parallel and distributed systems (PDS).

An extension to Flynns taxonomy was introduced by Kuck [141]]. In his classi-
fication, Kuck extended the instruction stream further to single (scalar and array)
and multiple (scalar and array) streams. The data stream in Kucks classification
is called the execution stream and is also extended to include single (scalar and
array) and multiple (scalar and array) streams. The combination of these streams

results in a total of 16 categories of architectures.

1.3.5 Hybrid Architecture

With regard to MIMD architecture, it was apparent that distributed memory was
the only way to efficiently increase the number of processors managed by a parallel
and distributed system. If scalability to larger and larger systems (as measured
by the number of processors) was to continue, systems had to use distributed
memory techniques. These two factors created a conflict: programming in the
shared memory model was easier, and designing systems in the message passing

model provided scalability. The distributed-shared memory (DSM) architecture
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began to appear in systems like the SGI Origin2000 [101], and others. In such
systems, memory is physically distributed; for example, the hardware architecture
follows the message passing school of design, but the programming model follows
the shared memory school of thought. In effect, software covers up the hardware.
As far as a programmer is concerned, the architecture looks and behaves like a
shared memory machine, but a message passing architecture lives underneath the
software. Thus, the DSM machine is a hybrid that takes advantage of both design

schools.

1.4 Parallel and Distributed Systems Addressed in
This Thesis

This work proposes a specialized form of Parallel and Distributed Systems wherein
several machines (computers) equipped with heterogeneous components (resources)
are connected through a high speed message passing interconnection network.
Such a system is usually referred to as a “Heterogeneous Multicomputer System
(HMS)” [50]. Figure depicts such a system. They are based on the hybrid
architecture discussed above in Section

Among several other problems of interest, two widely researched problems
related to Parallel and Distributed Systems are the design of an economical and
scalable interconnection network topology, and task allocation considering load

balancing. This work addresses these two problems.

1.5 Motivations

This research is motivated by the need to design an economical and scalable in-
terconnection network topology, and task allocation policies for load balancing
to ensure efficient execution of parallel applications on parallel and distributed

systems.The motivating factors behind this research are as follows:
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Figure 1.8: Heterogeneous Multicomputer System

1.5.1 Scalable and Economical Interconnection Network

In parallel and distributed systems, each processor has its own local memory and
an application’s task on separate processors coordinate their activities by sending
messages through an interconnection network.

Communication efficiency is one of the most important factors which must be
considered when designing a parallel and distributed architecture because it di-
rectly effects the efficiency of parallel algorithms [15]. When a message passes
between a pair of nodes of a PDS it may be routed through a connected circuit in a
number of hops. In addition to that, intermediate processors may be interrupted to
store and forward the message, or the message may directly be transferred by the
communication links through the connected circuit. Thus, the communication ef-
ficiency, apart from routing protocols, processor speed and data link speed greatly
depend on the topology of the interconnection network. Moreover, Zhang [239]
showed that varying physical parameters in an interconnection network topology

significantly affect the performance of a load-balancing strategy, regardless of that
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strategy’s approach or the network load levels.

Various interconnection network topologies have been proposed and studied
in literature [172] [136]. The binary n-cube also known as hypercube (HC), is
a well-known topology among researchers as it possesses a number of desirable
features of an interconnection network which include high fault-tolerance, simple
routing, logarithmic degree and logarithmic diameter. Yet, the major disadvan-
tages of hypercube and its variants are, difficulty with its VLSI layout, Scalability
and Modularity [174] [4] [110]. Numerous topologies have been proposed in
literature which claim to solve problems associated with a hypercube architecture.
They are either hypercube variants or hybrid architectures. Each of these topolo-
gies has some advantageous features as well as some inherent limitations. The
demand for improving the scalability of the HC at an affordable cost motivates

our research towards proposing a new interconnection network.

1.5.2 Static Load Balancing Task Allocation

Task allocation techniques for load balancing may be static or dynamic [101].
The first one static allocation techniques are used when the computational and
communication requirements of a problem are known a priori. The problem is
partitioned into tasks and the assignment of the task-processor is performed once
before the parallel application initiates its execution. Clearly these techniques are
intended to be executed off-line in a separate mapping step at compile time. The
second approach, which is the dynamic allocation scheme, is applied in situations
where no prior estimations of load distribution are possible. It is only during the
actual program execution that it becomes apparent as to how much load is being
assigned to the individual processor. In order to retain efficiency, the imbalance
must be detected and an appropriate dynamic allocation strategy must be devised.
Some dynamic strategies that use local information in a distributed architecture,
have been proposed in literature. These strategies describe rules for migrating
tasks from overloaded processors to under loaded processors in the network of a

given topology. Dynamic allocation techniques are also referred to as Resource
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Sharing, Resource Scheduling, Job Scheduling, Task Migration techniques etc.

In terms of advantages, static allocation techniques are advantageous com-
pared to dynamic allocation techniques, as they have no run time overhead. The
overhead of static techniques are incurred at compile time resulting in a more
efficient execution time. Dynamic techniques are quite complex and the alloca-
tion process may create additional run time overhead that can adversely influence
the system performance. In some situations for example those applications which
can’t be formulated in deterministic manner, dynamic allocation techniques first
determine an initial assignment and then apply stepwise refinements to improve
the solution. The overhead is multiplied proportionally. In such cases, an initial
assignment may be found using a static allocation technique and then a dynamic
allocation technique may be employed to improve the solution. The importance
of using static allocation followed by a dynamic allocation has been demonstrated
by Tindell et al. [207]. A similar approach has been used by Liang et al. [150] for
reconfigurable systems. These obvious advantages of static allocation techniques

was the motivation behind designing the proposed static allocation models.

1.5.3 Heterogeneous Multicomputer Systems

For simplifying the task allocation models and related algorithms [31], most of
the techniques proposed in literature overlooked a number of characteristics that
can be considered essential to both, parallel and distributed systems as well as
the application. These characteristics are the heterogeneity of the machines, ar-
bitrary structure of the application task graph, different requirements of the tasks
with respect to available resources etc. Most of the algorithms and models pro-
posed in literature deal with homogeneous distributed systems. In heterogeneous
multicomputer systems, diversely capable machines are connected through an in-
terconnection network. In such systems machines are constrained by factors like
processor speed, memory capacity etc., hence application tasks can’t be allocated
in an arbitrary manner. A task must be assigned to a machine where it executes

with the fastest possible speed. Moreover, the interconnection network has its own
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characteristics like transmission rate and limited communication capacities. The
tasks also communicate with each other at a given rate to exchange data during
execution.

Given the above mentioned constraints related to heterogeneous multicom-
puter systems, conventional parallel algorithms and tools aimed at homogeneous
systems can’t be efficiently used for parallel computing. Due to the presence of
diversely capable machines, task allocation should take place in such a way that
more powerful machines do more work and less powerful machines do less work.
Moreover, capable machines should not be overloaded. The allocation should be
done not only to optimize a cost function but also to achieve the task requirements
and validate system resources. If such limitations are not taken into account, a
task may be assigned to a machine that is not the best suited to execute it. Such
drawbacks have been noticed in a number of published techniques. Clearly, there
is a need to develop new algorithms and tools to efficiently use the HMS type
of architectures. The work addressed in this thesis considers various behavioural

characteristics that are essential to both, parallel tasks and the HMS.

1.5.4 No Task Duplication

A scheduling technique that duplicates some tasks on more than one machine to
reduce the intertask communication cost is known as scheduling with task dupli-
cation [200]. The rational behind task duplication scheduling is that some child
task may wait for the output from a parent task running on the other machine.
The output from the parent task can be locally fed to the child task without having
any intertask communication, if the parent task and child task are allocated to
the same machine. Though the technique seems effective as it reduces schedule
length, one major drawback of this technique is that, duplicating tasks may re-
quire duplicating data among machines and thus may lead to wastage of storage
space. Another drawback of this approach is that it reduces the effective num-
ber of machines in the system because the same task is executed by more than

one machine. Moreover, it has been found that duplication based techniques have
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high complexities. The load balancing task allocation techniques presented in this

thesis avoid the concept of task duplication.

1.5.5 Problem Complexity

The task allocation problem is known to be NP-complete in most cases, where there
are n"™ possible ways for allocating m tasks to n machines. It has been shown that,
an optimal assignment may be found efficiently by a polynomial time algorithm for
two or three processors [202] [181] and for restricted cases such as tree structure
of interconnection pattern of application tasks [108] [47]], uniform communica-
tion cost between tasks [44] and linear array of processors [146] [145]. However,
for an arbitrary number of machines the problem is known to be NP-Hard and
the timing complexity of the proposed optimal algorithms increases rapidly with
increase in number of tasks and machines. Due to the complexity of the problem
several heuristics have been reported in literature which lead to near optimal so-
lution. Although a near optimal solution can be found quickly using heuristics but
most of these ignore machine and task heterogeneity while allocating tasks and
under perform when exercised taking into account such details. Considering these
key factors, two heuristics are presented in this thesis which lead to a near optimal

solution with acceptable timing complexity O(m(n + 1)).

1.6 Contributions

The major contributions of this thesis are as follows:

1.6.1 An Economical and scalable topology for PDS

A new interconnection network topology called Scalable Twisted Hypercube (STH)
has been proposed in this work to counter the poor scalability of twisted hyper-
cube. Its suitability for use as a multiprocessor interconnection networks has been

explored by establishing various mathematical properties of the topology. The
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topology has been analyzed and compared with some other topologies of inter-
est on a number of interconnection networks evaluation parameters. The results
obtained indicate that with reduced diameter, better average distance, low traffic
density, low cost, maximum number of links, high bisection width and tremendous

scalability, STH is comparatively more suitable for Massively Parallel Systems.

1.6.2 Routing and Broadcasting Procedures for ST H Topology

An interconnection network topology offers no benefits until it is supported by
an efficient routing algorithm. Procedures for routing and broadcasting on the
proposed topology have also been discussed and a simple routing algorithm has
been presented. In summary, the proposed interconnection network offers sound

architectural support for parallel computing.

1.6.3 Load Balancing Task Allocation Models

A Heterogeneous Multicomputer System is characterized by machine and task het-
erogeneity. Processors centric allocation models reported in literature are there-
fore incapable of fair task allocation in such a vague environment. One of the
possible solutions is the use of Fuzzy logic based techniques. Fuzzy logic is a pow-
erful tool for designing intelligent systems. The ability of drawing conclusions
and generating responses based on vague, ambiguous and imprecise data offers
tremendous leverage to Fuzzy Logic. Consequently, mathematical problems that
are difficult to model using conventional methods can easily be formulated using
fuzzy principles.

To deal with the limitations of previously proposed processors centric mod-
els, this thesis presents two task allocation models based on fuzzy logic, which
are suitable for allocating tasks on HMS fairly. The main objective of the pro-
posed allocation models is to perform task allocation with load balancing. That
is, to achieve a fairly distributed cumulative execution time on all machines under

given task and machine characteristics.The proposed fuzzy models are novel and
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efficient.

1.6.4 Fuzzy Expected Time to Compute (F'ETC) Matrix Gener-

ation Algorithm

The task allocation models presented in this thesis assume that a parallel applica-
tion can be divided into number of tasks which can execute on diversely capable
machines in parallel. The machines are connected through an interconnection
network and the execution times of tasks are unknown. To evaluate the execution
times of tasks in a fuzzy environment, under a given task and machine hetero-
geneities in run time, a novel algorithm has been developed. The algorithm serves
as the basis of two task allocation models developed in this thesis. The input to
the algorithm is the task and machine heterogeneities and it generates the Fuzzy

Expected Time to Compute (F'ET'C') Matrix.

1.6.5 Efficient Allocation Algorithms

Based on the proposed models two novel algorithms were developed to allocate
tasks on HMS. To simulate these algorithms and to validate the proposed models,
C programs are written using CodeBlocks 12.11 compiler under Ubuntu 12.0 LTS
operating system and executed on a Dell Machine with an Intel Core i7 processor,
4GB RAM and 500GB Hard Disk. The files FLBTA.sh and FLBTAM.sh run the
simulation. To obtain the test related data, random machine and task scenarios
have been generated. Machine heterogeneity has been ascertained by consulting

the components statistics available on various sites.

1.7 Thesis Organization

The remainder of the thesis consists of six chapters organized as shown in fig-

ure [1.9]
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Figure 1.9: Thesis Organization

Chapter 2:

This chapter presents basic concepts related to the design and performance issues
of multiprocessor interconnection networks and reviews the literature associated
with them. It starts with an introduction to multiprocessor interconnection net-
works and briefly discusses static and dynamic interconnection networks while
reviewing the literature related to them. Next, it introduces a new class of in-
terconnection networks known as hybrid networks. Cross product as a network
synthesizing operator is introduced and its significance is also briefly discussed.
A good number of mathematical definitions used to describe interconnection net-
works are also introduced. Further, the chapter presents a section on performance
evaluation parameters available for interconnection networks. Basic properties re-
lated to product networks are also explained. The chapter concludes with a discus-
sion on how interconnection network topology effects load balancing in parallel

and distributed systems.
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Chapter 3:

This chapter begins with a literature survey on various interconnection network
topologies proposed for parallel systems. It then introduces the design principles
of a new interconnection network topology termed as STH (Scalable Twisted Hy-
percube). Suitability of STH for use as an interconnection network topology is
explained. Mathematical expressions to represent various topological properties
of the proposed STH topology such as degree, diameter, total number of nodes,
total number of links, average distance and bisection width are derived. Fur-
ther, the proposed topology is compared with some other topologies of interest on
a number of interconnection networks evaluation parameters. Experimental re-
sults are presented to show that with a reduced diameter, better average distance,
low traffic density, low cost, maximum number of links, high bisection width and
tremendous scalability, STH is more suitable for massively parallel systems. Pro-
cedures for routing and broadcasting on the proposed topology are also discussed

and a simple routing algorithm is also presented.

Chapter 4:

This chapter starts with an introduction to the Task Allocation Problem. It then
classifies available solutions to this problem, on the basis of various techniques
used to solve. Various solution techniques are discussed with a detailed literature
survey on related task allocation models. The advantages and limitations of each
technique are also pointed out. Further, the chapter considers a very important
parameter for the task allocation models in parallel and distributed systems re-
ferred to as “load balancing”. Significance of load balancing as an allocation step

is also explained.

Chapter 5:

The chapter begins with a brief introduction to Fuzzy Logic. Next, it presents

the concept of fuzzy numbers, triangular membership, linguistic variables and de-
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fuzzification. Significance and various operations on triangular fuzzy numbers is
briefly presented. The chapter then focuses on the major contribution of the thesis.
It first presents a brief literature review of related work and then proceeds to the
principles of two fuzzy load balancing task allocation models. Various parameters
on which the proposed Load Balancing Fuzzy Task Allocators are based, are dis-
cussed and argued. Three novel algorithms - One for determining Fuzzy Expected
Time to Compute Matrix and two for the implementation of proposed fuzzy load
balancing task allocation models are presented and discussed. Experimental data
from random task scenarios and random machine scenarios are presented to test

and verify the proposed models.

Chapter 6:

The thesis summarizes in Chapter 6. The contributions made include inferences
drawn as a result of various experiments conducted within this work. From the
experimental results obtained on Scalable Twisted Hypercube Topology, it can be
concluded that with reduced diameter, better average distance, low traffic den-
sity, low cost, maximum number of links, high bisection width and tremendous
scalability, STH is more suitable for Massively Parallel Systems. Further, from the
experimental results obtained from the proposed Fuzzy Load Balancing Task Allo-
cation Models it can be concluded that the models are simple and efficient. This

chapter also suggests directions for future research in this area.



Chapter 2

Interconnection Networks and

Hybrid Topologies

This chapter provides background knowledge about interconnection networks (INs)
and hybrid topologies. Various properties associated with interconnection net-
works and metrics used to gauge the performance of various topologies are ex-
plained.

The major constituents of a multiprocessor system are multiple CPUs connected
through an interconnection network and the software that enables the CPUs to
work together. Communication in message passing systems is performed by send
and receive commands, while in shared memory multiprocessor systems, commu-
nication is performed by writing to and reading from the global memory. In both
cases, the interconnection network plays a vital role in determining the communi-

cation speed.

2.1 Criteria Used for Classification of INs

Several surveys related to interconnection networks have been reported in litera-
ture [164]

[197] [106] [206]. The needs of the communication industry particularly in the
field of telephone switching, influenced the early work on interconnection net-

22
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works. As the need for more computing power increased, applications for in-
terconnection networks within computing machines began to become evident.
Amongst the first of these were matrix manipulation, sorting etc., but as interest in
parallel processing increased, numerous interconnection networks were proposed
both for shared memory systems and for distributed memory systems [196]]. With
advances in fast packet switching, interest in interconnection networks which were
originally proposed for parallel processing are now being considered for use in fast
packet switch based systems. According to Bhuyan [[42] multiprocessor intercon-

nection networks (INs) can be classified based on the following criteria:
e Mode of operation (synchronous versus asynchronous)
e Control strategy (centralized versus decentralized)
e Switching techniques (circuit versus packet)
e Topology (static versus dynamic)

El-Rewini and Abd-El-Barr [101]] and Bhuyan et al. [43]] have also used the same

criteria.

2.1.1 Mode of Operation

Based on the mode of operation INs are classified as synchronous or asynchronous.
In synchronous mode of operation, a single global clock is used by all components
within the system while the asynchronous mode of operation does not require a
global clock; instead handshaking signals are used in order to coordinate system

operation.

2.1.2 Control Strategy

Based on control strategy INs are classified as centralized or decentralized. In
centralized control systems, a single central control unit is used to coordinate

and control the operation of the components within the system. In decentralized
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control, the control function is distributed among different components within the

system.

2.1.3 Switching Techniques

This approach classifies the interconnection networks as packet switched or cir-
cuit switched. In the circuit switching mechanism, a complete path has to be
established prior to the start of communication between a source and a destina-
tion while in a packet switching mechanism, communication between a source and
destination takes place via messages that are divided into smaller entities, called

packets.

2.1.4 Topology

An interconnection network topology is a mapping function from the set of pro-
cessors and memories onto the same set of processors and memories.

In general, interconnection networks can be classified as static or dynamic. In
static networks, direct fixed links are established among nodes to form a fixed net-
work, while in dynamic networks, connections are established as needed. Switch-
ing elements are used to establish connections between inputs and outputs. De-
pending on the switch settings, different interconnections can be established.
Nearly all multiprocessor systems can be distinguished by their interconnection

network topology.

2.2 Topology Based Classification for INs

On the basis of topology, interconnection networks (INs) can be classified as static
or dynamic. In static INs, fixed links are created at the time of fabrication while
dynamic INs establish connections on the fly based upon connection requirements.
In dynamic networks, switches are used to establish connections between inputs

and outputs. By manipulating the switch settings, different interconnections can
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be established. Figure shows topology based classification of INs. The follow-

Hierarchical

ing sections briefly discuss these topologies.

2.3 Dynamic Interconnection Networks

Figure 2.1: Topology based classification of INs
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Dynamic interconnection networks can be either be bus based or switch based.

The following subsections discuss them:

2.3.1 Bus Based Dynamic Interconnection Networks

Single Bus Systems

A single bus is considered the simplest way to connect multiprocessor systems.

Figure shows an illustration of a single bus system.
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Figure 2.2: Topology based classification of INs
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e In its general form, such a system consists of N processors, each having its

own cache, connected by a shared bus.

e The use of local caches reduces the processormemory traffic. All processors

communicate with a single shared memory.

e The typical size of such a system varies between 2 and 50 processors.

e System size is limited by the bandwidth of the bus and the fact that only one

processor can access the bus, and in turn only one memory access can take

place at any given time.

Multiple Bus Systems

The use of multiple buses to connect multiple processors is a natural extension to

the single shared bus system.

e A multiple bus multiprocessor system uses several parallel buses to intercon-

nect multiple processors and multiple memory modules.

e A number of connection schemes are possible in this case, namely multiple

bus with full bus memory connection (MBFBMC), multiple bus with single

bus memory connection (MBSBMC), multiple bus with partial busmemory

connection (MBPBMC), and multiple bus with class-based memory connec-
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tion (MBCBMC). Figure and illustrates these configurations respec-

tively.

e The multiple bus with full busmemory connection has all memory modules
connected to all buses. The multiple bus with single busmemory connection
has each memory module connected to a specific bus. The multiple bus
with partial busmemory connection has each memory module connected to
a subset of buses. The multiple bus with class-based memory connection has
memory modules grouped into classes whereby each class is connected to a

specific subset of buses.

e In general, multiple bus multiprocessor organization offers a number of de-

sirable features such as high reliability and ease of incremental growth.

e On the other hand, when the number of buses is less than the number of
memory modules (or the number of processors), bus contention is expected

to increase.

2.3.2 Switched Based Interconnection Networks

In this type of network, connections among processors and memory modules are
made using simple switches. Three basic interconnection topologies exist: cross-

bar, single-stage, and multistage.

Crossbar

e Unlike the single bus which can provide only a single connection, a crossbar

can provide simultaneous connections among all its inputs and outputs.

e The crossbar contains a switching element (SE) at the intersection of any

two lines extended horizontally or vertically inside the switch.

e Figure shows an 8 x 8 crossbar. A SE (also called a cross-point) is

provided at each of the 64 intersection points.
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e Simultaneous connections between P, and Mg ;,; for 1 < i < 8 are made.

e The two possible settings of an SE in the crossbar (straight and diagonal) are

also shown in the figure.

e As can be seen from the figure, the number of SEs (switching points) re-
quired is 64 and the message delay to traverse from the input to the output

is constant, regardless of which input/output are communicating.

e In general for an N x N crossbar, the network complexity, measured in terms
of the number of switching points, is O(/N?) while the time complexity, mea-

sured in terms of the input to output delay, is O(1).

e Crossbar is a nonblocking network that allows a multiple inputoutput con-

nection pattern (permutation) to be achieved simultaneously.

e For a large multiprocessor system the complexity of the crossbar can become
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a dominant financial factor.

Single Stage Networks

In this case, a single stage of switching elements (SEs) exists between the inputs
and the outputs of the network. The simplest switching element that can be used
is the 2 x 2 switching element (SE). Figure [2.6/shows the four possible settings that
a SE can assume. These settings are called straight, exchange, upper-broadcast,

and lower-broadcast [204].

Straight Exchange Upper Broad Cast Lower Broad Cast

Figure 2.6: Different settings of the 2 x 2 SE

e In the straight setting, the upper input is transferred to the upper output and

the lower input is transferred to the lower output.

e In the exchange setting, the upper input is transferred to the lower output

and the lower input is transferred to the upper output.

¢ In the upper-broadcast setting, the upper input is broadcast to both the upper

and the lower outputs.

¢ In the lower-broadcast setting, the lower input is broadcast to both the upper

and the lower outputs.

e Following are some examples of Single Stage Networks:

Shuffle Exchange Network

e To establish communication between a given input (source) to a given out-
put (destination), data has to be circulated a number of times around the

network.
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e A well-known connection pattern for interconnecting the inputs and the out-

puts of a single-stage network is the ShuffleExchange.

e Two operations are used. These can be defined using an m bit-wise address

pattern of the inputs p,,_1pm_2Pm_3 - . . p1po as follows:

S(Pm—1Pm—2Pm—3 - - - P1P0) = Pm—2Dm—3P1P0Pm—1
E(pm-1Pm—2Pm—3 - - - P1P0) = Pm—1Pm—2Pm—3 - - - P1Po

e With shuffle (S) and exchange (F) operations, data is circulated from input

to output until it reaches its destination.

e To complete the network every output is buffered and fed back to its cor-
responding input. Packets of data therefore circulate through the structure

until they exit at the desired output [68].

e For example, if the number of inputs (processors), in a single-stage IN is N
and the number of outputs (memories), is N, the number of SEs in a stage

is N/2.

e The maximum length of a path from an input to an output in the network,

measured by the number of SEs along the path, is log, V.

e Stone [205] introduced the perfect shuffle as a pattern of interconnection
links of some interest. The goal was to solve a number of classes of compu-

tational problem via a tightly coupled parallel processor.

The Cube Network
e The interconnection pattern used in the cube network is defined as follows:
Ci(Pm—1Pm—2Pm—3 - - - Dit1DiPi-1P1P0) = Pm—1Pm—2Pm—3 - - - Pis1D;Di-1 - - - P1Po

e Considering a 3-bit address (N = 8), then C»(6) = 2, C1(7) = 5 and Cy(4) =
5. Figure shows the cube interconnection patterns for a network with
N =38.
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(c)

Figure 2.7: The cube network forN = 8 (a) Cy; (b) C4; and (c) Cy

e The network is called the cube network due to the fact that it resembles the

interconnection among the corners of an n-dimensional cube (n = log, N).

The Butterfly Network

e The interconnection pattern of Butterfly Network uses the butterfly function,

which is defined as:
B(pm—lpm—2pm—3 cee plpO) = PoPm—2Pm—-3 .- - P1Pm—1

e For a 3-bit address (N = 8), the following is the butterfly mapping:
B(000) = 000
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B(101) = 101
B(110) = 011
B(111) = 111

Multistage Networks

aoo
ISC1 ISCn
o o o
o o o
o ¢ o

Switches Switches Switches

Figure 2.8: Multistage interconnection network

e If multiple copies of the single stage shuffle exchange are cascaded, a multi-
stage interconnection network (MIN) results and is called a multi-stage shuf-
fle exchange. Data is no longer required to circulate through the network but

passes through the structure from input to output.

e The most undesirable single bus limitation that MINs are set to improve is the
availability of only one single path between the processors and the memory
modules. Thus, MINs provide a number of simultaneous paths between the

processors and the memory modules.

e As shown in Figure |2.8] a general MIN consists of a number of stages each
consisting of a set of 2 x 2 switching elements. Stages are connected to each

other using Inter-stage Connection (ISC) Pattern.
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e Figure shows an example of an 8 x8 MIN that uses the 2 x2 SEs described

before. This network is known as the ShuffleExchange network (SEN).
e There exist log, N stagesina N x N MIN.

e Other examples of multi-stage interconnection networks include:

The Banyan Network

W Qoo
1 5 9

00— 001

010 —1 010
2 6 10

011 — 011

100 — 100
3 7 11

101 — 101

110 — 110
4 8 12

111 —— }—111

Figure 2.10: An example of 8 x 8 Banyan Network.

e Figure shows an example of an 8 x 8 Banyan network.

e The design principle of banyan network is that: if the number of inputs (pro-
cessors) is NV and the number of outputs (memory), is also /N, the number
of MIN stages is log, N and the number of SEs per stage is N/2. Hence,
the network complexity, measured in terms of the total number of SEs is

O(N log, N).



2.3. Dynamic Interconnection Networks 36

The Omega Network

Figure 2.11: An example of 8 x 8 Omega Network.

e Figure shows an example of an 8 x 8 Omega network.

e Assize N omega network consists of [og, N single-stage shuffle exchange net-

works [[143]].

e Each stage consists of a column of N /2, two-input switching elements whose

input is a shuffle connection.

There is a long list of multistage interconnection networks reported in literature.
Some better known examples include The Delta Network [173]], The Clos [78],
The Benes [38] and The Batcher Sorting Network [36]]
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2.3.3 Blocking and Non-Blocking Networks

e Multi-stage interconnection networks may be further classified according to
the blocking characteristics they present which is reflected in the throughput

they offer to traffic with a random distribution of packet destinations.

e Blocking networks possess the property that in the presence of a currently
established interconnection between a pair of input/output, the arrival of a
request for a new interconnection between two arbitrary unused input and
output may or may not be possible. Examples of blocking networks include

Omega, Banyan, ShuffleExchange, and Baseline.

e Nonblocking networks are characterized by the property that in the presence
of a currently established connection between any pair of input/output, it
will always be possible to establish a connection between any arbitrary un-

used pair of input/output.

e Re-arrangeable networks are characterized by the property that it is always
possible to rearrange already established connections in order to make al-
lowance for other connections to be established simultaneously. The Benes

is a well-known example of a re-arrangeable network.

2.4 Static Interconnection Networks

There are two types of static interconnection networks:
e Completely Connected Networks (CCNs)
e Limited Connection Networks (LCNSs)

Before proceeding further with discussing static interconnection networks, it is
necessary to introduce some important topological definitions which play a major

role in grading of these networks.
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Degree(d)

The Degree (d) of a node in a network is defined as the number of channels in-
cident on the node. The number of channels into the node is termed as the in-
degree, d;,. The number of channels out of a node is termed as the out-degree,
doys. The total degree, d, is the sum, d = d;,, + d,.;. For an undirected network, the
number of edges incident on a node is called the degree of that node. The node
degree reflects the number of 1/0O ports required per node, and thus the cost of
the network. Therefore, the node degree should be kept constant and as small as
possible in order to reduce cost. A constant node degree is very much desired to

achieve modularity in building blocks for scalable systems.

Diameter(D)

The Diameter (D) of a network having NV nodes is defined as the longest path, I,
of the shortest paths between any two nodes D = max (min, ;(length(l)) . In
this equation, /;; is the length of the path between nodes i and j and length(l) is
a procedure that returns the length of the path, /. In simple words diameter of a
network is the maximum shortest path between any two nodes. The path length
is measured by the number of links traversed. The network diameter indicates
the maximum number of distinct hops between any two nodes, thus provides a
figure of communication merit for the network [[129]. It should be obvious that

the diameter should be as small as possible from a communication point of view.

Bisection Width (w)

Bisection Width (b) of a network is the minimum number of edges that must be
removed in order to divide the network into two halves. In case of a communi-
cation network each edge corresponds to a channel with w bit wires. Then the
wire bisection width is B = bw. The parameter B reflects the wiring density of a
network. When B is fixed, the channel width (in bits) w = B/b. Thus the bisection

width is a good indicator of the maximum communication bandwidth along the
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bisection of a network.

Symmetry

A network is said to be symmetric if it is isomorphic to itself with any node labeled
as the origin; that is, the network looks the same from any node. Rings and Tori

networks are symmetric while linear arrays and mesh networks are not.

Network Throughput

Network throughput is an indicative measure of the message carrying capacity of
a network. It is defined as the total number of messages the network can transfer
per unit time. To estimate the throughput, the capacity of the network and the
messages number of actually carried by the network are calculated. Practically

the throughput is only a fraction of its capacity.

Latency

Latency is the delay in transferring the message between two nodes.

Data Routing Functions

These are the functions which when executed, establish the path between the
source and the destination. In dynamic interconnection networks, there can be
various interconnection patterns that can be generated from a single network. This
is done by executing various data routing functions. Thus data routing operations

are used for routing the data between various processors.

Dimensionality of Interconnection Network

Dimensionality indicates the arrangement of nodes or processing elements in an

interconnection network. In a single dimensional or linear network, nodes are
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connected in a linear fashion; in a two dimensional network the processing ele-
ments (PEs) are arranged in a grid while in a cube network they are arranged in a

three dimensional network.

Hardware Cost

It refers to the cost involved in the implementation of an interconnection network.
It includes the cost of switches, arbiter unit, connectors, arbitration unit, and in-

terface logic.

2.4.1 Completely Connected Networks

B

] )

O

Figure 2.12: An example of six node CCN

e In a completely connected network (CCN), each node is connected to all

other nodes in the network.

e Completely connected networks guarantee fast delivery of messages from

any source node to any destination node (only one link has to be traversed).

e Since every node is connected to every other node in the network, routing

of messages between nodes becomes a straightforward task.
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e Completely connected networks are, however, expensive in terms of the
number of links needed for their construction. This disadvantage becomes

more and more apparent for higher values of N.

e The number of links in a completely connected network is given by N (N —

1)/2, that is, O(N?).

e The delay complexity of CCNs, measured in terms of the number of links tra-
versed as messages are routed from any source to any destination is constant,

that is, O(1).

e An example having N = 6 nodes is shown in Figure A total of 15
links are required in order to satisfy the complete interconnectivity of the

network.

2.5 Limited Connection Networks

Limited connection networks (LCNs) do not provide a direct link from every node
to every other node in the network. Instead, communications between some nodes
have to be routed through other nodes in the network. The length of the path be-
tween nodes, measured in terms of the number of links that have to be traversed, is
expected to be longer compared to the case of CCNs. Two other conditions seem
to have been imposed due to limited interconnectivity in LCNs. These are: the
need for a pattern of interconnection among nodes and the need for a mechanism
for routing messages around the network until they reach their destinations. A
number of regular interconnection patterns have evolved over the years for LCNs.

These patterns include:

Linear Array

e This is a one dimensional network in which N nodes are connected by N — 1

links in a line.
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e Internal nodes have degree 2 and the terminal nodes have degree 1. The
diameter is V — 1, which is rather long for large N. The Bisection Width is
b=1.

e Linear arrays are the simplest connection topology. However, the structure
is asymmetric and communication is quite inefficient when N becomes very

large.

e As the diameter increases linearly with respect to N, linear arrays are not
suited for large N. For very small NV, it is rather economical to implement a

linear array.

Ring and Chordal Ring

e A ring is obtained by connecting the two terminal nodes of a linear array

with one extra link.

e Aring can be unidirectional or bidirectional. It is symmetric with a constant

node degree of 2.
e The diameter is | N | /2 for a bidirectional ring and N for unidirectional ring.
e By increasing the node degree from 2 to 4 we obtain a chordal ring.

e Two or more links may be added to produce other chordal rings. In gen-
eral, the more links added, the higher the node degree and the shorter the

network diameter.

Tree and Star

e A binary tree network consists of nodes connected in a binary tree arrange-

ment.

¢ In general a k-level, completely balanced binary tree should have NV = 2k —1

nodes. The maximum mode degree is 3 and the diameter is 2(k — 1).
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e With a constant node degree the binary tree is a scalable architecture. How-

ever, the diameter is rather long.

e The Star is a two level tree with a high node degree of d = N — 1 and a small

constant diameter of 2.

Fat Trees
e The channel width of a fat tree increases as we ascend from levels to root [148].
e A fat tree is more like a real tree in that branches get thicker toward the root.

e One of the major problems in using the conventional binary tree is the bottle-
neck problem toward the root, since traffic toward the root becomes heavier.

The fat tree was proposed to alleviate the problem.

e The idea of fat tree has been applied in the Connection Machine CM-5. The

idea of binary trees can also be extended to multiway fat trees.

Mesh and Torus
e A 3 x 3 mesh network consists of 9 nodes.

e In general, a k-dimensional mesh with N = nk nodes has an interior node
degree of 2k and the network diameter is k(n — 1). The node degrees at the

boundary and corner nodes are 3 and 2 respectively.

e Pure mesh is not symmetric. However, some of its variants may be symmet-

ric.

e The torus can be viewed as another variant of the mesh with an even shorter

diameter.

e This topology combines the ring and mesh and extends to higher dimensions.
The torus has ring connections across each row and along each column of

the array.
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e In general an n x n torus has a node degree of 4 and a diameter of |n]/2.

e The torus is a symmetric topology. All added wraparound connections help

reduce the diameter by one-half from that of mesh.

Systolic Arrays

e This is a class of multidimensional pipelined array architectures designed for

implementing fixed algorithms.

e A systolic array has been specially designed for performing matrix-matrix

multiplication.

e The systolic array has become a popular research area ever since its intro-
duction. With fixed interconnection and synchronous operation, a systolic

array matches the communication structure of the algorithm.

e For special applications like image/ signal processing, systolic arrays may

offer a better performance/ cost ratio.

Hypercube

e This is a binary n-cube architecture which has been implemented in the iPSC,

nCUBE and CM-2 systems.

e In general, an n-cube consists of N = 2n nodes spanning along n dimensions,

with two nodes per dimension.
e The node degree of an n-cube equals n and so does the network diameter.

e In fact, the node degree increases linearly with respect to the dimension,

making it difficult to consider the hypercube a scalable architecture.

e Binary hypercube has been a very popular architecture for research and de-
velopment. Both Intel iPSC/1, iPSC/2 and nCUBE machines were built based

upon the hypercube architecture. The architecture has a dense connection.
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e With poor scalability and difficulty in packaging higher-dimensional hyper-
cubes, the architecture has been replaced by other architecture. For example
the CM-5 chooses the fat tree over the hypercube implemented in CM-2. The
Intel Paragon chooses a two dimensional mesh over its hypercube predeces-

SOrS.

Besides above popular networks, numerous limited connection networks like Cube
Connected Cycles(CCC) [176], Barrel Shifter etc. have also been reported in liter-
ature. Table lists topological properties of some important limited connection

networks for network size of N:

Network Degree Diameter Bisection Width Symmetry
Linear Array 2 N —1 1 No
Ring 2 [IN|/2 2 Yes
Completely 2 1 (N/2)? Yes
Connected

Binary Tree 3 2(logy N — 1) 1 No
Star N -1 2 |N|/2 No
2D-Mesh 4 2(vV/N — 1) VN No
2D-Torus 4 2|V N /2] 2V N Yes
k-Hypercube  log, N log, N N/2 Yes
CCC(k), k = 3 (2k — 1+ |k/2]) N/(2k) Yes
loge(N/k), k >

3

Table 2.1: Topological properties of limited connection networks

2.6 Hybrid Interconnection Networks

Hybrid topology, as the name suggests, is a combination of two or more topologies.

Two types of hybrid interconnection networks have been proposed in literature:
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1. Hierarchical Interconnection Networks: Hierarchical interconnection net-
works (HINs) provide a framework for designing networks with reduced
link cost by taking advantage of the locality of communication that exists
in parallel applications [2]]. Some well known networks in this category are
Hierarchical n-Hypercube [161]], Extended Hypercube [142], dBCube [67],
HFCube [195] etc. Abd-El-Barr and Al-Somani [2] present a good review of

various hierarchical networks and their topological properties.

2. Product Networks: There are several graph-theoretic operators which enable
us to derive large networks from small networks. Cross product or Cartesian

product is one of them.

Cross product of undirected graphs as a means of combining two topologies
with known properties has been extensively exploited in literature. The re-
sultant graph retains the properties of both the graphs. Example includes
multidimensional meshes, tori, w-graphs [[190]], Banyan-Hypercubes [235],

mesh connected trees [[98] etc.

The next chapter presents a highly scalable and economical topology for
parallel and distributed systems. The proposed topology is based on the cross
product of two topology graphs. Hence, to facilitate ease of understanding

of the next chapter, the next section is devoted to Product Networks.

2.7 Cross Product as Net. Synthesizing Operator

Let X; = (W4, E1) and X, = (V4, E») be two undirected graphs representing two
interconnection topologies, where V; and V5 are sets of vertices (processors) and
E; and E, are sets of edges (interconnections between processors). Then the cross

product of the two topologies is defined as below:

Definition 2.7.1 Cross Product: The cross product X = X;® X, of two undirected
connected graphs X; = (Vj, £;) and X, = (V4, Es) is the undirected graph X =
(V,E), where V and E are given by:
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1. V=<ux,z9>r1€V] and x5 € Vs, and

2. for any u =< x1, 29 > and v =< yy,y, > in V, (u, v) is an edge in F, iff either

(x1,91) is an edge in F; and x5 = ys, Or (z3,ys) is an edge in F, and 27 = y;.

An Example

1n

1
.2

12.2] 12'3]

Figure 2.13: An example of Cross Product

Consider X; = (V4, E1), where, Vi = {1,2} and E; = {(1,2)}

Xy = (Va, Es), where, V, = {1,2,3} and F» = {(1,2),(2,3),(3,1)}
The product graph X = X; ® X, is shown in Figure [2.13]

As can be seen from the above example X = X; ® X, can be constructed by
replacing each vertices of X; by X, (or by repeating X, |V;| times) and setting up
the appropriate links as per Definition Here |V;| means the cardinality of
set V. Clearly, the Cartesian Product Operator is a network synthesizer. It takes

two networks X; and X, and synthesizes a third network X = X; ® Xo.

2.7.1 Topological Properties of Product Networks

Topological properties of product networks have been described in [234]. From
the point of view of this thesis the following properties are important, hence are
being briefly discussed below. Throughout the discussion the following notion

have been adopted:

e degx(z) = the degree of node = in graph X
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e dx(z,y) = the distance from z to y in X
e Dy = the diameter of graph X

e dy the average distance of X

Definition 2.7.2 The Degree Formula: If X; and X, are two graphs of degrees
degx: and degx, respectively then the degree of X; ® X, i.e. deg(x,sx,) is given
by:

deg(x,9x,) = degx1 + degxs

Definition 2.7.3 Size and Diameter Formula: if X; and X, are two undirected
connected graphs with diameters Dy, and Dy, and of sizes N; and N, respectively

then:
e X; ® X, is connected

e the size NV and the diameter D x, ¢ x,) of X; ® X, are given by N = N; x N
and D(X1®X2) = DXl + DX2

Corollary 2.7.4 It is obvious that Dy (n) = nDx

Definition 2.7.5 Shortest Path Formula: If x,xzq,2,...,2;,y is a shortest path

from = to y in X, and if 2/, 2,2}, ... 2/, v a shortest path from z to y in X,

) T

then za/, x 2/, xoa’, ... |22’ yx!, yy' is a shortest path from z2’ to yy' in X; ® Xo.

Definition 2.7.6 Average Distance Formula: if X; and X are two undirected con-
nected graphs then

ZZX1®X2 = ZZXl + EXz

Corollary 2.7.7 It is obvious that dx(n) = ndy

2.7.2 Significance of Cross Product

The following example illustrates the significance of Product Networks.
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Example

Let SC(n,h) be the cross product of the n-Star Graph S(n) and the h-Hypercube
C(h). SC(n,h) offers a higher flexibility in choosing the network size and adjust-
ing the degree and diameter parameters. Table on page illustrates this
feature by showing the size, degree and diameter of S(n), C'(h) and SC(n,h).
From this table, it can be observed that in all the cases considered, SC(n, h) has
a better fit to the desired size than S(n) and a lower degree and diameter than

o(h).

2.7.3 Routing on Product Networks:

A distributed routing algorithm for a network X = (V| FE) is a function R from
V x V to V that associates for each pair of nodes(current, destination) a node
next, where current is the node at which a given message is currently stored,
destination is the destination node for that message, and next is the next node to
be visited by the message in its way to the destination node. Let R; and R, be
two distributed routing algorithms for X; and X,, respectively then, a distributed
routing algorithm R for X; ® X, is given by:

Ri(cury,desty), curs] if cury # cur
R[(cury, cury), (desty, dests)] = (e, 1), curs) ' ’

[cury, Ro(cury, desty)] if  cury = cury
The above routing rules route a message along X;-edges until the X,-component
of the current node is equated to the X;-component of the destination node. Once
that is achieved, the routing continues along X, edges. The relative order of these

two routing stages may be reversed or interleaved.

2.7.4 Broadcasting on Product Networks

Many parallel and distributed applications require an efficient broadcast algo-
rithm. Given a broadcast algorithm for each X; and X,, a broadcast algorithm

for X; ® X,, can be obtained as follows. Assume that a message M, originally at
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source node (a, b) of X;® X5, is to be broadcast to all other nodes. In the first stage,
a known broadcast algorithm of X can be used to broadcast M in X; subgraph of
X; ® X, that contains all the nodes of the form (¢, b) for any node c in X;. In other
words in the first stage, a copy of M is delivered to each node that can be reached
from the source using only X; edges. In the second stage, all nodes of the form
(¢, b) have received a copy of M during the first stage, apply broadcast algorithm
of X, to initiate parallel broadcasts in different X, subgraphs of X; ® X,. During

the second stage, communication is performed along X, edges only.

2.7.5 Performance Issues of Product Networks

As explained earlier, the cross product of two interconnection networks yields a
third interconnection network, so ultimately a product network is also a multipro-
cessor interconnection network. It is therefore obvious that the factors which are
used to determine the performance of any multiprocessor also apply to a product

network. They have already been described in Section

2.8 Network Topology and Load Balancing

The effect of topology on the performance of load balancing schemes have been
studied by few researchers including Loh et al. [155]. The following paragraphs

outline their observations.

e Loh et al. [155] studied four topologies namely 4 x 4 mesh, 4d-Hypercube,
Fibonacci Cube and Linear array under five load balancing schemes. Their
performance parameters were normalized performance and stabilization time.
The researchers concluded that during load balancing process, the topologies
which possessed larger average processor distances and lower average node

connectivity introduced significant communication overheads.

e All load balancing schemes performed best with hypercube and Fibonacci

cube topologies (because of better node connectivity and better internode
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average distances).

e They further showed that varying physical parameters in an interconnection
network topology can significantly effect the performance of a load balancing

scheme irrespective of the load conditions of the system.

e Zhang [239] showed that in the absence of wormhole routing, communica-
tion latencies can be a serious problem in parallel systems as not all parallel

systems support wormhole routing.

Above findings justify the research undertaken within this thesis for a better topol-

ogy for parallel and distributed systems.

Chapter Summary

In this chapter we have discussed different interconnection networks used for in-
terconnecting multiprocessors. The design issues of interconnection networks,
types of interconnection network, permutation network and performance metrics
of the interconnection networks are discussed. Classification of interconnection
networks based on topology has been reviewed and a new addition namely 'Hy-
brid Interconnection Networks’ has been introduced to the conventional topology
based classification to accommodate hierarchical and product networks. Dynamic
and static interconnection networks have also been reviewed. In the dynamic in-
terconnection scheme, three main mechanisms have been covered. These are the
bus topology, the crossbar topology, and the multistage topology. In static intercon-
nection networks several limited connection interconnection network topologies
including hypercube, mesh, ring etc. have been reviewed. Principles of design-
ing product networks have been briefed. The discussion on the contemporary
interconnection network is related to the design of limited connection hybrid in-
terconnection networks.The focus of this research is to design a cost-effective and

highly scalable topology for massively parallel systems.
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The next chapter presents the design and analysis of a new interconnection

network called “Scalable Twisted Hypercube (STH)”.



Chapter 3

The Design and Analysis of STH

Interconnection Network

This chapter presents the design principles of a new processor interconnection
topology called STH (Scalable Twisted Hypercube) to counter the poor scalability
of twisted hypercube. Its suitability for use as multiprocessor interconnection net-
work has also been explored. Various properties of the proposed topology have
been derived, analyzed and compared with some other topologies on a number of

standardized evaluation parameters. solution is given is the final section.

3.1 Related Work

High speed parallel computing is essential for modern research as the demand for
more and more computing power is continuously increasing. In the recent past
several high performance parallel computing platforms, consisting of more than
10,000 processing elements, have been installed. Examples of such installations
are BlueGene/L at Lawrence Livermore National Laboratory, Blue Gene Watson at
IBM and Columbia at NASA. Research projects in varied application areas such as
environmental simulation, astronomy and engineering design have been under-
taken to utilize this tremendous amount of computing power. Massively parallel
systems are placing a major emphasis on scalable processor topologies with low

54
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degree and diameter [92]]. Many processor topologies such as Hyperstar [35],
Hyper-Mesh [7]] and Hex-Cell [192] have been proposed in literature capable of
connecting hundreds or thousands of processors. Each of these topologies has
its own inherent advantages as well as some limitations. The hypercube graph
is a topology with a logarithmic diameter, simple node designation scheme, good
connectivity, fault tolerance, vertex/ edge symmetry, partitionability, simple rout-
ing and existence of node disjoint parallel paths [185] [125]. From a research
perspective, hypercube and its variants like twisted hypercube [6] have always
been the popular choice of researchers and numerous processor interconnection
topologies and effective computation algorithms based on them have been re-
ported. Day and Tripathi [[88] compared the topological properties of hypercube
with Star Graph. Al-Sadi et al. [14] proposed a fault tolerant routing algorithm
while Chiu and Chon [71]] (1998) proposed efficient multicasting procedure for
binary hypercube. Klasing [137] discussed efficient comparison of CCC network
and a dynamic interconnection network named as “Scalable Optical Hypercube”
which was reported by Louri and Sung [158]]. Consequently, numerous commer-
cial installations of parallel computers like Intel’s iPSC Series (up to 128 proces-
sors), NCUBE/ 10 (up to 1024 processors) and FPSs T Series (up to 4096 pro-
cessors) and nCube exist. All of these are based on the hypercube architecture.
A parallel architecture is said to be scalable if it can be expanded (reduced) to
a larger (smaller) system with a linear increase in its performance [156] [101].
This general rule indicates the desirability for providing equal chance for scaling
up a system for improved performance and for scaling down a system for greater
cost-effectiveness and/ or affordability. In spite of their claimed superiority the
hypercube and its variant architectures like twisted hypercube have a major dis-
advantage with regard to scalability. It grows to its next higher dimension by a
factor of 2. For example the nine-dimensional hypercube (HC(9)) has 2° = 512
nodes, whereas a ten-dimensional hypercube (HC(10)) has 2'° = 1024 nodes. This
significant gap between the two consecutive sizes of the Hypercube is considered a

major drawback of this topology and needs further attention for its improvement.
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Moreover, in a hypercube like architecture moving from a particular dimension to
the next higher dimension, the number of communication paths (wires) and the
number of ports per processor increase significantly.Considering the above men-
tioned problems with the Hypercube like architectures, a number of topologies
like Cross Cube [97]], dBCube [67], Hierarchical Hypercube [161] , Cube Con-
nected Cycles (CCC) [[176] have been proposed. These topologies are essentially
the modifications of the hypercube architecture and suffer from similar problems.
For example, Cube Connected Cycles (CCC) topology, is obtained by replacing
each node of an n-dimensional hypercube with a ring of size n. The result of this
replacement is a constant degree (three) topology (i.e., CCC). But, such a replace-
ment introduces certain unwanted features in the Hypercube architecture such as
a large diameter and more complex routing. A recently proposed topology [192],
that is not based on the hypercube architecture has been termed as the Hex-Cell.
The maximum degree of Hex-Cell is 3 (constant) and it offers simpler routing.
But, the diameter of a Hex-Cell consisting of N nodes is given by 4,/N/6 — 1
which is significantly large compared to the diameter of hypercube. Also, it is ir-
regular, vertex asymmetric and its bisection width is too low. So, Hex-Cell is not
a suitable topology to design massively parallel systems. Other attempts for scal-
ing the hypercube architecture have been made by means of hybrid topologies.
Hyper-Star [35], Hype-Mesh [7]], Arrangement Star Network [33]] and Double-
Loop Hypercube [236] are some examples of such attempts. A hybrid topology
is derived from two or more existing topologies using a graph theoretic operator.
Researchers have extensively used the Cartesian Product operator while design-
ing hybrid topologies. Star-Hypercube Hybrid Interconnection Networks [240],
Hyper-Mesh Multicomputers [5], Banyan-Hypercube Networks [235]] and Hyper
Petersen Network [|86] are some examples of topologies based on Cartesian prod-
uct of graphs. Generalized results for the Cartesian Product of topology graphs
were first derived by Youssef [234] and later extended by Day and Ayyoub [87].
The most recently reported topology in this category has been termed as the Dou-

ble Loop Hypercube (DLH) [236]. It has been derived as the Cartesian Product of
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double loop topology with hypercube.

3.2 Preliminaries and Graph Theoretic Definitions

This design principles of STH addressed in this thesis use the standard graph the-
oretic terminology defined by Chartrand and Lesniak [65] and the definitions
used by Alam and Kumar [[16]. The important definitions related to the design of

serially twisted hypercube topology are as given below:

Definition 3.2.1 The interconnection network topology is a finite undirected graph
G = (V,E), where V = vy, vy,...,v, is the set of nodes (vertices) and F =
€1, e, ..., 6, is the set of edges. Each vertex represents a processor and each

edge a communication link between processors.

Definition 3.2.2 The degree of a vertex v in GG, denoted as d,, is the number of
edges incident on v. The minimum degree of a graph G, min {d,(G)|v € V} is
denoted by ¢(G). The maximum degree of GG, max {d,(G)|v € V} is denoted by
A(G). The degree of the graph is the maximum of the degrees of all vertices in
the graph. Moreover, a graph is called regular if all of its vertices have the same

degree.

Definition 3.2.3 The distance between two nodes v and v of a graph GG denoted

by s¢(u,v) is the number of edges in G on the shortest path connecting ¢ and ;.

Definition 3.2.4 The diameter of a graph G(V, E) denoted by D, is the maxi-
mum distance between any two nodes in G. The diameter provides a bound on
communication between any two nodes. Mathematically: Dg = max {sq(u, v)|u,v €

V}

Definition 3.2.5 A graph G(V, F) is vertex-symmetric, if for every pair of vertices

uwand v, u,v € V, there exists an automorphism of the graph that maps « into v.
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Definition 3.2.6 A graph G is said to be x-connected (or x-vertex connected, or
k-point connected) if there does not exist a set of xk — 1 vertices whose removal

disconnects the graph, i.e., the vertex connectivity of G, x(G) > k.

Definition 3.2.7 A vertex-induced subgraph (or simply an induced subgraph) is a
subset of the vertices of a graph G together with any edges whose endpoints are

both in this subset.

Definition 3.2.8 The (x — 1) - fault diameter of a k-connected topology graph
G(V,E), D.(G), is defined as:

D.(G) = {max{Dg_p}|F C V,|F| =Kk — 1}
where F is an induced subgraph of G.

Definition 3.2.9 An n-dimensional binary hypercube, (),, consists of 2" nodes.
Each node v, for 0 < v < 2n — 1, is labeled as n-bit binary string, L(v). There is an
edge between two nodes, v and v, if, and only if, their labels differ in exactly one

bit position.

Definition 3.2.10 An n-dimensional twisted hypercube, 7'Q),,, is constructed from
a ), as follows. Two distinct edges, say (a,b) and (¢, d), which have no nodes in
common, in a 4-cycle of the hypercube are selected. Now the two new edges (a, d)
and (b, c) are created while the original edges (a,b) and (¢, d) are removed. Such
a twist does not effect the degree of a node (d) but the diameter of 7'Q),, is [%Lﬂ
(o] [83]

Figure [3.1 shows Qs and T'Qs.

3.3 Design of Scalable Twisted Hypercube

The proposed ST H (m, n) network is based on two topologies - an m level Linearly

Scalable Topology (LST), which is an improved version of the Linearly Extendible
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Figure 3.1: 8-node hypercube and twisted hypercube

Arm Topology [16], and the well known n-dimensional twisted hypercube topol-
ogy. Whereas the level m LEA topology consists of 6m processors, the LST(m)
consists of 8m processors and an altered connectivity formula. Formally it is de-
fined as follows:

Let m be a positive integer such that m > 2, then level m LST, denoted as LST'(m),
is an undirected graph consisting of N(= 8m) processing elements (vertices) la-
beled as PEy, PE,, PE,,... PE_y) for 0 < i < N and arranged in m columns,
each of which consists of exactly eight processors. A link (edge) exists between
processors PE; and PE;, iff, (i+1) modulo N =j or (i+4) modulo N =
j. Alternately, for m > 2, LST(m) = G(V, E'), where,

o V={PEjlielI"™ and 0<i< N}
o E={(PE,PE))|j=((i+1) modulo N) OR j=((i+4)moduloN)}.

From the definition of LST it is obvious that each processor on a LST network
provides two links to two distinct processors and receives two links from two dis-
tinct processors. An example of a L.ST'(m) is shown in Figure where m equals
to 3, and hence it consists of 318 = 24 nodes.

The topology of LST network is simple, symmetric and scalable in architecture
and it is 4-regular vertex (node) symmetric graph.

ST H(m,n) topology is obtained as a Cartesian product of level m-LST topology
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Figure 3.2: 24-node linearly scalable topology

and n-dimensional twisted hypercube topology, so it can formally be defined as
follows: Let m and n be two positive integers such that m > 2. The level mLST
topology is represented by the undirected graph, X;(V}, F;) and the n-dimensional
twisted hypercube topology is represented by the undirected graph, X5(V5, Es),
then the STH topology, is an undirected graph, X (V, £'), where V' and £ are given
by:

o V=A{(a,b)lae Vi and be s}, and

e For any = = (a,b) and y = (¢,d) in V, (z,y) is an edge in F if, and only if,

(a,c) is an edge in F; and b = d or (b,d) is an edge in Fy and a = c.

Figure [3.3| on page |61| shows STH (2, 3), which has been obtained as a Cartesian
Product of LST (2) and TQ3. From Figure it is fairly obvious that ST H(m,n)
can be obtained from an n-dimensional twisted hypercube such that each of its
node is replaced by LST(m) and connections are established according to the
above definition. For the sake of simplicity, each node in ST H(m, n) is represented

as two tuples, (u,v), where PE, is a node in LST network and PE, is a node in
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TQ,, network. More precisely, in an ST H(m, n) network we define the following
two kinds of connections:

LST Connection: A node (u,v) € STH, is adjacent to another node (v',v) € STH,
ifand only if, ' = ((: +1) modulo N)ORu = ((i+4) modulo N).

Twisted Hypercube Connection: A node (u,v) € ST H, is adjacent to another node
(u,v") € STH if, and only if, L(v) and L(v’), where L(v) and L(v") denote the n-bit

binary strings corresponding to v and v’ respectively following definition (3.2.10

3.3.1 Topological Properties of STH

In this section we derive various topological properties of the ST H (m, n) network.

Theorem 3.3.1 Node Formula: The total number of nodes in ST H (m, n) network
is given by m.2"+3,

Proof: From the construction method of ST H(m,n), we know that ST H(m,n)
can be obtained by replacing each of the n nodes of an n-dimensional twisted
hypercube network (7'Q,) by an m level LST network consisting of 8m nodes.
So, replacement of one node of T'Q,,, introduces 8 new nodes in the network. It
implies that replacement of all n nodes will introduce 8m.2" = m.2""3 nodes in

the network.

Theorem 3.3.2 Degree Formula: The degree of ST H(m,n) is (n + 4).

Proof: It follows directly from the definition of ST H(m,n). Two components of
STH(m,n) are LST(m). LST is a is 4-regular vertex (node) symmetric graph and
the degree of T'Q),, is n. Hence the degree of ST H(m,n) is (4 4+ n) . Fig.2 further

confirms this expression. In ST H(2, 3), the degree of each node is 7.

Theorem 3.3.3 Diameter Formula: Diameter of ST H(m,n) is given by (m + 1) +

’7(n+1)—‘
==
Proof: It is easy to analyze that:

Diameter of 16 node LST, i.e., D;s7(2) = 3.
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Diameter of 24 node LST, i.e., Dys7(3) = 4.

Diameter of 32 node LST, i.e., Dysr(4) = 5.

So, the Diameter of 8m node (level m) LST i.e. Dygr(m) =m+1

The diameter of an n-dimensional twisted hypercube is {@W . So, the diameter
of STH(m, n) is given by the following expression [234] [87]:

23

DSTH(m,n) = (m + 1) + ’7
The proof can also be obtained using the analytical method as follows. Let z =
(p,q) and y = (r,s) be two vertices of ST H graph. z would be at a maximum
distance from y in STH if, and only if, p is at a maximum distance i.e. (m+ 1) from
rin LST and ¢ is at a maximum distance from s in 7'Q,. Clearly, the maximum

distance (diameter) of ST H(m,n)is (m+ 1) + {@W

Theorem 3.3.4 Symmetry: ST H(m,n)is a regular vertex (node) symmetric graph.
Proof: Each node of ST H(m,n) has the degree 4-+n so, its obvious that ST H (m,n)
is a regular graph.

Let LST(m) network is represented by a graph X (V, E'), and ¢ be a permutation
of the vertex set V, of LST(m). Then, for any edge « = (a,b),x € F and a,b €V,
we have ¢(z) = (¢(a), p(b)), is also an edge. It shows that graph X (representing
LST(m) is isomorphic to itself (automorphism). Clearly LST is a vertex symmet-
ric graph. Twisted Hypercube belongs to the family of graphs known as Cayley
Graphs and every Cayley Graph is vertex symmetric [87]. Hence, Twisted Hy-
percube graph is also vertex symmetric. If two given graphs X and Y are vertex
symmetric then X ® Y is also vertex symmetric [234]. From this discussion, it is

obvious that ST H(m,n) is vertex symmetric.

Theorem 3.3.5 Bisection Width (w): The Bisection Width (w) of ST H(m,n) is
given by (3m —1).2"*"  or (3N —8).2"2, where N = 8m.

Proof: The Bisection Width of an interconnection network is defined as the mini-
mum number of edges (wires) cut to split a network into two parts each having the

same number of nodes. Bisection Width of LST'(m) can be calculated as shown in

Table 3.1}
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m N =8m No. of Wires to Cut

2 16 20 = (12%2-4)
3 24 32 = (12*3 -4)
4 32 44 = (12*4-4)
5 40 56 = (12%5-4)

m 8m (12*m-4)

Table 3.1: Bisection Width of LST'(m)

STH(m,n) is obtained by replacing each of the 8m nodes of LST(m) by an n-
dimensional twisted hypercube. We have already seen that the bisection width of
LST(m) is (12m — 4). The bisection width of 7'Q,, is 2"~'.Hence, the Bisection
Width of STH(m, n) is (12m — 4).2"7 1, i.e.

w=(12m —4)2""' = (3m — 1).2"" = (3N —8).2"?

Theorem 3.3.6 Average Internode Distance: The average distance of STH(m, n)

is given by:
- m(m+1) N n.2" 1t —1
ST (8m — 1)2 o — 1

Proof: The average distance dy of a graph X, consisting of N nodes is given by

the following equation:

where i # j

The average distance of a node v denoted as d, is obtained from the following

equation:
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Average Distance of LST can be calculated as follows. Average distances for node

1 in different level LST networks are shown in the Table [3.2} Clearly, the average

m No. of Nodes d;

2 16 (14+1414+14242+2+42+2+2+2+3+3+3+3)/15=
(4x1+7x2+4x3)/15=30/15

3 24 I+14+14+142424+2+2+2+24+2+24+34+3+3+3+3+3+
34+4+4+44+4+4)/23=(4x1+8x2+7x3+4x4)/23 =57/23

4 32 (A4x14+8x24+8x34+7x44+4x5)/31=92/31

m 8k (A4x148%x248%x3+---+8x(m—1)+7xm+4x(m+1)/(8m—1)

Table 3.2: Bisection Width of LST(m)

distance of first node in LST'(m) is be given by:

y Ax14+8x248x3+--+8x(m—1)+7xm+4x (m+1) mdm+7)
1= =

(8m —1) - (8m—1)
As LST is a 4-regular, node symmetric graph, average distance for each node is
same and can be given by the above expression. Thus, the average distance of

LST graph i.e. d.sr can be calculated as follows:

y =1 =1 m(4m + 7)
BEZON(N=1)  (8m—1)2

We know that if X; and X, are two graphs with average distances dx, and dy,

respectively, then the average distance dx of X; ® X, is given by :
dx =dy, + dx,

So, for ST H(m,n) we have:

m(4m + 1) N n.2"t—1
(8m — 1)? o —1
Theorem 3.3.7 Fault Diameter: The (n+3)-fault diameter of ST H (m, n) is bounded

dsrn =

by the following inequality:

D, 4(STH) < (m+n+2)
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Proof: It has been shown by Xu et al. [225] that if X; and X, are two undirected
graphs such that X is x; connected with D,, (X;) as (k1 — 1) fault diameter and
X, is ko connected with D,,(X3) as (ke — 1) fault diameter then if, the product
graph X; ® X, is (k1 + ko) connected, its diameter is bounded by the following
inequality:

Diy 14y (X1 ® Xo) < Dy, (X1) + Dy (X)) +1

STH(m,n) is a product graph of LST(m) and TQ,. Using Whitneys Theorem
[217], it is easy to prove that LST is 4-connected i.e. ks = 4 and its 3-fault
diameter i.e. D4(LST) is (m + 2). The connectivity of n-dimensional Twisted
Hypercube is n [6] i.e. rrg, = n and its (n — 1) fault diameter is (n — 1) i.e.

D, (TQ,) =n — 1. Also,
KsTH = KLsT + kg = n + 4

Hence, using the results of Xu et al. [225] it is easy to prove that (n + 3)- fault

diameter of ST H(m,n) is bounded by the following inequality:

Dy a(STH) < (m+n+2)

3.3.2 Routing on ST H Network

Routing Algorithm is an important factor which affects the performance of an
interconnection network. Routing involves the process of identification of a set
of permissible paths that may be used by a message to reach its destination, and
a function that selects one path from the set of permissible paths. We have two
approaches to develop the routing algorithms for interconnection networks [[101]]
Adaptive Routing and Deterministic or Oblivious Routing. This work favours the
deterministic routing techniques due to their simplicity.

The following sub-sections describe the unicast and broadcast routing algo-

rithms for ST H interconnection networks.
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Unicast Routing Algorithm for ST H(m,n)

Assuming that on ST H(m, n) network a node u = (a, b) intends to send a message
to another node v = (a, b). We present the following optimal O(m + n) ( the worst
case complexity) algorithm for the required routing.

Variables and Procedures:

u,v: Source and Destination Nodes

m : Level of LST Network

n: Dimension of Twisted Hypercube

R;: Variable to record movements along path i in LST network.

K;: List of nodes traversed along path i.

add(K,p): A function that inserts a node p in the list L.

follow(K): A function that forwards a message from source to destination along
the path K.

spath: Shortest Path

splength: Length of the Shortest Path

[(K): Last node in the list K.

procedureroute(): Main Routing Procedure

subprocedurerout LST(): Sub procedure for dealing with routing on LST part of
ST H Network.

subprocedureroutTH(): Sub procedure for dealing with routing on 7'Q) part of
STH Network.

The main routing procedure is listed below:

Twisted hypercube routing has been discussed extensively in literature [9] [6]
and the algorithm for subprocedurerout LST() is listed below. The algorithm pre-
sented here makes good use of the topological properties of ST H architecture
and is straightforward. Given a source processor PF, and a destination processor
PE,, the algorithm attempts to find the shortest path along all the four LST nodes
connected to PFE,, using four different variables. When the destination is reached
along a particular path, the algorithm terminates declaring the path in question as

shortest path and avoiding rest of the paths. The message is forwarded along the
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Algorithm 1 Routing on ST H (m, n) Network

procedurerout(u, v, m,n)

begin

if(a#d and b=10)then
call subprocedurerout LST (a,a’, m)
exit()

end if

if(a=d and b#1U) then
call subprocedureroutT H(b,b',n)
exit()

end if

if(a#d and b#YU) then
call subprocedurerout LST (a,a’, m)
call subprocedureroutT H(b,b',n)

end if

end
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path returned by the algorithm.

subprocedurerout LST (x,y, p)

begin

splength < 1

m+<—8Xp

for i =1to4do
add(K;, PE,)

end for

R+ x—4

if (R; < 0) then
R+ m+ R,

end if

Ry+x+4

if (Ry > m) then
Ry < |m — Ry

end if

Ry <+ x+1

if (R3 > m) then
R3 < |m — R3]

end if

Ry+x—1

if (R4 < 0) then
Riy+ m+ Ry

end if

for i =1to4do
add(K;, PER,)

end for

while ¢true do
if(Ri=y or Ry=y or R;y=y or R;=y)then

break
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end if

hopsreq < (y — X1)

if (hopsreq > 4) then
Ry <+ Ry —4

else

if (hopsreq > 0) then
Ry« R +1
else
R+ Ry —1
end if
end if
end
if (R, < 0) then
R+ m+ R;
end if
hopsreq < (y — Ra)
if (hopsreq > 4) then
Ry + Ry +4

else

if (hopsreq > 0) then

Ry + Ry+1
else
Ry <~ Ry —1
end if
end if

if (R, > m) then
R2 < |m — R2|
end if
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Rs <+ R3+1
if (R3 > m) then
R3 < |m — R3]
end if
Ry« Rs—1
if (R, < 0) then
Ry m+ Ry
end if
for i =1to4do
add(K;, PER,)
end for
splengthsplength + 1
end while
for i=1to4do
if (I(K;) = PE,) then
spath < K;
end if
end for
follow(spath)

end

Execution: An Example

We illustrate the execution of algorithm [1| with the help of an example. Assume
that in a 192-node STH network (ST H(3,3)), node u(2,6) has a message to send
to node v(19, 3). Then according to the above algorithm the message is routed as

follows:
1. Here,a =2,b=6,a’ =19 and b = 3, therefore the procedure

subprocedurerout LST (2,19, 3)

is executed as follows:
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Steps 1 to 12:

splength = 1,m = 83 =24, K1 = Ky = K3 = Ky = PEy, Ry = 22, Ry =
6,Ry = 3,Ry = 1,K, = PEy.PEyy, Ky = PEy.PFs, K3 = PFy.PEs, K, =
PEs. PE;.

Table on page illustrate the variable updates as the algorithm pro-
ceeds:

Steps 13-38: Clearly, List K is selected as it contains the shortest path.
The message is now routed along the path Contained in K;. And, now the

message is available at node (19, 6).

2. From node (19, 6) the message is sent to node (19, 3) using

subprocedureroutT H (6, 3, 3)

3.3.3 Broadcasting On ST H Network

Assuming that node X intends to broadcast a message on a ST H(m, n) network,

then such an action will be performed as follows:

1. X will send message to all the nodes of that LST(m) network on which X

itself resides..

2. Then on every twisted hypercube of ST H(m,n), the node that receives the

message forwards it to all other nodes of that twisted hypercube.

3.4 STH Analysis and Comparative Study

Designing a high performance interconnection network is the most challenging
task in the field of parallel computers. It is essentially impossible to fairly com-
pare interconnection networks, simply because there are too many parameters
and topological properties. The most suitable way for evaluating a new topology

is to conduct a comparative study between the topological properties of both; the
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proposed topology and the other topologies that are familiar by their appealing
topological properties. Our study is based on the most common criteria used for
evaluating interconnection networks such as degree, diameter, cost, cost factor,
bisection width, cost of one-to-all broadcasts, cost of all-to-all broadcasts, average
node distances and message traffic density. The results show that the proposed
STH network exhibits the appealing properties of its constituent interconnection
networks and more importantly eliminates their drawbacks.

The following sub sections present comparative study of the STH network with
some well known topologies namely Hypercube (HC) [84], 2D Mesh (ME) [1],
Hex-Cell (HX) [192], Hyper-mesh (HM) [5] and Double Loop Hypercube (DLH)
[236].

In topologies such as hyperstar or hyperpeterson, for obtaining the desired net-
work size or a value close to desired network size, the only way is to increase the
dimension of the hypercube or star graph. Double Loop Hypercube can be scaled
up to almost any network size without increasing the dimension of hypercube. As
pointed out earlier Hex-Cell is not a product graph. It is obtained by fabricating
several Hex-Cells together. The topology is highly scalable and offers simple rout-
ing. Our objective in this thesis is to design a highly scalable and cost effective
topology, so after considering the scalability merits of Hex-Cell it has been chosen
for comparative study.

Table on page|75/summarizes topological properties of ST'H and other topolo-
gies. For a fair comparison we have chosen a hypercube of fixed degree (7). Tables
to [3.9 on pages present calculated values of several parameters related

to the topologies under consideration.

Diameter (D) Comparison

Figure on page [81| compares the diameters of all the topologies of interest. It
has been observed that the diameter of ST H is smallest among all hybrid topolo-
gies by up to more than 10° nodes, when we scale up the network to a fixed

hypercube dimension. The diameter may be further reduced by choosing larger
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No. of Nodes Bisection Width
DLH(m,7) HX STH(m,7) HM(r,c,7) HC ME(r,c)
1024 256 26.127891 640 181 512 32.000000
2048 512 36.950417 1280 256 1024 45.254834
4096 1024 52.255781 2816 362 2048 64.000000
8192 2048 73.900834 5888 512 4096 90.509668
16384 4096 104.51156 12032 724 8192 128.000000
32768 8192 147.80167 24320 1024 16384 181.019336
65536 16384 209.02313 48896 1448 32768 256.000000
131072 32768 295.60334 98048 2048 65536  512.000000

Table 3.9: Bisection Width Comparison

dimensions of hypercube part.

Degree (d) Comparison

For network of any size, the node degree of ST H(m,n) is equal to the degree
of Hypermesh which is admittedly larger than the degree of any other networks
under consideration. For a fixed value of hypercube degree (7), the degree of DLH

is 10 whereas the degree of STH and HM is 11.

Cost Factor (£) and Cost (() Comparison

A network with high node degree is expensive and a network with large diameter
suffers form high latency. It is always desirable to have a topology with both small
degree (low cost) and small diameter (low latency). Thus, for an interconnection
network, the product of degree (d) and diameter (D) is defined as the cost factor
(¢) [19]. Other metrics used to describe the cost ({) of an interconnection net-
work topology is the product of the number of Links (L) and the diameter [157].
Figures to on page [82|compare the cost factor and cost respectively, for the
topologies under consideration. From these figures, it is evident that STH outper-

forms other hybrid topologies when they are either evaluated using Cost Factor or
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Figure 3.4: Diameter (D) Comparison

Cost.

No. of Links (L) Comparison

Figure|3.7|compares the number of links offered by the S7'H and other topologies
of interest. It confirms that, in spite of its lowest cost, among all hybrid topologies,
STH has maximum number of links for a given network size. In other words it can

also be said that among all hybrid topologies ST H is the most fault tolerant.

Bisection Width (w) Comparison

The Bisection Width of an interconnection network is defined as the minimum
number of edges (wires) cut to split the network into two parts each having the
same number of nodes. Bisection width reflects the wiring density of an intercon-
nection network and provides a good indicator of the maximum communication
bandwidth along the bisection of an interconnection network. Interconnection
network designers strive for high bisection width. Figure on page shows

that the bisection width of STH is best among all the hybrid topologies. Hex-Cell
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(HX) and Mesh have very low bisection widths hence they are not suitable for

designing massively parallel systems.

Scalability Comparison

To compare the network size support capability of all topologies under consider-
ation, the percentage of deviation allowed in network size representation (v), is

defined as follows:

W= x 100

la— Al

«
Where « is the actual requested network size and § is the available network size.
Starting with ¢ = 2 (i.e. deviation allowed from actual network size = 2%), for
each topology, the number and percentage of network sizes available (in the range
1 to 50000) with flexibility of v are found. Then, ¢ is gradually increased up to
20. The results are presented in Table and Figure on page

From Figure and Table it is clear that the scalability of the STH net-

work is at par with Hypermesh, DLH and Hex-Cell. The ST H and other hybrid
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DLH(m,7)

X

STH(m,T7)

TQ

HM(r,c,7)

10

15

20

No.
49898
49959
49974
49978
49985

49986

%age
99.83
99.91
99.94
99.95
99.96

99.97

No.
49851
49939
49962
49968
49981

49984

%age
99.70
99.87
99.92
99.93
99.96

99.96

No.
49797
49919
49947
49957
49969

49973

%age
99.59
99.83
99.89
99.91
99.93

99.94

No.
2627
6572
10554
13239
20115

27299

%age
5.25
13.14
21.1
26.47
40.22

54.59

No.
48924
49825
49933
49955
49984

49988

%age
97.84
99.64
99.86
99.90
99.96

99.97

Table 3.10: Scalability Comparison
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topologies are capable of representing more than 99% of the network sizes in the
range of 1 to 50000, even with a very low percentage in deviation (¢) = 2) allowed
in the network size representation.

Scalability of Twisted Hypercube (TQ) on the other hand is really poor. TQ is
capable of representing at the most 55% (approx.) network sizes when maximum

percentage deviation in network size representation is allowed (i) = 20).

Costs of One-to-All and All-to-all Broadcasts

The lower bound on the cost of one-to-all broadcast on a d-port network (L), is

given by the following equation [115]:

L4 = (V/Majbd — VD —1)

and, the lower bound (U¢) on the cost of all-to-all broadcast is given by the fol-

lowing equation:

N -1
pg = N =-La - )% | py
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Where, N= No. of nodes in the network, d = Degree of the network, D = Diam-
eter of the network, M = Length of the message, a= Unit transmission cost, b =
Network latency.

Figures to show that the cost of one-to-all broadcasts and the cost of
all-to-all broadcasts are lowest for the ST'H, compared to other hybrid topologies.
All the calculations have been made assuming M = 1024, a = 1us, b = 1000us
[115].

Hundrads

Oneto All Broadcast Cost
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Number of Nodes Hundreds

| —e—DLH(mM,7) ——HX —— 5TH(mM, 7} —— HM(rc,7} —=—HC ME(r.c)

Figure 3.10: Cost of One-to-all-broadcast

Average Internode Distance (d) Comparison

Figure [3.12| on page |87}, compares the average internode distance of DLH, HM
and ST H with that of Hypercube (HC). From Figure it is clear that average
internode distance in DL H and H M increases rapidly with the increase in network
size. In case of Hypercube, it increases gradually when the network is scaled up.
However, in case of the ST H, the average node distance remains almost constant,

close to 3, even for very large network size.
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Message Traffic Density (p) Comparison

The message traffic in a network can be estimated by calculating the message
traffic density (p). Assuming that in a network of N nodes and L links each node
is sending one message to a node at an average distance , the message traffic

density is given by: B
(dx N)
L

Figure shows that for the DLH and H M networks, message traffic density

p:

grows rapidly when the network is scaled up. For Hypercube the message traffic
density is almost constant (close to 1) and for the ST H network it is also constant

(close to 0.65). Clearly, STH has the lowest value of p.

Chapter Summary

In this chapter we have presented a new interconnection network topology called,

Scalable Twisted Hypercube (STH), to counter the poor scalability of twisted hy-
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percube. Its suitability for use as a multiprocessor interconnection network has
been explored. Various properties of the proposed topology have been analyzed
and compared with some other topologies on a number of standardized intercon-
nection networks evaluation parameters. With reduced diameter, better average
distance, low traffic density, low cost, maximum number of links, high bisection
width and tremendous scalability, STH is highly suitable for massively parallel sys-
tems. Procedures for routing and broadcasting on the proposed topology have also
been discussed and a simple routing algorithm has been presented. In summary,
the new interconnection network offers strong architectural support for parallel
computing due to the concurrent existence of multiple LST'(m) and TQ),,.

With this chapter the first part of the thesis has come to an end. The next
chapter is related to second part of the thesis within which another important issue
related to parallel and distributed systems namely task allocation or scheduling is

dealt with.



Chapter 4

Taxonomy of Task Allocation Models

and Related Work

Over the past two decades, a number of studies in optimization techniques and
their applications to parallel and distributed applications have led to the identifi-
cation of several challenging problems. One of these problems is optimally assign-
ing the tasks of an application to the machines within the parallel and distributed
system. This problem is known as task allocation problem or task assignment
problem or scheduling. The Task Allocation Problem is NP-complete for most of its
variants except for a few highly simplified cases [73]] [79]] [80] [102] [111]. As a
result, it has attracted the attention of many researchers and has been extensively
studied. Consequently, numerous approaches based on various constraints and as-
sumptions have been reported to solve this problem. In a parallel and distributed
system, it is essential to assign each task to the machine whose characteristics are
most suitable to execute that task.

This chapter begins with a precise introduction to the task allocation problem.
This is followed by an overview on the known task allocation models and their
taxonomy based on the solution techniques used. Basic techniques used for task

allocation have been reviewed with their essential characteristics and constraints.

90
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4.1 The Task Allocation Problem

The problem being addressed in this thesis is concerned with allocating the tasks
of a parallel program among machines of a parallel and distributed system in such
a way that load on each machine remains balanced and some objectives under
defined constraints are achieved.

A task allocation system consists of the following:
e Program Tasks
e Target System

e Allocation Schedule in which specific performance criterion is optimized.

Program Tasks

The characteristics of a parallel program can be defined as the system (7, A, ITC, EA)

as follows:
e T =1T1,Ty,...,T, is a set of tasks to be executed.

e A, is partial order defined on 7, which specifies operational precedence con-
straints. That is 7; < 7; means that task 7, must be completed before task 7;

can start execution.

e [/TC, is an n x n matrix of communication data, where I7'C;; > 0 is the

amount of data required to be transmitted from task 7; to task 7;, 1 <4, j <n.

e FA, is an n vector of the computations i.e. FA; > 0 is a measure of the

amount of computation at task 7;, 1 < < n.

The relationship among tasks in parallel and distributed system may or may not
include precedence constraints. When some precedence constraints need to be en-
forced, the partial order A is conveniently represented as a directed acyclic graph
(DAG), called a task graph. In this case allocating these tasks is usually referred

to as Precedence Constraints Allocation/ Scheduling. A task graph G = (7, E) has
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a set of nodes 7 and a set of directed edges E. A directed edge (i, j) between two
tasks 7; and 7; specifies that 7, must be completed before 7; can begin. Associated
with each node 7; is its computational needs £ A; (how many instructions or oper-
ations, for example). Associated with each edge (7, j) connecting tasks 7; and 7; is
the data size I7'C;; , that is, the size of a message from 7; to 7;. Figure shows
a typical DAG.

Figure 4.1: Directed Acyclic Graph

When there are no precedence constraints among the tasks, the relationships
are only communication among tasks, which are represented by a undirected
graph called a Task Interaction Graph (TIG). Figure 4.2| shows a TIG. This work
addresses the allocation of Directed Acyclic Graphs (DAGs) on parallel and dis-

tributed systems.

Target System

The target system consists of a set M of m heterogeneous machines connected

using a high-speed message passing interconnection network. The connectivity of
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Figure 4.2: Task Interaction Graph

the machines can be represented using an undirected graph called the network
graph. Associated with each edge (i,j) connecting two processing elements M;
and M, in the network graph is the transfer rate R;; , that is, how many units of
data can be transmitted per unit of time over the link. As pointed out in Chapter
1, the target system addressed in this work is a heterogeneous multicomputer

system.

The Allocation Schedule

An allocation schedule of the task graph G = (7, ) on a system of m machines is
a function f that maps each task to a machine. Formally, f : 7 — {1,2,...,m}.
If f(v) = i, for some v € 7, we say that task v is scheduled to be processed by
machine M.

The goal of any allocation schedule is to minimize the total completion time of

a parallel program. This performance measure is known as the schedule length or
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the maximum finishing time of any task.

Execution and Communication Time

Once the parameters of the task graph and the target system are known, the exe-

cution and communication times can be obtained as follows.

e The execution time, e;;, of task 7, when executed on machine M, whose

computational speed is s; is given by:

The work addressed in this thesis assumes that task execution times are un-

known.

e The communication delay (over a free link), ¢;;, between tasks 7; and 7;
when they are executed on adjacent machines M, and ) is given by:

ITC;;

Cz‘j =
Tkl

where r; represents the bandwidth of like (&, ).

4.2 Task Allocation and Load Balancing

In parallel and distributed systems, an application is divided into a fixed number
of tasks that are to be executed in parallel. If these tasks are simply allocated to the
available machines without any consideration of the types of processing elements
and their speeds, there is a distinct possibility that some processing elements will
complete their tasks before others and will become idle since the tasks are un-
evenly distributed or some processing elements may operate faster than others (or
a combination of both situations). To achieve minimum execution time, all pro-
cessing elements must operate continuously on the tasks allocated to them. When
tasks are divided among the processing elements evenly with the goal of mini-

mizing the application’s execution time, this is termed as load balancing [220].
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Figures [4.3| and [4.4] explain how load imbalance leads to a larger application exe-

cution time. Two types of load balancing schemes have been reported in literature

[220]:

Static Load Balancing

Static load balancing attempts to allocate tasks to the machines before execution
begins. All parameters required to perform load balancing i.e. the characteristics
of tasks, machines and interconnection network are known a priori and remain
constant throughout the allocation process. Load balancing decisions are made
at compile time either deterministically or probabilistically. This form of load bal-
ancing is usually referred to as mapping [47] or scheduling. These schemes are
simple to implement and has less runtime overhead. Some well known static load

balancing techniques are as follows [220]:

¢ Round Robin Technique: To distribute the load evenly on available ma-
chines, tasks are allocated to them in a round robin order i.e. in circular
order without any priority. The scheduler assigns the (i + 1) task to the
first node if the *" task is allocated to last node. Round robin techniques are
simple and straightforward but under performs when tasks are of unequal

processing time.

e Randomization Techniques: In these techniques, the task and machine are
selected randomly, and then the selected task is allocated to the selected
machine. Once again, the approach is simple but suffers from the same

drawback as the round robin technique.

e Partitioning Techniques: In these techniques, the parallel application is
divided into tasks of equal computational load whilst minimizing inter-task

communication.

Partitioning techniques to map a two dimensional data matrix onto hetero-

geneous resources have been investigated by Crandall and Quinn [82] and
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Kaddoura et al. [131]]. The two papers are all based on Recursive Bisection

algorithm.

e Heuristics: Heuristics make use of different approaches for allocating tasks
of a parallel program to machines. Section [4.3.6] on page presents vari-

ous heuristic approaches used for task allocation.

The work addressed in this part of this thesis is related to task allocation with
load balancing i.e to implement load balancing whilst allocating tasks. So it is
essential to have a taxonomy and literature review on various approaches used
for task allocation. Section on page (98| covers the same. Further the terms
task allocation, task assignment, scheduling and mapping have been assumed to

be synonyms within this thesis.

Dynamic Load Balancing

Dynamic load balancing schemes implement load balancing by transferring the
load from heavily loaded machines to lightly loaded machines during program ex-
ecution. They need not be aware about run time parameters of a program i.e. the
characteristics of tasks, machines and interconnection network may not be known
a priori and do not remain constant during program execution. Information pol-
icy, location policy and transfer policy are key terms used to describe a dynamic
load balancing scheme. Information policy is used to update the machines on the
number of tasks waiting in the queue; transfer policy determines whether a task
should be processed on the same machine or should be transferred to some other
machine to improve the performance whilst the location policy identifies the ma-
chine to which the task should be transferred. They have some advantages over
static load balancing schemes but generate more runtime overhead compared to
them.

Dynamic load balancing is beyond the scope this thesis hence details regarding

this scheme is not discussed further.
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4.3 Taxonomy of Task Allocation Models

Several strategies [202] [181]] [47] [211] [108] [44] [146] [175] [63] [218] [208]
(1871 [53] [54] [233] [28] [30] [232]] have been reported in literature to solve
the task allocation problem both in the field of optimization and computer sci-
ence. These strategies make use of numerous methods such as A*-Algorithm,
min-cut max flow, clustering, greedy approach, simulated annealing, tabu search
etc. Though no general classification of these approaches exist, yet they may be
grouped at different levels of hierarchy as shown in Figure [4.5

At the first level of hierarchy these algorithms can be roughly classified into two
categories namely, exact algorithms and approximate algorithms. [202] [181] [47]
[211] [108] [44] [233] [28] [30] [232]. In the following subsections we briefly

discuss each of them.

4.3.1 Exact Algorithms

Two categories of exact algorithms are - Restricted Exact Algorithms and Non-
Restricted Exact algorithms. Restricted exact algorithms place some restrictions
on the parallel program structure or on the interconnection network or on both
and then lead to an exact solution in polynomial time.

Non-Restricted Exact algorithms on the other hand place no restrictions, either
on the program structure or on the interconnection network and lead to an optimal

solution but not in polynomial time.

4.3.2 Approximate Algorithms

Approximate algorithms may further be classifies as - Random Optimization and
Heuristics. Random optimization algorithms use the same techniques as that used
by the exact optimization algorithms to solve the problem. But, they restrict the
solution search criteria by employing certain metrics which decide "how good the

solution is”. When a solution of certain satisfactory level is achieved the algorithm
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terminates, declaring it as a good solution.

Heuristics on the other hand make use of techniques which effect the entire
process in an indirect fashion. For example, in a clustering technique, tasks with
extremely high inter-task communication are clustered and then allocated to the
same machine in order to reduce the communication overhead. In a greedy ap-
proach, some tasks from the task set are allocated in the first step and then each
subsequent step allocates only one task without backtracking until the entire task
set is allocated. In iterative approaches, the entire task set is allocated in the first
step and then the allocation is improved by checking certain system parameters in
subsequent steps. These steps may involve techniques like task migration (moving
task from one machine to another) and pairwise exchange etc.

Looking down in the hierarchy in Figure and based on the above discus-
sion, it may be concluded that allocation algorithms may be broadly classified into

following four categories:
e Mathematical Programming
e Graph Theoretic
e State Space Search
e Heuristics.

In the following subsections, each of them is reviewed along with related litera-

ture.

4.3.3 Mathematical Programming Techniques

Mathematical programming approach has been recognized as the most powerful
approach for modeling and analyzing several kinds of problems. This approach
formulates task allocation problem as an optimization problem and solves it with
mathematical programming techniques. From this approach following techniques

have been developed for the task allocation problem:
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e Branch and Bound Technique
e Integer Programming Technique

e Dynamic Programming Technique

Branch and Bound Technique

One of the most popular techniques among researchers and widely investigated in
distributing systems for task allocation is the branch and bound (BB) technique.
This technique is an exhaustive search approach. Using this technique, numerous
algorithms for task allocation in distributed system have been reported.

An optimal task allocation strategy with the goal of maximizing the reliability
whilst considering communication cost as the constraint function for a distributed
database management system has been reported by Verma [214]. The model is
converted into a state space search tree and the Branch and Bound technique is
used to achieve optimum results. This approach has been adopted for optimizing
the distributed execution of join queries as reported by Reid [182]. Kartik and
Murthy [133] used the idea of branch and bound technique and have presented
efficient algorithms to maximize the system reliability in both redundant and non-
redundant systems. Magirou and Milis [160] have presented an algorithm based
on this technique for the problem of assignment of tasks to processors in a dis-
tributed processing system so that the sum of execution and communication cost
is minimized.

Billionnet et al. [45] proposed another algorithm based on the BB technique
to minimize the sum of inter-task communication and execution costs. In their
approach the processors are heterogeneous while the communication links are
identical. The use of identical links ensures that identical transmission times are
generated when identical messages are transmitted through different links. The
capacities of processors and links are assumed to be unlimited (uncapacited net-
work). The problem is first formulated to measure the inter-task communication

and processing costs under an uncapacited network. Then, the problem is refor-
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mulated as a quadratic Boolean function with linear constraints. Finally, the BB
technique is applied to search for an optimal allocation.

Chang et al. [64] have proposed two algorithms based on the BB technique
to allocate files into a distributed system whilst minimizing the data transfer rate.
The first algorithm called OF A (Optimal File Allocation), uses the BB technique
with an evaluation function derived from critical cut concepts, and leads to an
optimal solution. In second algorithm which is termed as HF'A (Heuristic File
Allocation), the sub-optimal solution is obtained by terminating the OF A search
as soon as the first complete allocation is found.

Hagin [117] considered the allocation problem for assigning distributed mul-
timedia applications into distributed computer systems. He has proposed an algo-

rithm based on the BB technique to solve two types of mapping problems.

Integer Programming Techniques

Integer programming is a mathematical programming technique in which some of
all the variables are restricted to be integers. It is directly applicable to the problem
of task allocation in a distributed system. A task allocation model becomes more
realistic when it incorporates real time constraints such as inter-processor com-
munication, memory limitations of each processor etc. In the past, a significant
number of studies have been devoted to the optimization in distributed systems
using integer programming technique. For the task allocation problem, integer
programming is a useful and exhaustive technique, as it is capable of reflecting
real life situations of distributed processing and it is simple as well.

A number of researchers have worked on task allocation problem using integer
programming technique to determine the optimal solution under given constraints
[70] [[75] [99]. A model based on this is developed by Chu [77] for optimum file
allocation in a distributed system. A similar approach for data file allocation has
also been proposed by Marcogliese and Novarese [[163]]. Lisper and Mellgren
[152] have discussed various integer programming methods for the allocation in

distributed real time systems. Using integer programming some scheduling tech-
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niques have been developed by Tompkins [209] for task allocation in distributed

systems.

Dynamic Programming Technique

Richard Bellman, first used the term dynamic programming to describe the solu-
tion procedure of the problems where one needs to find the best solution among
a number of solutions. A dynamic programming approach examines the previ-
ously solved subproblems and combines their solutions to give the best solution
for the given problem. It is both a mathematical optimization method and a com-
puter programming technique. In terms of mathematical optimization, dynamic
programming is a procedure to design algorithms for the problems wherein the
solution is a result of a sequence of decisions.

A number of papers are available in literature proposing the solution to the task
allocation problem using dynamic programming. Using this technique Bokhari
[47] formulated a shortest tree algorithm which runs in O(mn?) time for an op-
timal assignment of m program modules to n processors. Rosenthal [184] es-
tablished a relationship between module allocation and non-serial dynamic pro-
gramming. Dynamic programming technique was applied by Fernandez-Baca
and Medepalli [[108] for obtaining the optimal assignment through local search.
Berman and Ashrafi [41]] have developed optimization models for measuring the

reliability of modular software systems using this technique.

Pros. and Cons. of Mathematical Programming Techniques
e These algorithms are more flexible compared to other allocation techniques.
e An optimal solution is guaranteed.

e System constraints like inter-task communication, network delay, memory
limit, processor speed limit etc. can easily be formulated in terms of mathe-

matical programming problem.
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e These algorithms are time and space hungry. Their complexity grows expo-
nentially as the parallel and distributed system is scaled up. So they are not
suitable for large systems until some constraints are applied on them which

in turn lead to randomized optimization.

4.3.4 Graph Theoretic Techniques

Graph theoretic approach is one of the most important mathematical techniques
used in optimization. It has been extensively used in computer science research
particularly in distributed systems, data mining and networking. This approach
allows the use of graphical methods to represent and allocate program tasks to
various processors in distributed processing system.

In most of the graph theoretical approaches, the solution begins with the
abstraction of tasks and inter-task communication cost through graph model in
which tasks are represented by nodes and inter-task communication cost as weights
on bi-directional edges connecting these nodes. These approaches do consider
load balancing, resource limitations etc. without giving much attention to the tim-
ing complexity. Graph theoretic approaches used in literature in the context of

parallel and distributed systems can be further categorized as follows
e Network Flow Techniques

e Shortest Path Techniques

Network Flow Techniques

In this approach the problem of allocating m tasks to n processors proceeds as

follows:

e Denote the program by a graph consisting of a set of m nodes (tasks) and link
these nodes with a set of edges where each edge represents communication
among the tasks it is linking. The nodes of the graph are referred to as

ordinary nodes.
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e Convert the graph into commodity flow graph by adding n distinguished
nodes in the graph, where each distinguished node corresponds to a proces-

SOT.

e Connect every ordinary node with every distinguished node. The edge con-
necting ordinary node t; with distinguished node P is given the weight w;;,
where w;, = %Zj eij — €5, for 1 <i <mand 1 < j < m. Here e;, denotes

the execution cost of task ¢; on processor P;.

e Apply an n-way cut on the graph. An n-way cut is defined as the set of
edges which partition the graph into n disjoint subsets of nodes, each subset

containing only one processor.

e Every subset obtained in previous step actually indicates an assignment. Sum
of the weights on the edges in the cut is called the cost of the n-way cut and
it is equal to the total sum of inter-task communication costs and execution

costs [153].

Numerous techniques have been proposed in literature for solving the task allo-
cation problem using network flow techniques. Stone [202] showed that the
total sum of inter-task communication costs and execution costs can be minimized
when program modules are assigned to a two processor distributed system. The
complexity of this algorithm is O(m + 2)°. He further extended his network flow
techniques [203] and proved the existence of a critical load factor for each pro-
gram task. However, this problem proved to be computationally intractable in the
general case and thus for distributed systems.

To obtain a task allocation for an n-processor system where n > 2, the com-
modity flow graph is to be partitioned into n disjoint subsets of nodes, each subset
containing only one processor. m-way partitioning is not possible with network
flow algorithm alone. It has been attempted by repeatedly applying the network
flow algorithm by Wu and Liu [223]] [224] and also in combination with heuristics

by Arora and Rana [23] for suboptimal solutions.
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Rao et al. [181]] again attempted to solve the same problem with an alteration
in the system model within which one processor had limited memory while the
other had unlimited memory. Using network flow techniques the authors demon-
strated the method of constructing a GH-Graph, by finding the maximum flow
between every pair of nodes of the original task interaction graph. In searching
for a minimum cost assignment, they only produce the minimum cut and then re-
assign some subset of the tasks from one processor to another in order to satisfy
the memory constraints. The algorithm had the complexity O(n?)+O(m—1) for m
tasks and n machines configuration. They further showed that the algorithm was
N P-Hard for n > 3, so can’t be applied to distributed system allocation problem
in general case.

Lee et al. [146] also considered the same problem using network flow tech-
niques. They extended Ston’s work and generalized it from a two processor to a
network of n processors connected as a linear array. In their approach, the task al-
location problem is first converted into a two terminal network flow problem and
then solved using network flow technique in O(n?m?logn) time. Again Lee and
Shin [145] considered the allocation problem on a network of n-homogeneous
processors. Each of them had its own memory. They first developed a modeling
technique that transformed the assignment problem in a tree into a minimum-cut
maximum flow problem and then solved the problem in O(}",(n; — 1)m?) time.

The allocation problem has also been considered by Hui and Chanson [124]]
for assigning n tasks without precedence constraints (usually represented by a
TIG) to a set of m homogeneous and heterogeneous system connected through
shared media, assuming access time to the shared media as zero. Initially they pre-
sented an algorithm for homogeneous system which had the complexity O(n?(n +
E)log7ﬁr—2,E). They then extended the algorithm for heterogeneous processors and

presented an algorithm with complexity O((n + E)nlogn)
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Shortest Path Techniques

In a distributed processing system the task allocation problem can also be solved
using the shortest path techniques. This approach has been widely investigated by
the several researchers [47] [[178] [211] to obtain an optimal solution.

The shortest path algorithm evaluates the set of nodes in the assignment graph
corresponding to a program graph to select the best possible allocation of task to
a processor. A shortest tree algorithm described by Bokhari [47] minimizes the
total sum of the execution and communication costs for arbitrarily connected dis-
tributed systems with arbitrary number of processors, provided that the intercon-
nection pattern of modules form a tree. The timing complexity of this algorithm is
O(mn?).

Price and Pooch [178] claim that their shortest path method is applicable to
all cases but, an optimal solution is possible in certain cases only. The shortest
path algorithm proposed by them evaluates the set of nodes in the assignment
graph corresponding to a program graph to select the best possible allocation of
a task to a processor. A modification to the shortest path method is made using
the non-backtracking branch and bound method and the complexity of algorithm
is known to be roughly O(mn).

The critical path method [91] and the ideas from the renewal theory along
with the theory of large deviations [140] are also used for designing shortest path
task allocation techniques.

Towsley [211]] work considers special cases where the inter-task communica-
tion pattern is series parallel in nature. A search is made in the assignment graph
for the parts of the program graph where inter-task communication patterns are
series parallel or tree in nature. For such inter-task communication patterns, the
shortest paths are derived and these shortest paths are combined to get the over-
all shortest path of the assignment graph. The timing complexity of the algorithm
developed on this principle is O(mn?).

The problem of assigning the modules of chain structured programs and tree

structured programs is presented in [48] [127] [138] [49] [[128]. These programs
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are considered for allocation on chain structured computer systems and single
host, multiple satellite computer systems.

To derive an optimal allocation, an assignment graph is constructed which
contains as many layers as the number of processors. The calculation of weights of
edges depends on the nature of the program graph and the processor system. Each
edge of the assignment graph is given two weights: sum weight and bottleneck
weight. The sum and bottleneck weights of the path from source to terminal node
indicate the time required by corresponding assignment. The optimal path should

have the minimum sum bottleneck weight.

Pros. and Cons. of Graph Theoretic Allocation Methods
e These methods have been widely researched due to their simplicity.

e They are not meant for a generalized allocation of m tasks to n processors

since such configurations have exponentially high complexities.

e Formulating resource constraints in graph theoretic approaches is a chal-

lenge.

4.3.5 State Space Search Techniques

State space search is a well-known approach to achieve optimal cost of the task
allocation in a distributed system. In this approach, first the task allocation prob-
lem is converted in terms of a state space search tree and then a cost function is
defined which is then used to guide the search. The search space tree is drawn
as follows. For the task allocation in a distributed processing system, each state
description is denoted by a node. Operators applicable to nodes are defined for
generating successors of the nodes called node expansions. A solution path of a
search problem is the path defined by a sequence of operators which leads a start
node (i.e. initial node) to one of the goal nodes (i.e leaf nodes or external nodes).
All the internal nodes in this state space search tree correspond to incomplete task

allocations and all external (leaf) nodes correspond to complete allocations [193]].
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In this search tree, the job is to find the goal node i.e. a leaf node corresponding
to the optimal task allocation. The well known A*-algorithm is known to be the
best tool for searching optimal assignment in state space tree.

A number of researchers have used the A*-Algorithm to find the optimal allo-
cations in distributed systems. Shen and Tasi [194] proposed the first A* based
solution. They first translated the task assignment problem into a special graph
known as weak homomorphism in graph matching. Then on this weak homomor-
phism they applied the A*-algorithm to find the optimal solution. However, their
solution was not designed for a generalized parallel and distributed system. They
considered a point-to-point interconnection network in which tasks with inter-task
communications were required to reside either on the same processor or on two
directly connected processors.

Sinclair [199] has developed a method to reduce the size of the search tree.
This method is termed as the reduction method. Two criteria proposed by the au-
thors to implement the reduction method are known as Minimum Processor Cost
Underestimate (MPCU) function and Minimum Independent Assignment Cost Un-
derestimate (MIACU) function. The allocation algorithm developed based on re-
duction method is called "Branch and Bound with Underestimate (BBU)”. BBU
attempts to minimize the total sum of execution costs and inter-task communi-
cation costs while allocating the program modules to processors of a distributed
system. The authors further proved that Minimum Independent Assignment Cost
Underestimate when used with A*, leads to less space and timing complexities.
The solution proposed by Sinclair [199] does not take into account the task prece-
dence constraints. The method was further improved by Wang and Tasi [218],
by considering task precedence constraints. Tom and Murthy [208]] improved the
models proposed by Shen and Tasi [194] and Wang and Tasi [218]]. They altered
the order of nodes in the search tree in such a way that the independent tasks
were restricted to be assigned last.

Kafil and Ahmed [[132] have proposed a two phase algorithm for finding op-

timal solution of task allocation problem using A*. The first phase of the algo-
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rithm is known as “Optimal Assignment Sequential Search (OASS)” and is meant
to produce an initial solution. The purpose of this phase is to reduce all those
nodes which have higher costs than the resulting solution cost during search op-
eration. The second phase of the algorithm is known as “Optimal Assignment

Parallel Search (OAPS)” and its purpose is to accelerate the search process.

Pros. and Cons. of State Space Search Techniques

They are flexible compared to their graph theoretic counterparts.

e System constraints like inter-task communication costs, network delay etc.

are easy to formulate using these methods.
e For the task allocation problem an optimal solution is guaranteed by A*.

e Like mathematical programming technique, these techniques are also con-
strained by the time and space complexities and, algorithms based on them

require searching for an optimal solution.

4.3.6 Heuristic Techniques

These techniques have been developed to obtain the near optimal solution of task
allocation problem in acceptable time. Although an optimal solution to task al-
location problem can be obtained using exact algorithm, the general n-processor
task allocation problem is N P-Complete. Therefore, finding an optimal solution
with exact algorithm to large scaled task allocation problems is computationally
prohibitive [132] [212] [233]. Therefore, the development of effective heuris-
tics is gaining importance among researchers. Heuristics provide fast and effec-
tive alternatives for obtaining near optimal solution of large scaled task allocation
problems. During the past two decades numerous heuristics have been reported
in literature for the task allocation problem. They may be further classified as

follows:

e Clustering Heuristics
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e Greedy Heuristics
e Iterative Heuristics.

In the following subsection we briefly discuss some popular heuristics from each

category.

Clustering Based Heuristics

Much of the focus in heuristic algorithms has been devoted to the minimization
of inter-task communication cost. Task clustering technique is one of the heuristic
approaches to reduce the total inter-task communication cost. In this technique, a
set of communicating tasks is fused together to form a task cluster. If the number
of created clusters is greater than the number of available processors then clusters
are fused in such a manner that the number of clusters becomes equal to the
number of processor. It may drastically reduce the size of the search space [216].
Finally, task clusters are allocated to the available processors.

Efe [96] presented a task-clustering algorithm called “two module clustering”
that forces task pairs to be allocated to the same processor. This procedure is run
until all the candidate task pairs are grouped together. Arora and Rana [22] pro-
posed module assignment in two-processor distributed system. The authors later
[24] extended the idea of task clustering and proposed the concept of clustering
the tasks which exhibited certain particular behaviour to reduce the problem size.
Sagar and Sarje [188] used the clustering technique to propose other models for
task allocation in distributed systems. Bowen et al. [55] proposed a clustering
algorithm for assignment problem of arbitrary process systems to heterogeneous
distributed computing system.

The clustering technique used by Kim and Browne [135] iteratively applies
a critical path algorithm to transform the graph into a virtual architecture graph
which consists of a set of linear clusters and the interconnection between them.
A different heuristic approach based on the concept of clustering to allocate the

tasks for maximizing reliability has been proposed by Srinivasan and Jha [201].
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Based on the clustering approach, a multiprocessor scheduling technique named
“de-clustering” has been formulated by Sih and Lee [198]. The authors claimed
that their de-clustering approach not only retains the clustering advantages but at
the same time overcomes its drawbacks. Palis [171] presented task clustering and
scheduling algorithm for distributed memory parallel architecture.

Abdelzaher and Shin [3]] developed a graph-based model which involved re-
cursive invocation of two stages: clustering and assignment. The clustering stage
partitions tasks and processors into clusters while the assignment stage maps task
clusters to processor clusters. The problem of minimizing the cost by clustering
heavily communicating tasks and assigning the clustered tasks to appropriate pro-

cessors has also been researched by [221] [177] [219].

Greedy Heuristics

A partial solution is essential to initiate a greedy heuristic. These approaches begin
with a partial solution and repeatedly improve this solution until the complete
allocation is done. At each stage one task allocation is made and this decision
remains unchanged throughout all the subsequent stages. The allocation is done
in a manner that a choice once made can never be reconsidered i.e. without any
backtracking. The allocation of next task to be allocated say, 7, depends on the
criteria chosen to allocate the previous k — 1 tasks. Generally these approaches are
easy to implement and lead to near optimal solution in polynomial time, less than
O(m?), for m tasks in most of the cases.

Numerous solutions for task allocation problem using greedy approaches have
been reported in literature [153] [144] [120] [162] [126]. Lo [153] merged a
greedy algorithm with Stone [202] and thereby minimized the total execution and
inter-task communication costs. The algorithm proposed by the authors consists
of three phases namely Grub, Lump and Greedy. The first phase Grub, produces
the initial partial solution required to run the greedy heuristics. The second phase
Lump, is executed when the allocation is not completed by Grub. Similarly, the

third phase is executed when the allocation is not completed by the second phase.
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Another parameter used by this approach is interference cost. It is the measure of
the amount of incompatibility among tasks.

The approach used by Lee [144] implements load balancing aspect through
the greedy heuristic. The algorithm is termed as Largest Processing Time First
(LPFT). The tasks are first arranged in descending order of communication cost
and then allocated to the less loaded processors as per the order already defined.

Hluchy et al. [[120] proposed static and dynamic greedy heuristics for multi-
computer systems. An objective function was formulated by the authors to check
the optimality of the solution in a static heuristic approach. A semi-distributed
approach has been developed for dynamic allocations. For distributing programs
and data files to networked multicomputers whilst maximizing the system relia-

bility Hwang and Tseng [[126]] have proposed greedy heuristics based algorithms.

Iterative Heuristics

Like greedy heuristics, these approaches also start with an initial allocation and
try to refine it further in subsequent steps. The initial allocation may be obtained
using some faster heuristic or some random optimization technique. However,
to improve the initial allocation they use techniques such as task migration or
pairwise tasks exchange, which are generally not used by greedy approaches.

The following subsection presents some popular iterative heuristics found in

literature:

Genetic Algorithms (GA)

It is a meta-heuristic optimization technique based on Darwin’s evolutionary the-
ory of the survival of the fittest. It emulates the behaviour of reproduction in
nature [215] [212]. A genetic algorithm can be applied to search large multi-
objective and complex problem spaces in a distributed system. Genetic algorithms
attempt to search a near optimal solution by fostering a population of strings
(called chromosomes) using predefined genetic operators [151]]. The main steps

of a genetic algorithm are reproduction, selection, crossover and mutation. The
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selection, crossover and mutation processes are repeated until the termination
condition is satisfied [151].

In the last two decades a lot of work on the application of GA on a distributed
processing system has been done by the researchers which is mostly related to the
task allocation problem [12] [[10] [212] [215] [123] [122] [231]] [227] and task
scheduling problem [222]] [85] [167]. Task allocation in a distributed system is
a challenging issue as it requires the system performance to be optimized. A tech-
nique based on problem-space genetic algorithm (PSGA) for static task allocation
in heterogeneous distributed system has been proposed by Ahmad et al. [12],
which combines the power of G A with the problem specific heuristic to search the
best possible solution. For multiple task allocation, Tripathi et al. [212] devel-
oped a GA based method which is memory efficient and gave an optimal solution
of the problem. Vidyarthi et al. [215] also used G A to maximize the reliability of
a distributed computing system.

In distributed computing systems the hardware redundancy policy is of equal
importance as the task allocation policy because it has direct impact on system
cost and system reliability. In this context, researchers have addressed some algo-
rithms based on GA [122] [227]. Levitin et al. [149] discussed a redundancy
optimization problem for multistate systems. Deeter and Smith [89] used the
similar approach to solve the all-terminal network design problem considering
cost and reliability.

Applications of GA have revealed that they generate more efficient solutions
than other heuristic approaches, which are applied to task scheduling in hetero-
geneous system. Page et al. [170] presented a GA based scheduling strategy to
dynamically schedule a set of heterogeneous task onto a set of heterogeneous pro-

cessors to minimize the total execution time.

Hill-Climbing (HC)

In the field of computer science, Hill-Climbing is an iterative technique for solv-

ing computationally hard problems. It starts with a sub-optimal solution to the
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problem (i.e start at the base of a hill) and iteratively improves the solution (climb
up the hill) [130] until some criterion is maximized (top of the hill is reached).
The improvement to the current state (solution) is made gradually in small steps.
Associated with each random move is a cost function which is evaluated after each
step. If the change in the cost function is positive the move is accepted and a new
solution is generated otherwise no change is made to the current state. The pro-
cess is repeated until there are no changes to the current state which lead to the
reduction in the value of the cost function. When this condition occurs, it indicates
that a local optimum has reached, instead of the required global optimum.

The problem with this algorithm is that it guarantees an optimal solution in
case of convex problems and it is considered to be a good algorithm for finding a
local optimum (a solution that can’t be improved by considering a neighbouring
state). However, it doesn’t guarantee to find the best possible solution (the global
optimum) out of all possible solutions (the search space).

Yanping and Haijiang [229] have developed a method of allocating tasks to
welding robots using the hill climbing algorithm. Fattah et al. [105]] have used
the hill climbing techniques to rapidly find the appropriate start node in the appli-

cation mapping of network based many-core systems.

Simulated Annealing (SA)

Simulated Annealing is a global optimization technique which attempts to find
the lowest point in an energy landscape. It emulates the physical concepts of
temperature and energy to present and solve the optimization problems [30].
The objective function of the optimization problem is treated as the energy of a
dynamic system while the temperature is introduced to randomize the search for
a solution.

Over past few years SA, has been used by many researchers for solving the
task allocation problem in a distributed system. In 2004, Attiya and Hamam [27]
proposed a simulated annealing based optimal two-phase algorithm for task allo-

cation problem in a heterogeneous distributed computing system with the goal of
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maximizing the system reliability. The authors also proposed [30] another sim-
ulated annealing based optimal algorithm for the same problem and with same
goal in 2006. Their hybrid algorithm first finds a sub-optimal allocation by apply-
ing the well known S A algorithm and then finds an optimal allocation by applying
the branch and bound (B B) technique by considering the solution provided by S 4,
as the initial solution. Further they used the same algorithm for load balancing in
heterogeneous distributed computing system [29].

With the goal of minimizing the inter-task communication delays, Bollinger
and Midkiff [52] have proposed a S A based task allocation technique for a multi-
computer network system. Hamam and Hindi [118] have used a similar approach
for allocating program modules to a distributed system connected through a gen-

eral purpose interconnection network.

Mean Field Annealing (M FA)

The M F' A technique was developed to solve combinatorial optimization problems.
In this approach discrete variables, termed as spins, are used for encoding the
combinatorial optimization problem. An energy function written in terms of spins
is used as cost function. Then, using the expected values of spins, a gradient
descent type relaxation scheme is used to find a configuration of the spins which
minimizes the cost function.

Based on M F' A approach, Bultan and Aykanat [59] have developed a heuristic
approach to solve the task allocation problem. They have shown that, the algo-
rithms based on M F'A are faster than those based on the S A but the later produces
better solutions than the former.

Aykanat and Haritaoglu [34] have used the M F A techniques mapping un-
structured domain to a hypercube connected distributed memory architecture.
Their goal is to find a mapping which minimizes the communication overhead

while maintaining the same workload on processors (load balancing).
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Other Heuristic Approaches

Heuristic approaches discussed above are not the only ones but are the most
present in literature. [66] [191] [72] [61] [139] [18] describe some other
heuristic approaches.

Chaudhary and Aggarwal [66] proposed a general algorithm for allocating
a Task Interaction Graph (7/G) as well as a Directed Acyclic Graph (DAG) on
a distributed system. The algorithm first finds an initial assignment and then
improves it by pairwise exchange. The algorithm is very general so the complexity
is high.

Selvakumar and Murthy [[191]] have proposed a heuristic algorithm for al-
locating programs into a distributed system with heterogeneous machines. An
algorithm based on recursive divide-and-conquer was first developed for the case
of two machines and then extended to the case of n machines.

Choi et al. [72] proposed three heuristic algorithms for allocating tasks of a
linear task graph into a parallel system of heterogeneous processors. The com-
plexities of first and second algorithms are O(n?m) and O(n*m?) respectively. The
third algorithm is based on greedy heuristic.

Cai and Lee [61] have proposed a three phase algorithm to distribute data
files among heterogeneous server machines. The goal is to balance the response
time between the servers i.e., minimize the difference in the response time. The
first phase, selection phase, selects the set of servers that can participate in file
allocation by eliminating those servers that have limit lower than a predefined
value. The second phase, allocation phase, sorts the selected servers in increasing
orders of their service rates, allocates files with higher access rate to a server until
reaching its allocation limits and then the allocation moves onto a next server.
The third phase, completion phase, allocates the remaining files into servers with
higher capacity until all files are assigned.

Koziris et al. [139] presented a two phase heuristic algorithm to map tasks
of a T'IG into multiprocessor architecture to minimize the communication time.

The algorithm first assigns the highly communicating tasks on adjacent nodes in
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the processor’s network. Then, without backtracking it maps the remaining tasks
beginning from those close to the assigned tasks.

Altenbernd and Hansson [[18] proposed an algorithm which is termed as slack
method. This heuristic allocates communicating periodic hard real-time tasks onto

a multiprocessor system.

Pros. and Cons. of Heuristic Techniques

Heuristics provide efficient and effective methods of obtaining near optimal

solutions.
e Their time and space complexities are less compared to exact techniques.
e It is very difficult to choose best values for the parameters required by them.

e Sometimes, they lead to a suboptimal solution that may be far away from

the exact solution.

e Braun et al. [56] have proved that if they are used to get a solution close to
optimal solution, their timing complexity may increase exponentially. They
have further concluded that it is almost impossible to select a single heuristic
technique as the best general method of solving different types of applica-

tions.

Chapter Summary

In this chapter a precise introduction to the task allocation problem is presented.
Relation between task allocation and static load balancing schemes is explained. In
literature survey various techniques available for task allocation problem are clas-
sified based on the solution techniques used: mathematical programming, graph
theoretic, state space search and heuristics. It has been established that graph the-
oretic schemes are simple to implement and are acceptable as long as the number

of processing elements in a distributed processing system are less than four. They
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can not be used for the generalized problem of allocating m tasks to n machines
due to their high computational time and inability of handling various system
constraints. The mathematical programming and state space search techniques
are found to be more suitable compared to graph theoretic techniques for the gen-
eralized problem of task allocation. They lead to an exact solution and can easily
handle the system constraints but once again their time and space complexities
grow exponentially as the system is scaled up. Heuristic approaches unlike the
other three, are simpler and flexible. They are suitable for the applications where
an exact solution is not possible in a reasonable time. However, solutions obtained
by them may be far away from the exact solution. Their timing complexity may be
problematic if a solution close to the exact solution is required. Moreover, it is not
easy to find the best values for the parameters required by them and hence none of
the heuristics can be designated as good approach for solving the task allocation
problem.

The focus of next chapter is our contribution to the task allocation problem con-

sidering load balancing.



Chapter 5

Fuzzy Load Balancing Task

Allocation Models

The task allocation problem is a well-known problem in the field of computer sci-
ence and therefore has been extensively studied. Numerous algorithms, mostly
for homogeneous systems and relatively few for heterogeneous systems have been
proposed to solve this problem. The algorithms meant for heterogeneous systems
require high allocation cost and may not produce the right allocations while low-
ering costs. Moreover, in a heterogeneous multicomputer system (HMS), efficient
use of available resources requires that the tasks be allocated to available machines
intelligently. In this context “intelligently” means that a given task is assigned to a
machine where it executes with the fastest speed and the load on various machines
remains balanced (load balancing).

In this chapter, two novel task allocation models called Fuzzy Load Balancing
Task Allocation (FLBTA) have been proposed with an objective to simultaneously
meet high performance and fast allocation time while balancing various allocation
parameters. The proposed models have been verified by implementing related
algorithms in C and executing them on several sets of randomly generated input
data. It has been observed that the models successfully achieve their goal i.e. task
allocation with load balancing in all cases. Moreover, the algorithms outperform

previous approaches of interest on metrics such as speedup, efficiency and execu-
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tion time.

5.1 Related Work

A Heterogeneous Multicomputer System (HMS) consists of diversely capable ma-
chines harnessed through an interconnection network [17]. Exploiting an HMS
to its fullest extent requires the proper assignment (matching) of each task to a
machine in such a way that loads on individual machines remain balanced. This
assignment (matching) is generally referred to in literature as mapping, resource
allocation, resource management or task allocation. It is a restricted case of task
scheduling wherein the orders of execution i.e. precedence relations between
tasks are not considered [101]]. This process is named as task allocation within
the scope of this thesis. The task allocation problem is NP-complete in its general
form [112], and polynomial-time solutions are known only for a few restricted
cases. [80] [[107] [46] [147] [1186].

During last two decades many researchers have studied this problem. Two
types of solutions have been proposed in literature: Optimal solutions (Physical
Optimizations) for some restricted cases and for most of the cases heuristic tech-
niques have been developed which led to near optimal solutions. Early heuristic
techniques used graph theoretic approaches such as network flow and/or enu-
meration techniques [100] [[159] [202] . Research then evolved to approximate
heuristic algorithms [189] [96] [153] [159] [74] [76]]. Unfortunately, most of
these algorithms deal with homogeneous systems and the complexity of these al-
gorithms increases rapidly as the problem size increases. Exact algorithms using
physical optimization have been proposed by many researchers [25] [51]] [169] [81].
Though optimization algorithms produce exact solution (better than heuristics)
they tend to be very slow. In realistic scenarios, for large data sets, their execution
times are unacceptable when compared to the task execution times. A good review
of models and algorithms based on them can be found in [11]] [69] [166] [154].

Almost all approaches of interest are processors centric and undermine other
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vital machine resources. HMS is characterized by machine and task heterogeneity
and hence processors centric allocation models are not suitable for fair task allo-
cation in such a vague environment. Fuzzy logic is a powerful tool for designing
intelligent systems. The ability of drawing conclusions and generating responses
based on vague, ambiguous and imprecise data give tremendous power to Fuzzy
Logic. Consequently, mathematical problems that are difficult to model using con-
ventional methods can easily be formulated using fuzzy principles [119] [20].
To deal with the limitations of previously proposed processors centric models this
work presents two task allocation models based on fuzzy logic, which are suitable
for allocating tasks on HMS in such a way that the load on various machines re-
mains balanced. When allocating tasks, the proposed models assess the suitability
of candidate machines based on various machine, task and underlying intercon-
nection network characteristics in a fuzzy environment. For a given task, machines
are graded according to their suitability of executing the task and the task is allo-
cated to the most suitable machine. The tasks are assumed to be non-preemptable.
All proposed models were tested by coding and executing the related algorithms

in C on several sets of input data.

5.2 Problem Statement

The task allocation problem addressed in this work is formally defined as fol-
lows: Let M = M, My, Ms, ..., M, be the set of n heterogeneous machines of
a HMS which are connected together through an interconnection network. Let
T =1,7,73,..., Ty be the set of m heterogeneous tasks to be allocated to the ma-
chines under consideration and ETC' = [e;j|mxn be the expected time to compute
matrix where ¢;; denotes the execution time of task 7; on machine M;. Associ-
ated with each machine M; is a list L; which keeps track of the load allocated to
machine. Let G = (X, F) be the Directed Acyclic Graph (DAG), where the set of
edges E represents the communication cost ¢;;, which reflects when tasks 7; and

7; are not allocated to the same machine. The reliability of each machine and link
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of the system is also known.

Given the above scenario, the objective is to find an allocation FA : T" — M,
that minimizes the total execution time (makespan), total inter-task communi-
cation and maximizes the system reliability while keeping the load on various

machines balanced.

5.3 Brief Overview of Fuzzy Logic

This section presents a basic overview of fuzzy logic based on which two load

balancing task allocations models have been developed.

5.3.1 Fuzzy Sets

Zadeh [237]] proposed the Fuzzy set theory in 1965. It is based on multivalued
logic that allows intermediate values to be defined between conventional evalu-
ations like true/false, yes/no, high/low etc. Notions like “superb” or “too slow”
can be formulated mathematically and processed by computer programs to apply
a more human-like way of thinking in computer based decision making. Let A be
a classic set of the universe U. Then a fuzzy set A is defined by a set or ordered

pair as follows:
A= {(z, pa(@)|r € A, ps(x) € [0,1]}
where p ;() is a function called membership function. Membership function spec-

ifies the grade or degree to which any element z in A belongs to the fuzzy set A.

5.3.2 Fuzzy Numbers

Fuzzy numbers are special classes of fuzzy quantities. Dubis and Prade [93]] noted
that a fuzzy number is a fuzzy set defined on real line . In principle a fuzzy set
A with membership function 1 ;(z) : ® — [0,1], is a fuzzy number if it possesses

the following three properties:

1. It is a normalized fuzzy set, i.e. for some z € R, u;(z) = 1.
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2. Itis a convex fuzzy set i.e. it holds:

pa(Az + (1= A)22) > palz1) A pg(ze)
for any 21,20 € R, and A € [0, 1].

3. The support of A is bounded.

5.3.3 Triangular Fuzzy Numbers

Fuzzy numbers can be used to represent vague inputs (imprecise numerical val-
ues and linguistic terms). Considering their simplicity and solid theoretical base,
a specialized form of fuzzy numbers called Triangular Fuzzy Numbers are mostly
used for this purpose [93] [20]. A triangular fuzzy number W, is a fuzzy num-
ber represented with three points as W = (a,b,c), and its membership function

pg(x) : R — [0, 1] is defined as follows:

(x—a)/(b—a), a<z<hbh,

pp(@) =13 (e~ a)/(c—b), b<z<e,

0 Otherwise

where, —c0 < a < ¢ < b < oo.

Let V[A//l = (a1, b1,c1) and VIA/; = (ag, be, c2) be two fuzzy triangular numbers and
k € RT be a constant then according to Zadeh [237] basic operations possible on
triangular numbers fuzzy are performed according to Table Whereas the ad-
dition and subtraction of and are exact triangular, their multiplication and division

are approximate triangular [119] [93].

5.3.4 Linguistic Variables

Zadeh [238]] realized that conventional quantification methods had difficulty in
properly expressing the situations that were explicitly complex or hard to define.
The concept of a linguistic variable is necessary in such situations. A linguistic

variable is a variable whose values are words or sentences in a natural or artificial
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language. For example the values of the linguistic variable “performance” can be
described using five linguistic terms: very low, low, medium, high, and very high.
Triangular fuzzy numbers can be used to represent these linguistic terms. Linguis-
tic variables and fuzzy numbers provide the opportunity of using linguistic terms
instead of crisp values to the decision makers. In this work fuzzy triangular num-
bers and fuzzy linguistic variables have been used to model the task requirements

and machine heterogeneities.

5.3.5 Defuzzification

The proposed task allocation model evaluates suitability score of a machine as
a fuzzy number. Therefore, it is necessary that the non-fuzzy ranking method
for fuzzy numbers be employed for comparison of various machine scores. De-
fuzzification is a technique to convert the fuzzy numbers into crisp real numbers.
The goal of defuzzification procedure is to locate the Best Non-fuzzy Performance
(BNP) value. Methods of such defuzzified fuzzy ranking generally include three
kinds of methods - mean of maximal, centroid and a-cut [168]. Among these
the centroid method is simple and practical and has been extensively used by re-
searchers to determine BNP values of fuzzy triangular numbers. Yao and Chaing
[230] noted that the signed distance method produces better results for defuzzi-
fication of triangular fuzzy numbers, so this work uses signed distance method.
The BNP value of a fuzzy triangular number W= (21, 2m, 2r), from signed distance

method is obtained as follows:

21+ 22, + 2
4.0

BNPy; =
Bellman and Zadeh [37] developed the theory of decision behaviour in a fuzzy
environment. A large number of models have been developed based on it, and
have been applied to a variety of fields such as control engineering, artificial in-
telligence, management science, and Multiple Criteria Decision Making (MCDM)

among others. The concept of combining the fuzzy theory and multiple criteria

decision making is referred to as Fuzzy Multi-criteria Decision Making (FMCDM).
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5.4 Fuzzy Load Balancing Task Allocation Model - I

This section presents the assumptions and concepts related to the development of

Fuzzy Task Allocation Model - I (FLBT A — I), being addressed in this chapter.

5.4.1 Assumptions

Given the problem statement in Section the objective is to find an allocation
that minimizes the total execution time (makespan), total inter-task communica-
tion and maximizes the system reliability while keeping the load on various ma-
chines balanced. F'L BT A—1I, considers the task allocation problem with following

assumptions:

e The machines involved in the HMS are heterogeneous and are connected
through a high-speed interconnection network. They may have different
processing speeds and failure rates. Moreover, the communication links may

have different speeds and failure rates.

e Each machine is capable of executing any task. Two tasks, if executed on
different machines, may communicate with each other and incur a specific
amount of inter-task communication (/7'C'), cost. A task may experience

different execution times when executed on different machines.

e [TC cost may differ if data is transmitted through different communication

links.

e The state of machines and communication links is either operational or

down.
e There is high task and high machine heterogeneity [[17] in the system.

e Tasks are assumed to be non-preemptable, have known inter-task communi-
cations, no execution deadline, their execution times are unknown and they

have precedence relations with one another.
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The main objective of the proposed allocation model is to perform task allocation
with load balancing. That is, to achieve a fairly distributed cumulative execution
time on all machines under known task and machine heterogeneities. Machines
communicate with each other through an interconnection network using a shared-
memory area. The model assumes that the shared-memory area stores the task
allocator (scheduler) which manages all task allocations. The task allocator serves
as a fuzzy allocator and, therefore, keeps all the required information about the
incoming tasks.

The allocation policy of the allocator is fairly simple. To allocate a new task, it
evaluates the suitability score of each machine with regards to various parameters
(explained below) in a fuzzy environment. Machines are ranked according to their

suitability scores and the task is awarded to the machine with the highest ranking.

5.4.2 Task Execution Time and Execution Cost

The execution times of tasks are unknown and are estimated in a fuzzy environ-
ment. The core of this estimation is the range based Expected Time to Compute
(ETC) matrix generation method proposed by Ali et al. [17] and by Braun et al.
[56]. An algorithm that uses this method as its basis is developed to generate
fuzzy expected time to compute matrix (FETC = [€;;]mxn)-

One of the contributions of this thesis is that the proposed algorithm fuzzifies
the concept presented by Ali et al. [17] using a random fuzzy vector and ran-
dom fuzzy triangular numbers. The algorithm proceeds as follows. First of all a
random fuzzy vector Z; = (zi1, zi2, 2i3),1 = 1,2,3,...,m, is generated such that
7 € [1, Riask) ¥V i. Several methods have been proposed in literature to gener-
ate random fuzzy vectors and random triangular fuzzy numbers in [a, b) [57] [58].
This work uses the method proposed by Buckley and Jowers [58]], in which a
random fuzzy vector is obtained by three consecutively generated real random

numbers and then ordering them. This way a sequence of random numbers is
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made:
V; = (241, Tig, Tis), Ty < Tio < T3, 1 =1,2,3,...,m n [0,1]*
The random vector Z; is obtained from v; by setting:
zij=(b—a)ry;+a,j=1,2,3 and i=1,2,3,....,m

. Clearly following is the expression for Z;:
Zi=((b—a)rg+a,(b—a)zp+a, (b—a)zs+a),i=1,23,...,m
After generating Z;, the rows of F'ETC matrix are produced. Let ¢;; be an arbitrary

element of FETC, then it is obtained as follows:
7 =1,2,3,....n and ©=1,2,3,...,m

where, ¢; is a random fuzzy triangular number in the range [1, R,4cn) V 7 .
It is obvious that all elements of FETC are within the range [1, Riusk X Rpnach)-
The variables Ry, and R,,... represent task and machine heterogeneity [17]
respectively. Algorithm [2| computes F'ETC matrix: The execution cost of task
on machine A/, is nothing but its execution time on ;. So, the execution cost for

task 7; can be evaluated using equation:
Vec(M;) = &

Machines with higher execution cost should have less likelihoods of executing 7; ,

so above equation is revised and normalized as follows:

max (€;;) — €
17]

Vec(M;) = D

max (€;;)
Z?]

In equation the term max (é;;) corresponds to the largest element of FETC
17]

matrix.
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Algorithm 2 Generating F'ET'C' Matrix
1: begin

2: Data: Values of R, and R,.qch
3: Result: FETC Matrix
4: Generate three real random numbers in [0, 1] and sort them in ascending order.
(i1 < Tip < x43)
5: fori=0tom —1do
6:  Z;i <+ ((Ruask — Dz + 1, (Riask — Dio + 1, (Riask — 1) + 1)
7. forj=0ton—1do
8: €ij Z;® U;
9: end for
10: end for

11: end

5.4.3 Task Precedence Constraints and Priorities

Most task allocation algorithms are based on the list scheduling technique [8] [62]
[[79] [102] [104] [113] [134] [228]]. The basic idea of list scheduling is to make
a scheduling list (a sequence of tasks for scheduling) by assigning them some pri-
orities, and then repeatedly execute the following two steps until all the tasks in

the graph are allocated:
1. Select the first task from scheduling list;
2. Allocate the task to the machine which is most suitable to execute it.

Moreover, task allocation must be done in such a manner that the precedence
constraints among the program tasks are preserved. Three frequently used at-
tributes for assigning priorities to tasks (which lead to the preservation of the
precedence constraints) are the t-level (top level), b-level (bottom level) and static
b-level or simply static level (sD) [8] [[13] [113]. The t-level, b-level and static level

of a node (task) in a DAG are defined as follows:

Definition 5.4.1 The t-level of a task (node) 7; is the length of a longest path
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(there can be more than one longest path) from an entry task (node) to 7; (ex-
cluding 7;). Here, the length of a path is the sum of all the task and edge weights

along the path.

Definition 5.4.2 The b-level of a task (node) 7; is the length of a longest path from

7, to an exit task (node).

Definition 5.4.3 Some allocation algorithms do not take into account the DAG
edge weights in computing the b-level. To distinguish such definition of b-level

from the one given in[5.4.2} it is called the static b-level or simply static level (sl).
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Figure 5.1: A Sample DAG

Consider the DAG shown in Figure The node and edge weights indicate task
execution times and inter-task communication costs respectively. This task graph
is an example of DAGs addressed in this thesis. Table shows the calculated
values for the t-level, the b-level and the static level (s).

During the allocation process the t-level and b-level of a task frequently vary
because the weight of an edge may be zeroed when the two incident tasks are
scheduled to the same machine. On the other hand, the static-level does not
change throughout the allocation process. An allocation algorithm which makes

use of the dynamic t-level or b-level for assigning priorities to tasks is considered
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Task t—level b—level static— level

T 0 23 11
Ty 6 15 8
Ty 3 14 8
Ty 3 15 9
Ts 3 5 5
Te 10 10 5
Ty 12 11 5
Ty 8 10 5
Ty 22 1 1

Table 5.2: b-level, t-level and static level Values

as dynamic allocation algorithm [13]]. In contrast, if an algorithm uses a static
attribute, such as static-level, to order nodes for allocation, it is called a static
allocation algorithm [13]]. The focus of this thesis is static task allocation with

load balancing. So static-level is used to assign the priorities to tasks.

Algorithm 3 Task Priorities Assignment
1: Data: Directed Acyclic Graph

2: Result: Task Priorities List
3: begin
4: priority(T) < ¢

5: for i =1 to m do

6:  priority(r;) < mif{%k} + Ip;

k
7. priority(T) < priority(7)||priority(r;)
8: end for

9: end

As pointed out earlier, the execution times of tasks are unknown and they are
estimated using the range based F'T'C' matrix generation method proposed by Ali

et al. [17]. So instead of using the actual execution times of tasks the following
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approach, formulated for assigning priorities to tasks, uses normalized average
execution times of tasks. In this approach, the priority of a task 7; is calculated as

follows:

€;

S Ty
mkin{ék} TP

priority(r;) =

Where, €; denotes the average execution time of task 7;, mkin{ék} denotes the mini-
mum value of average execution time and [p; corresponds to the length of a longest
path from 7; to an exit task. Algorithm (3| assigns priorities to tasks. Two or more
tasks may have same priorities.

The task with a higher priority is selected for allocation before a task with a
lower priority; if more than one task has the same priority, ties are broken by

choosing the task to be scheduled next, randomly.

5.4.4 Communication Cost

Communication between tasks that are allocated on the distant machines tend to
increase the communication cost. Obviously, the tasks that are allocated on the
same machine will incur zero communication cost. This advantage may necessi-
tate that as much as possible, tasks that require communication be allocated to the
same machine in order to reduce overall communication cost. However, this might
result in load imbalance. The goal therefore is to optimize allocation of communi-
cating tasks such that they are executed on same or neighbouring machines whilst
balancing the load.

If tasks 7; and 7; are two tasks and 7; is allocated to machine M, then commu-
nication cost incurred due to computing 7; on machine M, is given by ¢;; X d,y,
where ¢;; is the amount of communication between tasks 7; and 7;, and d,, is the
distance between machines ), and M,,.

Distance between two machines can easily be computed using the given topol-
ogy graph. Fuzzification can be applied to ¢;; considering how large ¢;; is. The
initial objective is to find the largest possible value of communication between

any two tasks. Let it be denoted as maxitc. Table [5.3] details the criteria, linguistic
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variables and the Triangular Fuzzy Numbers that are used for the fuzzification of

communications between tasks. If a given task 7; has h communicating tasks i.e.

Linguistic Variable ITC Range Membership Function
NO —oco to 0 (0.0,0.0,0.0)
VL 0 to 0.2maxitc (0.0,0.1,0.3)
LO 0.2maxitc to 0.4maxitc (0.1,0.3,0.5)
ME 0.4mawxitc to 0.6maxitc (0.3,0.5,0.7)
HI 0.6maxitc to 0.8maxitc (0.5,.07,0.9)
VH 0.8maxitc to maxitc (0.7,0.9,1.0)

Table 5.3: Linguistic Variables for Fuzzification of ITC Cost

T1,T2, T3, ..., Th, Which are allocated to machines M, My, M3, ..., M, respectively
then the total fuzzy communication cost incurred due to computing 7; on machine

M; is given by the following equation:
h

Vee(M;) =Y d(j,r) @ &i,r)

r=1

Where, ¢(7,7) denotes the amount of communication between tasks 7; and 7,

and d(j,r) stands for the distance between machines M; and M,. For all cases

when r = j (i.e. when cost of computing 7; on any of the machines My, Ms, M5, ..., M},

is determined) the corresponding term in the summation part of above equation
is 0. In other words when r = j, d(j,r) ® ¢(i,r) = 0.
Machines with higher communication costs should have fewer chances of exe-

cuting 7; so above equation is revised and normalized as follows:

D®Y &i,r) = > djr) @ir)

Veo(M;) = (2)

h
D® Y &ir)
r=1
In equation (2)), D stands for the diameter of the underlying topology and the term
h
D ® Z ¢(i,r) corresponds to the maximum value of communication cost which

r=1

may ensue between task 7; and its communicating tasks.
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5.4.5 Load Balancing

Considering only the execution and communication costs during task allocation
may result in the assignment of heavier computational load to capable machines.
Therefore, computational load should also be taken into account. By doing so fair
allocation of tasks can be ensured. This work employs cumulative fuzzy expected
time to compute of all previously assigned tasks to measure the computational
load of a machine.

Let tasks 7y, 7, 73, ..., T4,(k < m), have been allocated to machine )/}, then the

total load on machine )/; (which has been assigned £ tasks), is given by,
N k
Vip(M;) = Zéij
=1

where ¢;; denotes the fuzzy expected time to compute of task 7, on M,. Once again
machines with higher load should have less probability of executing a new task,

so the computational load calculation is revised and normalized as follows:

(3" o) = T1o(M)
%LD(MJ') == Fln - - (3)
Z(Z Vip(Mj) = pp(Mj))

j=1 j=1

5.4.6 System Reliability

The reliability of an electronic component is the probability that the component
is operational for execution of tasks that are assigned to it. The reliability of a
heterogeneous multicomputer system can therefore be defined as the product of
the components reliabilities. That is, the product of the probability that each ma-
chine be operational during task execution and the probability that each link be
operational during inter-task communication. The importance of link reliability in
a distributed system has been discussed by Awasthi et al. [32]] in which they pro-
posed that it is essential to consider link reliability as a component of cost function

related to a distributed system. In a fuzzy environment the HMS reliability R can



5.4. Fuzzy Load Balancing Task Allocation Model - I 136

be formulated as:
R=Ry®R;

Where R, stands for all machines fuzzy reliability and R;, stands for all links fuzzy

reliability.
If a given task 7; has communicating tasks i.e. 71, 73,73, ..., 7,, which are allo-
cated to machines My, My, Mj, ..., M, respectively then the fuzzy system reliabil-

ity for computing 7; on machine M; can be computed using following equation:

h h
Vrer(M;) = R; @ H R;® H Rj (4)
i=1 i

In equation the first product term represents the total fuzzy reliability of all
machines involved and the second product term represents the total fuzzy relia-
bility of all links involved. Equation further ensures that machines with higher
system reliability are preferred for prospective assignment.

This study assumes that reliabilities of all machines and links constituting the
HMS are represented as triangular fuzzy numbers. For experimental purposes they

have been generated randomly using a computer program.

5.4.7 The Task Allocation Algorithm

Algorithm |4 which is developed based on the concepts presented above, han-
dles all allocations. The algorithm is straight forward. For each task ready to be
allocated, the suitability score of each machine is calculated considering various
parameters described in equations (1) -(4). Machines are ranked according to their

suitability scores and the task is awarded to the highest ranked machine.

Lemma 5.4.4 For m tasks and n machines the complexity of algorithm[4]is O (m(n+

1)).

Proof:

1. The priority assignment algorithm takes m steps to assign priorities to m

tasks.
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Algorithm 4 FFLBT A — I Allocation Algorithm

1:

2:

10:

11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

21:

begin
Data: Directed Acyclic Graph (7'), Interconnection Network Topology Graph
(M), ITC Matrix, Fuzzy Machine Reliabilities, Fuzzy Link Reliabilities

: Result: FA: T — M (A Task Mapping)

Generate F'ETC using Algorithm

Generate Task Priorities List priority(7) using Algorithm

Apply criteria shown in Table to fuzzify ITC and obtain FITC
fori=0to |T|—1do

Select Task 7, which has the highest priority in priority(r)
for j=0to |M|—1do
Compute 7 e (M;), Ve (M), 1p(M;), V g (M;)
(equations to (@)
V(M) < V(M) + Voo(M)) + V(M) + 7 ripr (M)
score[j] < rank(s7(M;))
end for
if score|l] > score[z] V z=1,2,...,n and =z #[then
k<1
end if
Award task 7, to machine M
[T} e {T} -7,
{priority(r)} < {priority(t)} — priority(rp)
end for
end
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2. To allocate a task 7 € T, the algorithm ranks exactly n machines. So, mn

steps are required to allocate m tasks.

Clearly, (m + mn) active operations (steps) are required to allocate m tasks to n

machines. Hence, the complexity of algorithm 4 is O(m(n + 1)).

_.—""-'_h-\'
[ T, Y Entry Task
e
TR
A T
| A A T
- { [ T
(le*m'[f:-"LJ.LF)
. | h_‘_’_{,’l l\.,_ ! R
1|| HH“H | 1 V{ 1
1 ™= .
o~ ,:“'llr"*\ P, /1— h
(1 ) (T :I { Ty ) |:\ 4 ):|
— Kw’ et —
5 ™ L
E"m f’f

{ T m} Exit Task

Figure 5.2: Task Graph

)

Figure 5.3: 4-Machine Graph

5.4.8 Experimental Setup and Implementation of FLBTA - I

To evaluate the proposed fuzzy load balancing task allocation model, randomly
generated scenarios are used. Randomly generated scenarios are employed for

following reasons:
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1. It is desirable to obtain the results that validate the effectiveness of the pro-

posed model over a broad range of conditions.
2. A generally accepted set of HMS benchmark tasks does not exist, and
3. It is not clear what characteristics a “typical” HMS task would exhibit.

The proposed fuzzy approach is implemented on a number of task and machine
graphs. The model is simulated on an Ubuntu 12.04 LTS operating system by
coding the algorithms presented within this thesis in C using CodeBlocks 12.11
compiler on an Intel Core i7 machine. The file FLBTA.sh runs the simulation.

Following subsections present the results of various experiments:

4-machine 10-task Allocations:

Consider the task graph and machine graph shown in Figure and respec-
tively. Task Graph analogous to one shown in Figure |5.2| can be generated using
the random graph generators described by Topcuoglu et al. [210] or by Arabne-
jad and Barbosa [21]]. The IT'C matrix can be easily obtained by the task graph.

The allocation proceeds as follows:

1. Obtain FETC matrix using Algorithm

2. High task and high machine heterogeneity is assumed so according to Ali
et al. (170, Riuse = 10° and Ry, = 10°. Table shows the computer

generated F'ETC matrix.

3. Obtain FITC matrix using criteria shown in Table Table shows

sample 10 x 4 excerpt from computer generated 10 x 10 I7T'C matrix.

4. Obtain Task Priorities using Algorithm Table shows the normalized
average execution times of tasks and their priorities. It may also be noticed
from Table that 73 has the highest (top) priority value and T}, has the
lowest priority value. It indicates that 7} is scheduled first and T, is sched-

uled in the last.
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Table 5.7: Randomly Generated 4-Machine Fuzzy Reliability

Table 5.6: 4-Machine Distance Matrix

My My Mz M,

N = = O

1 1
0 2
2 0
1 1

(= V)

Machine Reliability

M,
M>
Ms
M,

(.9570, .9393, .9331)
(.9714, .9408, .9333)
(.9274, .9009, .9002)
(.9504, .9297, .9156)

Task Normalized Average Execution Time Priority

T
15
13
Ty

33.0
28.0
36.0
20.0
1.0
13.0
9.0
21.0
14.0
31.0

95
76
80
90
94
26
43
61
46
16

Table 5.8: 10-Task Normalized Average Execution Times and Priorities
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5. Table and [5.7] list the machine connectivity matrix and randomly gen-

erated machine reliability matrix. The interconnection network topology is

assumed to be a hypercube.

6. For the sake of simplicity, it is assumed that all links in the machine graph

are equally reliable. The reliability of each link is the fuzzy number (0.9~796)

which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).

7. Priority wise Final allocation is presented in Table Table shows the

summary of allocations.

8. Computer generated allocation results can be accessed using the url: https:

//github.com/jahangir2016/results-new. The file flbtal-4-10.txt contains

the results.

Task

scorell]

score|2]

score|3]

score[4]

Allocated To

T
Ts
Ty
T3
T
Ty
Ty
17
Ts

T1o

—3.627326e — 001

9.168058e + 000

5.447038e + 000

7.103060e + 000

—2.571012e + 000

4.208941e 4+ 000

8.473719e 4 000

7.892464e 4 000

7.938504e + 000

2.458924e 4 000

2.955747e — 001
9.131133e + 000
7.538294e + 000
6.561715e 4 000
1.011819e + 001
6.226380e 4 000
7.063032e + 000
6.722391e 4 000
7.758004e + 000

7.218460e + 000

3.257845e + 000

9.244981e + 000

8.580367¢ + 000

6.981317e 4 000

4.623762e + 000

2.447019e + 000

7.905082e + 000

7.695515e + 000

8.248931e + 000

2.626766e + 000

1.277145e 4 000
1.243547e + 001
1.130240e + 001

3.116477e + 000

4.117594e 4 000

2.359387e + 000
9.759001e 4 000

7.517310e + 000

7.571169e + 000

5.146332¢ + 000

M3
My
My
My
Mo
Mo
My
My
Ms

Mo

8-machine 17-task Allocations:

Table 5.9: 10-Task Allocation Results

Consider the task graph and machine graph shown in Figure [5.4] and [5.5] respec-

tively. The /7T C matrix can be easily obtained by the task graph. The allocation


https://github.com/jahangir2016/results-new 
https://github.com/jahangir2016/results-new 
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Machine No. of Tasks Allocated

2
3
2
3

Table 5.10: 10-Task Allocation Summary

proceeds as follows:

Figure 5.4: 17-Task DAG

1. Obtain F'ETC matrix using Algorithm

2. High task and high machine heterogeneity is assumed so according to Ali

et al. [17], Riuse = 10° and R4, = 10%2. Table shows sample 17 x 4

excerpt from computer generated 17 x 8 FETC matrix.

3. Obtain F'/TC matrix using criteria shown in Table
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Figure 5.5: 8-Machine Graph
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Table 5.12: 8-Machine Distance Matrix
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Machine

Reliability

M,
M;
M3
M,y
Ms
Mg
Mz
Mg

(0.9741,0.9543,0.9502)
(0.9747,0.9622,0.9586)
(0.9882,0.9684,0.9581)
(0.9829,0.9555,0.9534)
(0.9737,0.9595,0.9561)
(0.9846,0.9707,0.9580)
(0.9773,0.9723,0.9681)
(0.9545,0.9512,0.9507)

Table 5.13: Randomly Generated 8-Machine Fuzzy Reliability

4. Obtain Task Priorities using Algorithm (3| Table shows the normalized

average execution times of tasks and their priorities.

Task Normalized Average Execution Time

Priority

T1
T2
T3
Ty
Ts
Te

5.0 60
6.0 53
5.0 59
4.0 47
3.0 47
3.0 21
1.0 42
2.0 34
4.0 43
4.0 17
3.0 18
8.0 20
10.0 17
2.0 28
15.0 5
25.0 9
9.0 2

Table 5.14: 17-Task Normalized Average Execution Times and Priorities

5. Table[5.12|and [5.13|list the machine connectivity matrix and randomly gen-

erated machine reliability matrix. The interconnection network topology is

assumed to be a hypercube.

6. For the sake of simplicity it is assumed that all links in the machine graph

are equally reliable. The reliability of each link is the fuzzy number (0.§7 96)
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which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).

7. Priority wise Final allocation is presented in Table Table shows

the summary of allocations.

8. Computer generated allocation results can be accessed using the url: https:
//github.com/jahangir2016/results-new. The file flbtal-8-17.txt contains

the results.

8-machine 41-task Allocations:

Consider the task graph and machine graph shown in Figures[5.8|and [5.5| respec-
tively. The /7TC matrix can be easily obtained by the task graph. The allocation

proceeds as follows:
1. Obtain FETC matrix using Algorithm

2. High task and high machine heterogeneity is assumed so according to Ali

et al. [17], Ry = 10° and R,paen = 102
3. Obtain FITC matrix using criteria shown in Table

4. Obtain Task Priorities using Algorithm (3| Table shows the normalized

average execution times of tasks and their priorities.

5. Table|5.12/and [5.13|list the machine connectivity matrix and randomly gen-

erated machine reliability matrix. The interconnection network topology is

assumed to be a hypercube.

6. For the sake of simplicity it is assumed that all links in the machine graph
are equally reliable. The reliability of each link is the fuzzy number (O.9~7 96)
which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).
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Machine No. of Tasks Allocated

M, 3
M, 1
M, 2
M, 3
M 1
Mg 2
M, 2
M 3

Table 5.16: 17-Task Allocation Summary

7. Table shows the summary of allocations. The speedup and efficiency

values are approximately same as they are in 8-machine 17-task allocations.

8. Computer generated allocation results can be accessed using the url: https:
//github.com/jahangir2016/results-new. The file flbtal-8-41.txt contains

the results.

Machine No. of Tasks Allocated

=
N OO O W w AN G

Table 5.17: 41-Task 8-Machine Allocation Summary


https://github.com/jahangir2016/results-new 
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12-machine 30-task Allocations:

Consider the task graph and machine graph shown in Figure [5.6] and [5.7] respec-
tively. The IT'C matrix can be easily obtained by the task graph. The allocation

proceeds as follows:

Figure 5.6: 30-Task DAG

1. Obtain F'ETC matrix using Algorithm

2. High task and high machine heterogeneity is assumed so according to Ali

et al. [17], Ryusr = 10° and R,qcn = 102

3. Obtain F'/TC matrix using criteria shown in Table
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Figure 5.7: 12-Machine Graph
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Table 5.18: 12-Machine Distance Matrix
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Machine Reliability

M, (0.9842,0.9561,0.9503)
M, (0.9512,0.9501,0.9501)
M; (0.9824,0.9752,0.9570)
M, (0.9669,0.9523,0.9504)
M; (0.9723,0.9585,0.9513)
Mg (0.9654,0.9550,0.9523)
My (0.9517,0.9505,0.9505)
M; (0.9601,0.9561,0.9501)
M, (0.9730,0.9527,0.9517)
Mg (0.9564,0.9558,0.9556)
My, (0.9605,0.9584,0.9580)
M, (0.9804,0.9639,0.9616)

Table 5.19: Randomly Generated 12-Machine Fuzzy Reliability

4. Obtain Task Priorities using Algorithm (3| Table shows the normalized

average execution times of tasks and their priorities.

5. Table[5.18and |5.19|list the machine connectivity matrix and randomly gen-

erated machine reliability matrix. The interconnection network topology is

assumed to be a ring (as size 12 is not supported by the hypercube).

6. For the sake of simplicity it is assumed that all links in the machine graph
are equally reliable. The reliability of each link is the fuzzy number (O.9~796)
which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).
7. Table shows the summary of allocations.

8. Computer generated allocation results can be accessed using the url: https:
//github.com/jahangir2016/results-new. The file flbtal-12-30.txt con-

tains the results.


https://github.com/jahangir2016/results-new 
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Task Normalized Average Execution Time Priority
Ty 1.0 429
Ta 2.0 404
Ts 4.0 176
Ty 28.0 372
Ts 13.0 283
Ts 5.0 368
Ty 33.0 144
Ts 5.0 361
Ty 20.0 144
Tio 18.0 297
T11 6.0 95
Ty 9.0 223
T3 9.0 303
Tyy 8.0 221
Ty 14.0 87
Th6 2.0 205
Ty 17.0 235
Tig 10.0 206
AT 16.0 102
Tao 16.0 117
Taq 12.0 173
Tao 23.0 154
Ta3 5.0 70
Toa 13.0 186
Tos 11.0 100
Tag 2.0 83
Tor 2.0 45
Tag 4.0 75
Tao 6.0 76
T30 6.0 28

Table 5.20: 30-Task Normalized Average Execution Times and Priorities

Machine

No. of Tasks Allocated

My
M,
M3
M,
Ms
M
Mo
My
My
Mg
My
Mo

N W W N =P W W N W w wbN

Table 5.21: 30-Task Allocation Summary
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16-machine 41-task Allocations:

Consider the task graph and machine graph shown in Figures[5.8|and [5.9| respec-
tively. The IT'C matrix can be easily obtained by the task graph. The allocation

proceeds as follows:

.
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Figure 5.8: 41-Task DAG

1. Obtain F'ETC matrix using Algorithm

2. High task and high machine heterogeneity is assumed so according to Ali

et al. [17], Ryusr = 10° and R,qcn = 102

3. Obtain FITC matrix using criteria shown in Table
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Figure 5.9: 16-Machine Graph
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Machine

Reliability

My
Mo
M3
My
Ms
Mg
My
Mg
My
Mio
Mi1
Mi2
M3
Mg
Mis
Mg

(0.9712,0.9601,0.9531)
(0.9896,0.9683,0.9649)
(0.9662,0.9609,0.9543)
(0.9727,0.9713,0.9646)
(0.9642,0.9552,0.9509)
(0.9554,0.9509,0.9502)
(0.9651,0.9535,0.9523)
(0.9884,0.9503,0.9501)
(0.9797,0.9795,0.9530)
(0.9776,0.9760,0.9738)
(0.9543,0.9518,0.9514)
(0.9648,0.9644,0.9592)
(0.9632,0.9528,0.9503)
(0.9808,0.9632,0.9619)
(0.9741,0.9584,0.9544)
(0.9849,0.9679,0.9575)

Table 5.22: Randomly Generated 16-Machine Fuzzy Reliability
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4.

Obtain Task Priorities using Algorithm (3| Table shows the normalized

average execution times of tasks and their priorities.

Table lists the randomly generated machine reliability matrix. Machine
distance matrix can be easily deduced form the machine graph shown in
Figure The interconnection network topology is assumed to be a hyper-

cube.

For the sake of simplicity it is assumed that all links in the machine graph
are equally reliable. The reliability of each link is the fuzzy number (0.9~796)
which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).
Table shows the summary of allocations.

Computer generated allocation results can be accessed using the url: https:
//github.com/jahangir2016/results-new. The file flbtal-16-41.txt con-

tains the results.

16-machine 50-task Allocations:

Consider the task graph and machine graph shown in Figures and[5.9|respec-

tively. The /7TC matrix can be easily obtained by the task graph. The allocation

proceeds as follows:

Obtain F'ETC matrix using Algorithm

High task and high machine heterogeneity is assumed so according to Ali

et al. [17], Riusr = 10° and R0, = 102
Obtain F'ITC matrix using criteria shown in Table

Obtain Task Priorities using Algorithm [3] Table [5.27] shows the normalized

average execution times of tasks and their priorities.


https://github.com/jahangir2016/results-new 
https://github.com/jahangir2016/results-new 
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Task Normalized Average Execution Time Priority
Ty 24.000000 163
To 60.000000 149
T3 10.000000 26
Ty 17.000000 107
Ts 5.000000 2
Te 111.000000 137
Ty 32.000000 141
Tg 45.000000 89
Ty 44.000000 36

T:0 5.000000 126

Ti1 65.000000 109

Ti2 21.000000 74

T13 65.000000 19

T4 67.000000 22

Tis 54.000000 95

Tig 24.000000 68

Ti7 87.000000 7

T18 85.000000 119

Tro 36.000000 68

Tao 99.000000 59

To1 31.000000 54

Too 21.000000 101

Ta3 115.000000 50

Toy 19.000000 47

Tas 67.000000 52

Tag 11.000000 88

To7 62.000000 39

Tag 68.000000 45

Tag 1.000000 40

T30 68.000000 71

T3y 39.000000 35

Tso 50.000000 30

T33 84.000000 33

T34 2.000000 53

T35 63.000000 33

Ts6 4.000000 27

Ts7 11.000000 11

Tsg 12.000000 28

T39 41.000000 25

Tyo 19.000000 25

Ty1 37.000000 20

Table 5.23: 41-Task Normalized Average Execution Times and Priorities
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Machine No. of Tasks Allocated

M
My
Ms
My
Ms
Mg
M7
Mg
My
Mg
My,
Mo
M3
My
M5
Mg

WA NN W WNNN DA BRAW RN W -

Table 5.24: 41-Task Allocation Summary

5. Table lists the randomly generated machine reliability matrix. Machine
distance matrix can be easily deduced form the machine graph shown in[5.9

The interconnection network topology is assumed to be a hypercube.

6. For the sake of simplicity it is assumed that all links in the machine graph
are equally reliable. The reliability of each link is the fuzzy number (0.9~796)
which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).

7. Table shows the summary of allocations. The speedup and efficiency

values are approximately same as they are in 16-machine 41-task allocations.

8. Computer generated allocation results can be accessed using the url: https:
//github.com/jahangir2016/results-new. The file flbtal-16-50.txt con-

tains the results.

32-machine 50-task Allocations:

Consider the task graph and machine graph shown in Figures [5.10| and [5.11| re-

spectively. The I7'C’' matrix can be easily obtained by the task graph. The alloca-

tion proceeds as follows:

1. Obtain FETC matrix using Algorithm


https://github.com/jahangir2016/results-new 
https://github.com/jahangir2016/results-new 
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Machine No. of Tasks Allocated

M
Mo
Ms
My
M3
Mg
Mz
Mg
Mg
Mio
Miq
Mio
M3
My
M;is
Mg

GV = » W DA = NP WA WWNDNDAMO

Table 5.25: 50-Task 16-Machine Allocation Summary
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Figure 5.10: 50-Task DAG
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Machine Reliability

M, (0.9858,0.9578,0.9555)
M, (0.9650,0.9633,0.9507)
M (0.9527,0.9505,0.9505)
M, (0.9811,0.9664,0.9602)
M (0.9549,0.9540,0.9515)
Mg (0.9633,0.9538,0.9535)
M; (0.9887,0.9750,0.9652)
M (0.9833,0.9776,0.9503)
M, (0.9856,0.9614,0.9517)
Mo (0.9541,0.9508,0.9507)
M (0.9667,0.9606,0.9557)
M (0.9536,0.9533,0.9527)
Mis (0.9787,0.9715,0.9674)
My (0.9802,0.9626,0.9517)
Ms (0.9833,0.9747,0.9542)
Mg (0.9791,0.9604,0.9530)
My (0.9641,0.9612,0.9530)
Mis (0.9502,0.9502,0.9502)
Mg (0.9656,0.9509,0.9502)
Moo (0.9666,0.9615,0.9581)
Mo, (0.9641,0.9546,0.9513)
Mo (0.9642,0.9519,0.9519)
Mo (0.9567,0.9559,0.9540)
Moy (0.9523,0.9518,0.9504)
Mos (0.9564,0.9518,0.9514)
Mo (0.9565,0.9505,0.9504)
Moy (0.9548,0.9511,0.9506)
Mos (0.9702,0.9662,0.9661)
Mog (0.9721,0.9672,0.9619)
Mz (0.9551,0.9529,0.9522)
Mz, (0.9640,0.9524,0.9512)
Mss (0.9810,0.9563,0.9539)

Table 5.26: Randomly Generated 32-Machine Fuzzy Reliability
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i

Figure 5.11: 32-Machine Graph

2. High task and high machine heterogeneity is assumed so according to Ali

et al. [17], Riusr = 10° and R,,40n = 102,
3. Obtain F'/TC matrix using criteria shown in Table

4. Obtain Task Priorities using Algorithm |3l Table shows the normalized

average execution times of tasks and their priorities.

5. Table lists the randomly generated machine reliability matrix. Machine
distance matrix can be easily deduced form the machine graph shown in[5.9

The interconnection network topology is assumed to be a hypercube.

6. For the sake of simplicity it is assumed that all links in the machine graph
are equally reliable. The reliability of each link is the fuzzy number (().9~796)
which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).
7. Table shows the summary of allocations.

8. Computer generated allocation results can be accessed using the url: https:
//github.com/jahangir2016/results-new. The file flbtal-32-50.txt con-

tains the results.


https://github.com/jahangir2016/results-new 
https://github.com/jahangir2016/results-new 
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Task Normalized Average Execution Time Priority
Ty 138.000000 608
To 115.000000 363
T3 92.000000 460
Ty 144.000000 599
Ts 250.000000 550
Te 137.000000 357
T 113.000000 367
Tg 35.000000 440
Ty 26.000000 535

Tio 11.000000 347

T11 140.000000 320

T1o 1.000000 417

T13 158.000000 528

T4 213.000000 291

Tis 165.000000 309

Ti6 105.000000 414

Tz 23.000000 451

T1s 183.000000 259

T19 253.000000 254

Tao 19.000000 348

Toq 165.000000 401

Too 217.000000 253

Ta3 48.000000 221

Toy 210.000000 327

Tas 17.000000 385

Tae 114.000000 218

To7 122.000000 220

Tag 150.000000 297

Tag 151.000000 323

T30 189.000000 192

T3y 46.000000 171

T3 91.000000 246

T33 26.000000 268

Ts4 76.000000 154

T35 86.000000 112

Ts6 95.000000 209

T3z 248.000000 215

T3g 84.000000 147

T39 44.000000 100

Tao 72.000000 169

Ty 20.000000 180

Tyo 94.000000 145

Tys 138.000000 96

Ty 152.000000 161

Tys 72.000000 124

Tue 153.000000 95

Tyr 160.000000 60

Tys 40.000000 87

Tyo 123.000000 99

Ts0 247.000000 56

Table 5.27: 50-Task Normalized Average Execution Times and Priorities



5.4. Fuzzy Load Balancing Task Allocation Model - I 164

Machine No. of Tasks Allocated

M, 1
My 2
M; 1
M, 2
M; 3
Mg 2
M; 1
Mg 3
M, 1
Mo 1
My 2
Mo 2
M 2
My, 2
Mis 1
Mg 2
Mz 2
Mg 1
Mg 1
Moy 2
Moy 1
Mo, 1
Mo 1
Moy 1
Mo 1
Mag 1
Moz 2
Mog 1
Mag 2
Msg 2
Ms, 2
M;, 1

Table 5.28: 50-Task Allocation Summary
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5.4.9 Performance Evaluation of FLBTA — I
Performance Metrics

The following metrics have been used to gauge the performance of the underlying

fuzzy task allocation model.

e Speedup: For an underlying task graph, the speedup value is determined by
dividing the sequential execution time by the parallel execution time (1.e.
makespan of the allocation). The sequential execution time is obtained by
allocating all tasks to a single machine that minimizes the total execution
time of all tasks. Hence,

min {se; }

Speedup = —————
peeatip max {te; }

where, se; is the sequential execution time of the parallel application on

machine M.

¢ Efficiency: The efficiency of a parallel application is a measure of how well

are the processors utilized in a parallel system. It is defined as follows:

d
Ef ficiency = ( Speedup > x 100

No.of Processors

FLBTA — I has been evaluated on number of different task and machine graphs
using the above metrics. For different scales of hypercube interconnection net-
work, results are presented in Table [5.29]

Figure shows the speedup and efficiency variations as the system is scaled
up from 4 to 32 machines. From Table and Figure|5.12) it is obvious that:

e The speedup increases as the number of machines in the system are in-

creased.

e The efficiency decreases as the system is scaled up. This is because of the
increase in the communication overhead. This tradeoff between speedup

and efficiency is inherent to a parallel system [95].
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No. of Machines Average Speedup (Over 10 Runs) Efficiency(% approx.)

4 3.2 84
8 6.6 82
12 8.7 72
16 11.0 69
32 20.1 63

Table 5.29: FLBT A — I Performance

90 -
B0 -
70 -
60 -
50 -
40 -

30 4

Speedup and Efficiency

20 4

10 4

0 8 16 24 3z 40
Mao. of Machines

| —Speedup — Efficiency |

Figure 5.12: Speedup and Efficiency Variation
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5.4.10 Load Balancing

In each case the F'LBT A — I performs load balancing by appropriately allocating
tasks as shown in Table Figures|5.13 show the load distribution (cumu-
lative execution time) on various machines when tasks are allocated to different

machine configurations using FLBT A — I:

M4

Machines
=
&

=
[x]

M1

100E+00 100E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 100E+06 1.00E+07

Cumulative Execution Time (Log Values)

Figure 5.13: Load Balancing in 4-Machine Allocations

= = < = =
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=
w

M2

M1

T T T 1
1.00E+00 1.00E+02 1.00E+04 1.00E+06 1.00E+08

Cumulative Execution Time (Log Values)

Figure 5.14: Load Balancing in 8-Machine Allocations

5.4.11 Comparative Study

Topcuoglu et al. [[210]] have proposed Heterogeneous-Earliest-Finish-Time (H E F'T)

and Critical-Path-on-a-Processor (C'POP) for mapping randomly generated task
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Figure 5.15: Load Balancing in 16-Machine Allocations
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Figure 5.16: Load Balancing in 32-Machine Allocations
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graphs on a bounded number of heterogeneous processors. Based on experimental
studies, the authors reported that H £ F'T" and C' PO P, outperformed task- schedul-
ing heuristics like DLS (Dynamic Level Scheduling), M H (Mapping Heuristic)
and LMT (Levelized-Min Time) algorithms when evaluated under the very met-
rics that are under considered within this thesis. Like HEFT and CPOP algo-
rithms, F'LBT A— I also uses randomly generated scenarios so H EF'T and C POP
were chosen as the algorithms for comparative study. The following subsection

discusses each of them briefly:

Heterogeneous-Earliest-Finish-Time (H EF'T)

It is an application-mapping algorithm for a limited number of heterogeneous pro-
cessors. It has two major phases namely T'ask Prioritizing and ProcessorSelection.
The Task Prioritizing phase assigns priorities to the tasks and the ProcessorSelection
phase selects the best processor for allocating a task at hand whilst minimizing
the finishing time of tasks. The algorithm requires the tasks to be ordered by their
scheduling priorities based on upward and downward ranking.

The worst case complexity (when the task graph is dense) of H EF'T algorithm
for m tasks and n machines is O(m?n) and best case complexity is O(e x n), where

e is number of edges in task graph.

Critical-Path-on-a-Processor (CPOP)

The C POP algorithm is analogous to HEFT in the sense that it also uses the
TaskPrioritizing and ProcessorSelection phases. However, it uses a different
attribute for determining the task priorities and employs a different strategy for
selecting the best processor for allocating the task at hand.

The timing complexity of C POP is O(m?n), for m machines and n tasks.

e Table compares FFLBTA — I allocation algorithm results for the al-
location of Gauss Elimination Algorithm graph for matrix dimension of 5

[210], with results of HEFT and CPOP. From Table [5.30] it is clear that
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FLBTA — I provides better results for the performance metrics under con-

sideration.

e As the system is scaled up, efficiency decreases rapidly in case of H EF'T and

CPOP, while with FLBT A — I it decreases gradually.

e Both algorithms i.e. HEFT and C'POP assume a fully connected intercon-
nection network. No such restriction is imposed on FFLBT A — I and hence

it is meant for all types of networks.

e The timing complexities of HEFT and CPOP are O(m?n), whereas timing
complexity of FLBT A — I in all cases is O(m(n+1)). Clearly FLBTA—1 is

the better performing algorithm. Figure|5.17/and |5.18|compare the speedup

and efficiency of all three algorithms graphically.

No. of Machines FLBTA -1 HEFT CPOP

Speedup Efficiency(%) Speedup Efficiency (%) Speedup Efficiency (%)

4 3.2 84 3.1 79 3.08 7
8 6.6 82 5.9 74 5.7 72
16 11.0 69 9.7 61 9.4 59
32 20.1 63 17.9 o6 16.6 52

Table 5.30: FLBTA —IVs. HEFT and CPOP

5.5 Fuzzy Load Balancing Task Allocation Model - II

Most studies in task allocation assume that resource requirements of the task are
not known a priori. However, better allocation and load balancing should be possi-
ble if the allocator uses information on task resource requirements to make alloca-
tion decisions. The results obtained by Devarakonda and Iyer [90] show that it is
possible to predict the CPU, memory, and I/0 requirements of a task using a statis-
tical pattern-recognition technique. The criteria proposed by Qureshi and Majeed

[180] for classifying a task as CPU Intensive or Memory Intensive or IO Intensive



5.5. Fuzzy Load Balancing Task Allocation Model - II 171

25

4 8 16 32
No. of Machines

BEFLBTA-1 MHEFT MCPOP
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or a Mixed Nature uses a percentage of task work related to these components.
This approach appears more appealing as with the advent of Open Computing Lan-
guage (OpenCL), determining the percentage of task work related to a particular
machine component has become possible [116]. OpenCL is a framework for writ-
ing programs that execute across heterogeneous platforms consisting of central
processing units (CPUs), graphics processing units (GPUs), digital signal proces-
sors (DSPs), Field-programmable gate arrays (FPGA) and other components. It is
an open standard for parallel programming supported by many hardware vendors
including AMD, Intel, NVIDIA and IBM. This thesis extends the task classification
criteria proposed by Qureshi and Majeed [180], assuming that it is possible to
determine the requirements of a task for a machine component by determining
the percentage of task work related to that particular component. Considering
these results the Fuzzy Load Balancing Task Allocation Model - II (FLBTA - II)

adds following improvement to FLBTA - I:

5.5.1 Selecting Best Machine to Execute the Task

The following subsection describes how to select the best machine to execute a

task.

Task Requirements Fuzzification

Let a given task be 7 and 7CFV 7GPU MEM 7NCP gand 710 be the task require-
ments for CPU, GPU, Numeric-Coprocessor, Memory and I/O Bandwidth, where
7% means percentage of task work related to machine component x. Only five vital
machine components are used within this study, however, the idea may easily be
extended to incorporate more components. Irrespective of the methods we use to
determine (described in [90] [180]) crisp value of 7* is obtained. As a first step,
task allocation using fuzzy logic requires fuzzification of inputs. During this pro-
cess the crisp input values are obtained and transformed into their corresponding

linguistic variables. These fuzzy inputs called antecedents form their correspond-
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ing membership graphs depending on the membership functions chosen for them
to represent. This study uses the triangular membership functions. This crisp
value of 7* (Universe of disclosure) is first normalized in the range [0.0,1.0] and
then transformed on the linguistic scale using any of the five linguistic variables
Very Low (VL), Low (LO), Medium (ME), High (HI) and Very High (VH). Table

shows the fuzzy partition of input using triangular membership functions.

Input Range(%) Normalized Segments Linguistic Variable Corresponding TFN

0< 7% <20 [0.00,0.05] Very Low (VL) (0.0,0.00,0.01)
2.0 <7 <100 [0.05,0.25] Low (LO) (0.0,0.03,0.05)
10.0 < 7% < 20.0 [0.25, 0.50] Medium (ME) (0.10,0.50, 0.7)
20.0 < 77 < 30.0 0.50, 0.75] High (HI) (0.50,0.70,0.9)
30.0 < 77 < 40.0 [0.75,1.00] Very High (VH) (0.70,0.90, 1.0)

Table 5.31: Linguistic Variables For Fuzzification of 7*

CPU

For a given task 7, if the CPU related work 7“*'“ | is rated high, then it is denoted

as 7(7,7FY) , and is assigned the membership value (0.50, 0.70,0.9).

Machine Capabilities Fuzzification

All machines (computers) forming the HMS under consideration are diversely ca-
pable i.e. differ in the capacity and capability of components. This machine het-
erogeneity can be represented on a linguistic scale. Let m (M, x) be the relative
capability measure of machine M with regard to component z then it can be rep-
resented on the linguistic scale using five linguistic variables (Table [5.32)). Rela-
tive capability implies that a machine M which has the maximum measure of a
given component receives the highest rating with regard to that component. Other
machines for that component are rated with respect to M. The triangular mem-
bership functions for required fuzzification are also given in Table A HMS
is more complex than any other form of parallel systems. The added complexity
could increase the possibilities of system failures. Hence, ensuring reliability of

each machine belonging to the system is of critical importance while allocating
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Linguistic Variable Triangular Membership Function

Least Capable (LEC) (0.0,0.0,0.2)
Low Capable (LOC) (0.0,0.2,0.4)
Moderately Capable (MOC) (0.2,0.4,0.6)
Highly Capable (HIC) (0.4,0.6,0.8)
Extremely Capable (EXC) (0.6,0.8,1.0)

Table 5.32: Linguistic variables for Machine Capability Fuzzification

the tasks. It is assumed that reliabilities of all machine components are known
and have been expressed as Triangular Fuzzy Numbers. Let R, denotes the fuzzy
reliability of a component k£ of machine M;. Then, for a given task 7, which re-
quires p machine components to execute, the Yaakob and Kawata [226] equation
is modified to determine the relative capability of machine A/, to execute 7, as

follows: ,
VoM :—®Z TvTxi)]+HEk
k=1

if ék = (2x — ag, 2k, 21 + bx) (i.e. a triangular fuzzy number) then we have:

p p p
Hﬁk: (H R — A ,H Zk ,H Zk—i-bk))
k=1 k=1 k=1

k=1
So, the machine capability equation can be rewritten as follows:

Varc(M;) :;®Z[m(Mjaxi)®f(Tvai)] + (H( 2 — ag), H ), [T (2 + b) > 5)
k=1

=1 k=1 k=1
5.5.2 Link Reliability

As each machine’s reliability has been included in the machine capability equa-
tion |5, the system reliability equation is modified as follows. If a given task 7;
has communicating tasks i.e. 7q,7,73,...,7,, Which are allocated to machines
My, My, M3, ..., M), respectively then the fuzzy system reliability for computing 7;

on machine A/; can be computed using following equation:

VREL H Rj (6)
l#1
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5.5.3 Modified Allocation Algorithm

The modified algorithm according to above improvements to F'LBT A — [ is listed

below:

5.5.4 Experimental Setup and Implementation of FLBTA - II

The proposed fuzzy approach is implemented on a number of task and machine
graphs. The model is simulated on an Ubuntu 12.04 LTS operating system by
coding the algorithms presented within this thesis in C using CodeBlocks 12.11
compiler on an Intel Core i7 machine. The file FLBTAM.sh runs the simulation.

Following subsections present the results of various experiments:

4-machine 10-task Allocations:

We once again consider the problem of allocating 10 tasks to 4 machines, shown

in Figure [5.2] and [5.3| respectively. The allocation proceeds as follows:
1. Obtain F'ETC matrix using Algorithm

2. High task and high machine heterogeneity is assumed so according to Ali
et al. [17], Riust = 10° and R,..., = 10°. Table shows the computer

generated F'ETC matrix.

3. Obtain Task Priorities using Algorithm [3] Table shows the normalized

average execution times of tasks and their priorities.

4. Obtain Fuzzified Task Requirements (F'7T'R) and Fuzzified Machine Capabil-

ities (FM(C') matrices using criteria shown in table [5.31| and |5.32] Tables
and list these matrices.

5. Obtain FITC matrix using criteria shown in Table Table shows

sample 10 x 4 excerpt from computer generated 10 x 10 I7'C matrix.
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Algorithm 5 FLBT A — I Allocation Algorithm

1:

2:

10:

11:

12:
13:
14:
15:
16:
17:
18:
19:
20:
21:

22:

begin
Data: Directed Acyclic Graph (7'), Interconnection Network Topology Graph
(M), ITC Matrix, Fuzzy Machine Component Reliabilities, Fuzzy Link Relia-

bilities,Task Requirements, Machine Capabilities

: Result: FA: T — M (A Task Mapping)

Generate FETC using Algorithm
Generate Task Priorities List priority(r) using Algorithm
Apply criteria shown in Table [5.3|to fuzzify I7'C and obtain FITC

Apply criteria shown in table [5.31| and |5.32| to fuzzify task requirements and

machine capabilities.
fori=0to |T'| —1do
Select Task 7, which has the highest priority in priority(r)
for j=0to |M|—1do
Compute 7 0(M;), Vo (M), Voo (M;), V1p (M), 7 g (M)
(equations (5)), (1) to (3),(E))
V(M) = Vao(M)) + Vpe(M;) + Voo (M) + Vo (M) + Vg (M)
score[j] < rank(%(Mj))
end for
if score[l] > score[z] ¥V z=1,2,...,n and =z #[then
k<1
end if
Award task 7, to machine ),
[T}« (T}~ 1,
{priority(1)} < {priority(t)} — priority(rp)
end for

end
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Task Requirements

CPU GPU NCP MEM IO
Ty HI VH VH HI ME
15 VL VH HI VH HI
15 IO VH VH VH VH
Ty VH VH VH LO VL
T5 LO HI VL VH HI
s VH VL HI VH VH
7 ME HI VH VL LO
Ty VH VH VH VH HI
Ty HI VH HI VH VH
T, VL VH VH LO VH

Table 5.33: Fuzzified Task Requirements

Machine Capability Rating
CPU GPU NCP MEM IO
M, MOC LEC LOC HIC LOC
My HIC LOC MOC LOC LEC
Ms MOC EXC MOC LOC EXC
My EXC MOC LOC LEC HIC

Table 5.34: Fuzzified Machine Capabilities
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6. Table|5.6|and list the machine connectivity matrix and randomly gener-

ated machine component reliabilities matrix respectively. The interconnec-

tion network topology is assumed to be a hypercube.

For the sake of simplicity it is assumed that all links in the machine graph
are equally reliable. The reliability of each link is the fuzzy number (0.5796)
which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).

Table shows speedup and efficiency for the allocation under considera-
tion. It is evident from Table that FLBT A — 11 provides better results
in comparison of FLBTA — 1.

Computer generated allocation results can be accessed using the url: https:
//github.com/jahangir2016/results-new. The file flbta2-4-10.txt contains

the results.

8-machine 17-task Allocations:

Consider the task graph and machine graph shown in Figure and respec-

tively. The allocation proceeds as follows:

1.

Obtain F'ETC matrix using Algorithm

. High task and high machine heterogeneity is assumed so according to Ali

et al. [17], Riust = 10° and R,,.., = 10%.Table shows sample 17 x 4

excerpt from computer generated 17 x 8 F'ETC matrix.

. Obtain FITC matrix using criteria shown in Table

Obtain Task Priorities using Algorithm (3| Table shows the normalized

average execution times of tasks and their priorities.

. Obtain Fuzzified Task Requirements (F'7'R) and Fuzzified Machine Capabili-

ties (F'M (') matrices using criteria shown in table[5.31]and [5.32] Table[5.36|
and list these matrices.



https://github.com/jahangir2016/results-new 
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Task Requirements
CPU GPU NCP MEM IO
T VH VH HI ME VH
T VH VH VH ME VL
Ts ME VH ME VH VH
Ty VH ME VH VH VH
T5 VH VH VH VH VH
s VH VH VH VH VH
1% VH ME VH ME VH
Ty VH VH VH HI VH
Ty LO VH VH VH VH
Tio VH VH VH VH VH
111 VH LO HI VH VH
T ME ME VH VH VH
T3 ME VH HI ME VH
Ty VH VL VH ME VH
15 VH ME VH VH VH
Tie VH VH VH VH VH
T, VH VH VH VH VH

Table 5.36: Fuzzified Task Requirements

Machine Capability Rating
CPU GPU NCP MEM 10
My MOC EXC HIC MOC EXC
Mo EXC LEC HIC MOC EXC
Ms HIC EXC HIC HIC EXC
My LEC EXC HIC EXC HIC
M5 HIC MOC LEC MOC HIC
Mg EXC MOC MOC LEC LOC
M, MOC HIC LOC MOC MOC
Mg HIC HIC MOC EXC LEC

Table 5.37: Fuzzified Machine Capabilities
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6. Obtain F'/TC matrix using criteria shown in Table Table [5.5] shows the

sample 10 x 4 excerpt from computer generated 10 x 10 I7'C matrix.

7. Table and list the machine connectivity matrix and randomly gener-
ated machine component reliabilities matrix respectively. The interconnec-

tion network topology is assumed to be a hypercube.

8. For the sake of simplicity it is assumed that all links in the machine graph
are equally reliable. The reliability of each link is the fuzzy number (0.9~7 96)
which may be considered as (0.9796,0.9796,0.9796) (i.e. a triangular fuzzy

number).

9. Table shows speedup and efficiency for the allocation under considera-
tion. It is evident from Table that FLBT A — 11 provides better results
in comparison of FLBTA — 1.

10. Computer generated allocation results can be accessed using the url: https:
//github.com/jahangir2016/results-new. The file flbta2-8-17.txt contains

the results.

All experiments which are carried out to validate FLBT A — I, are also repeated
with FLBT A — I1. Results of all experiments are available on Internet and can be
accessed using the url: https://github.com/jahangir2016/results-new.

Table lists speedup and efficiency values obtained in various cases. From
it is obvious that FLBT A — I produces better results than FLBTA — I.
Figures - compare the speedup and efficiency values obtained in two
approaches graphically.

Chapter Summary

In this chapter two load balancing task allocation models namely FFLBTA — I
and FLBTA — II based on fuzzy logic have been developed and tested. Three

novel algorithms have also been presented. The performance of the algorithms has
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No. of Machines

Average Speedup (Over 10 Runs) Efficiency(% approx.)

4
8
12
16
32

3.4 85
6.7 84
9.6 80
114 73
20.19 63

Table 5.39: FLBT A — II Performance

Machines
[ = w
[ [=] =]

o]

Speedup

BFLETA-II MWFLBTA-|

Figure 5.19: FLBTA — I and FLBT A — I1 Speedup Comparison

Machines

Efficiency

HEFLBTA-II EFLBTA-I

Figure 5.20: FLBTA — I and FLBT A — 11 Efficiency Comparison
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been recorded through experiments on large sets of randomly generated data. A
comparative study with existing approaches (Heterogeneous-Earliest-Finish-Time
(HEFT) and Critical-Path-on-a-Processor (C POP)) has also been conducted. The
performance of algorithms based on FFLBTA—1I and FLBT A—I1 has been found
to be better for the representative examples used within this thesis. Simulation re-
sults indicate that both FLBT A—1I and F'LBT A—11, fairly and successfully divide
the computational load across heterogeneous machines. Their complexities com-
pared to existing approaches of interest are low. Simulation results further indicate

that fuzzy logic is an appealing approach to solve the task allocation problem.



Chapter 6

Conclusions and Future Directions

This thesis has addressed two challenging issues related to parallel and distributed
systems: The design of an economical interconnection network topology and task
allocation strategy while load balancing. In the first part of this work, a new inter-
connection network topology termed as ST H has been designed and evaluated. Its
suitability for use as a multiprocessor interconnection network has been explored.
Various properties of the proposed topology have been derived and compared with
some other topologies on a number of interconnection network evaluation param-
eters. Procedures for routing and broadcasting on the proposed topology have
also been discussed and a simple routing algorithm has been presented. Following

are the distinctive features of the proposed topology:
1. It is highly scalable i.e. it is capable of supporting any given network size.

2. Comparative study presented in Chapter 3 indicates that with a reduced di-
ameter, better average distance, low traffic density, low cost, maximum num-
ber of links, high bisection width and tremendous scalability, STH is highly

suitable for massively parallel systems.
3. It provides a great architectural support for parallel computing.

The second part of this thesis is related to the development of load balancing task

allocation models for parallel and distributed systems. Two mathematical models,
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based on fuzzy logic, have been developed in this work. The salient features of

the proposed models are as follows:

1. The distributed system has been assumed to be a heterogeneous multicompter
system i.e. each machine within the system is diversely capable. In other

words, a task may have different execution times on two different machines.

2. Communication links between machines differ in bandwidth. Two machines
may use any of the links available between them to communicate. The qual-
ity of the link is taken into account by the proposed allocation models as
these models tend to maximize the reliability of the system which includes

link reliability as well.

3. Instead of maximizing or minimizing a particular parameter, these models
tend to optimize a set of parameters consisting of execution cost, communi-
cation cost, load balancing and system reliability, thereby leading to better

solutions.

4. The proposed algorithms provide high quality solutions and these algorithms
perform better than some other known algorithms as is evident from the

comparative study presented in Chapter 5.

5. The algorithms are capable of tackling the task allocation problem under a
variety of input parameters and are therefore robust in this sense. They are
general in nature and are meant to map any given DAG of arbitrary structure

on any given machine graph.

6.1 Summary of Contributions

In addition to the literature reviews presented in this work, a scalable topology has
been designed along with its routing and broadcasting algorithms. Further, two

mathematical models for task allocation in a parallel and distributed system have
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also been presented. Based on our mathematical models we have further devel-
oped three more algorithms: Two for task allocation and one is a fuzzy algorithm
used for calculating expected time to compute matrix. Our main contributions can

be categorized as follows:

6.1.1 Literature Reviews

In the first part of this thesis, an overview of the proposed interconnection network
topologies has been presented. An addition to the general classification of inter-
connection network topologies has been made based on the lessons learnt from
the overview. Some well known interconnection networks have been reviewed
and five of them namely the Hypercube (HC'), Double Loop Hypercube (DLH),
Hex-Cell (HX), 2D-Mesh (M FE) and Hyper Mesh (H M) have been selected for
comparative study considering their capability of representing the given network
size (scalability).

In the second part of this thesis an overview of various techniques used to solve
the task allocation problem has been presented. Taxonomy of task allocation mod-
els based on the solution techniques used has also been presented. Accordingly,
the allocation models have been classified as mathematical programming based,
graph theoretic based, state space search based and heuristics based.

The literature reviews presented in the thesis may be used as a starting point
for prospective researchers in the field of interconnection networks design and

task allocation.

6.1.2 Development of Mathematical Models

In this thesis, two load balancing task allocation models namely F'LBT A — I and
FLBTA — II based on fuzzy logic have been developed and verified. In these
models, to exploit the available computational power of a HMS, the workload
distribution is considered for a heterogeneous multicomputer system. A set of

parameters which need to be optimized during the allocation process is identi-
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fied. The approach used in the models attempt to keep all the machines busy all
the time for tasks execution. Three novel algorithms have also been presented.
The performance of the algorithms has been recorded through experiments on
large sets of randomly generated data. A comparative study with the existing
approaches (Heterogeneous-Earliest-Finish-Time (H EFF'T") and Critical-Path-on-a-
Processor (CPOP)) has also been conducted. Simulation results indicate that
the proposed models fairly and successfully divide the computational load across
heterogeneous machines. Their complexities compared to existing approaches of
interest are significantly low and they are effective in finding optimal assignments
in all cases.

Simulation results further indicate that fuzzy logic is an appealing approach to
solve the task allocation problem and may allow researchers further opportunities

to develop innovative solutions to this complex problem.

6.1.3 Algorithms
As pointed out earlier, four novel algorithms have been presented in this thesis:

1. An algorithm for routing and broadcasting on ST H(m,n) interconnection

network.

2. Algorithm for estimating task execution times under given machine and task

heterogeneities.

3. Algorithm based on Fuzzy Load Balancing Task Allocation Model -1 (FLBT A—
I).

4. Algorithm based on Fuzzy Load Balancing Task Allocation Model - II (F LBT A—
I).
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6.2 Concluding Remarks

e As a conclusion from the literature review pertaining to the first part of the
thesis, it is very difficult to design a scalable and economical interconnection
network topology. Even if a topology is somehow derived, devising a routing
and broadcasting procedure for it still remains a challenge. A topology is
considered as “acceptable”, if besides being economical and scalable, it is

supported by efficient routing and broadcasting procedures.

e From the literature review pertaining to the second part of the thesis, it
can be inferred that it is very difficult to compare and evaluate various task
allocation approaches. In most of the approaches, several assumptions are
made; both for application graph and for the machine graph and therefore

these approaches greatly depend on them.

e As is the general practice, numerous papers reported in literature compare
their results against previously proposed solutions. Each of them attempts to
prove that their results are better than others. Therefore, it is almost impos-
sible to select a single best solution from a wide range of tasks to machine

allocation.

e Mathematical programming techniques are more flexible compared to other
allocation techniques. They always lead to an optimal solution. System con-
straints like inter-task communication cost, processor speed limit, memory
limit can be easily formulated using mathematical programming approaches.
However, they are time and space hungry and can’t be used as general solu-

tion to task allocation problems.

e Graph theoretic techniques are simple but are not meant for generalized
allocation of m tasks on n machines due to their high complexity. Moreover,

formulating system constraints using these techniques is a challenge.

e State space search techniques are flexible compared to graph theoretic tech-

niques and system constraints can easily be formulated using them. Like
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mathematical programming techniques, they also guarantee optimal solu-

tion but once again are constrained by their high complexities.

e Heuristics provide most efficient and effective methods of obtaining near op-
timal solutions for task allocation problems. But, it is a tedious job to choose
best values for the parameters required by them and it is very much possible
that the solution obtained from them is far away from the optimal solution.
When used for obtaining a solution near to an optimal solution, their timing
complexity can grow exponentially. Despite their many shortcomings, they

are still favoured by researchers.

e Finally, fuzzy logic is an appealing approach to solve the task allocation prob-
lem and may be observed as a wonderful tool for researchers to develop

further innovative solutions to this complex problem.

6.3 Future Research

Some of the important issues pertaining to distributed systems that are to be in-

vestigated are listed below:

6.3.1 Task Partitioning

An important issue related to distributed systems is partitioning an application into
a set of tasks. A number of techniques for efficiently partitioning an application to
enhance the system performance have been reported in literature. Some partition-
ing techniques for solution of partial differential equations have been proposed by

Berger and Bokhari [40] [39], but they are not suitable for other problems.

6.3.2 Estimation on Communication Cost

The work presented in this thesis assumes that the amount of communication

among tasks is known a priori. However, just as task execution times were es-
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timated, it is worth exploring techniques for estimation of communication costs.
This problem involves choosing an appropriate metric for this cost and then deriv-

ing values for this cost.

6.3.3 Designing Suitable Multicomputer Architecture

Designing a suitable multicomputer system architecture on which task allocation

can take place easily is an important issue which needs to be investigated further.

6.3.4 Improving the Allocation Models for Network Contention

The task allocation models presented in this thesis assume that there is no con-
tention on the network and communication among machines take place smoothly.
Realistically however, contention takes place on the network. Therefore, there is a
scope to improve the task allocation models presented in this thesis to handle the

network contention.

6.3.5 Designing a Dynamic Task Allocator

The task allocators addressed in this work are meant for static task allocation
wherein certain information related to the tasks and machines is available before
the execution begins. The future goal could be to improve these allocators to

handle dynamic task allocations which is a more active research domain.
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