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Adviser: Hong Jiang

Distributed heterogeneous systems and large clusters provide a great opportunity and,
at the same time, pose a great challenge for high performance parallel and distributed
applications. While these systems posses a vast reservoir of resources by virtue of scales
and diversity, it is this very diversity and heterogeneity (in architectures, configurations
and operating environments) that can severely restrict the efficient and simultaneous
utilization of the available resources. In this dissertation, we investigate a variety of
issues in this area and provide a framework for a multi-layered middleware approach,
called Delmon, to facilitate efficient utilization of the rich resources existing in such
heterogeneous and distributed environments. Middleware solutions provide the missing
links between the vast resources and the application domain in a way that simplifies
development, provides robust and reliable access to resources, and helps optimize

resource utilization.

My research work on Delmon, a distributed systems middleware framework,
comprises several stages: (1) Studying the current parallel programming models (which

include the message-passing model, the distributed shared memory/object model,
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distributed/parallel multithreading, and seamless parallelization) and identifying the
general requirements of each model. (2) Separating the programming model requirements
from the general run-time support requirements and identifying the general middleware
functions necessary to support heterogeneous systems. (3) Based on the first two steps,
designing the general framework for the three-layer Delmon (which includes a layer for
parallel/distributed tools and programming models, a layer for the run-time environment,
and a layer for the resource-dependant services). (4) Designing the self-organized agent-
based run-time environment. (5) Designing the object-passing model and implementing
the prototype in Java (the Java Object-Passing Interface (JOPI)) then experimentally
evaluating its performance. (6) Extending an analytical performance model to evaluate

the performance of parallel applications on heterogeneous systems.

Delmon provides a well-defined software architecture for developing parallel and
distributed tools, programming models, and applications. It provides the critical link
between the vast resources and the application domain, while reducing the complexity of
the middleware itself. Delmon simplifies development, provides robust and uniform
access to resources, helps optimize resource utilization, and facilitates the generation of
stable distributed software. From a software engineering point-of-view, such a layered
middleware approach and the separation of concerns improve the development and
management of parallel and distributed tools and programming models in many ways.
The quantitative and qualitative evaluation of Delmon using analytical and experimental
methods demonstrates the benefits and good performance of the framework and its

prototype implementation.
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Chapter 1 |ntroduction

The ever-increasing need for high performance computing has led to great advances
in the area of distributed and parallel computing. Currently, with the advancement of
technology and high performance processors becoming a common commodity, clusters
[16], the Grid [45], and networked heterogeneous systems are becoming capable of
providing processing powers comparable to or exceeding those provided by special
purpose multi-processor systems for a fraction of the cost. Thus, it is essential to have
software that can exploit such systems by means of transparent and efficient mechanisms
to utilize the multiple resources available. Such a co-existence of various hardware and
software components that are in many cases inherently incompatible with one another
imposes a problem to the applications trying to utilize them. For example, an application
written in C for parallel execution on a shared memory multtprocessor cannot be
executed on a distributed cluster directly. Moreover, many systems and application

environments have their own unique features that require different access methods.

On the other hand, many applications currently require tremendous amounts of
processing power, memory, storage space and other resources. Examples of computer-
and resource- intensive applications include scientific applications such as the n-body and
linear algebra problems; data-mining and information-retrieval applications where many

components and databases exist on heterogeneous systems and require intensive

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2

processing to get the desired results; cryptanalysis algorithms; computer simulations and
visualization problems; and GIS (Geographical Information Systems) applications. All
these applications and many more could benefit greatly from the existence of an

infrastructure that supports these applications across multiple heterogeneous platforms.

Heterogeneity, physical distribution and scale of such systems pose a great challenge
to the systems developers and significantly complicate the design of suitable and efficient
tools and programming models. Currently, there is no single software that provides all the
necessary services and is mature enough to support systems of such magnitude, in terms
of management, development, and deployment. Consequently, the vast resources in large
clusters, heterogeneous systems, and even the Grid are not efficiently utilized due to the
high costs and complexity of developing efficient tools and applications that can fully
utilize them. However, to facilitate such features, many tools, services and programming
models have been introduced. For example, MPI [113] has become the most common
parallel programming tool for clusters and has also been expanded v handle parallel
programming on the Grid (MPICH-G) [47] and other environments. In addition, many
tools and services are in use and/or under investigation to facilitate system setup,
configuration, management, maintenance, and control. Other tools for user application
management and scheduling have also been devised to enhance system usability and
fairness. At the cluster level, there is also a lot of research underway to find ways to
simplify the use and management of clusters and to provide a single system image for the
users. Most of this research spans multiple areas such as distributed operating systems,

software engineering, parallel and distributed computing, networking, and middleware.
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1.1 Basic Concepts

In the context of this dissertation, several terms will be used that may otherwise have
different meanings depending on the context they are used in. Therefore, before
proceeding further, we will discuss the general meanings of these terms as we use them in
the context of this dissertation (we may also use some additional terminology according

to their general known definition).

Cluster: A cluster in this context refers to Beowulf clusters, which consist of multiple
nodes (with mostly one or two processor per node) closely connected by a switched
network such as Ethernet or Myrinet [86]. Clusters provide high computing power in a
distributed memory architecture. In general, most clusters have fully connected nodes and

a single point of access from the outside world (usually through the kead node).

Heterogeneous Cluster: The word “heterogeneous” means “of varying (dissimilar)

characteristics”. A heterogeneous cluster is a collection of high performance machines
connected via some type of networks such as LANs (Local Area Networks) or WANSs
(Wide Area Networks). The machines involved may be of similar or different
architectures. For example, a distributed system of multiple clusters, a few mult+
processor machines, and a number of high performance servers can be connected to form
a heterogeneous cluster. Another example is a cluster of clusters where multiple clusters

(of similar architecture) are connected together, forming a larger cluster.

Heterogeneous Systems: In some contexts, researchers refer to systems that contain
similar machines using the same operating environment as heterogeneous if the load on

the machines or the memory utilization varies from one machine to another. For example,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4

a network of workstations (NOW) supporting multiple users and applications is
considered heterogeneous. However, others consider this NOW as homogeneous in terms
of machine capabilities and operating environment. In this dissertation, we have a broad
definition for heterogeneity, which refers to machines that not just vary in load and
utilization, but also in architecture, number of processors per machine or node, operating
environment, and communication infrastructure (e.g., heterogeneous clusters). One
example of such structure is the collection of machines and resources available on a
university campus, where there are many LANS, clusters, shared-memory multprocessor

machines, application servers, etc.

Parallel and Distributed Applications: Parallel and distributed applications require the

utilization of multiple processors (or multiple machines). However, there are some
qualitative and quantitative differences between parallel and distributed applications. The
fbrmer aims at high performance computing by parallelizing compute- and
communication-intensive jobs and concurrently executing multiple tasks within each job
to strive for linear speedup. Thus, parallel applications are best suited for multiprocessor
machines or tightly coupled distributed systems such as clusters. The latter, on the other
hand, aims at concurently executing multiple jobs and relatively independent tasks
within each job in a distributed environment. As a result, distributed applications are
usually service-oriented that include, for example, client/server and web service
applications, or task-oriented such as information collection, analysis and dissemination.
Nevertheless, both have similar operational requirements, such as remote access,

communication, and resource management to support concurrency.
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Parallel Programming Models: A programming model defines the different primitives

(APIs, Advance Programming Interfaces), or programming constructs, available for the
application developer. In parallel programming, a programming model provides a set of
APIs that allow the parallel application deve loper to define the parallelization techniques
used and build the applications accordingly. An example of such models is the message-
passing model, which provides APIs to exchange data and to organize and control the

parallel processes in the applications.

Middleware: By definition, middleware is a layer between the applications and the
system or operating environment. Middleware abstracts many of the system details into a
well-defined set of APIs that simplifies the developer’s task of writing applications for
the system. In addition, middleware also provides abstracted communication mechanisms
at different levels. For example, CORBA is an application-level middleware facilitating
object-communication between independent applications, while Sockets represent a
network- level middleware facilitating communications between tasks within a distributed
or parallel application. Similarly, a message-passing model can also be considered a
special type of middleware that abstracts the communication and coordination
mechanisms for developers of parallel applications. In a broad manner, parallel and

distributed programming models can be considered as specialized types of middleware.

Distributed Systems Middleware: This qualified middleware in this context relates to

the layer (or layers) that handles services at the system level rather than the applications
or communications levels. This middleware provides the necessary functionality to
access and utilize the systems resources efficiently, while reducing the application

development efforts. Since this middleware is intended for distributed systems
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