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FOREWORD

Approximately five years ago, Dr. Yalamanchili asked me if I would be interested in
working with NASA to develop the computational systems for the next generation of spaceborne
vehicles. The Remote Exploration and Engineering (REE) project at NASA had just finished a
report concluding that future unmanned exploration vehicles would have to operate autonomously
in order to be successful. These systems would have to capture large amounts of scientific data,
process it locally, and transmit the most significant information back to Earth. In order to reduce
development costs, NASA was interested in employing cluster computers in the spaceborne
vehicles to perform these computational evaluations. My contribution to this effort would be to
construct communication software that allows data to flow in a reliable and efficient manner
between the hardware components of the systém. Being that cluster computers are normally
tucked away in the unwanted closets of a research building, it was appealing to think that we
would be setting a few free, to be clusters in the sky. Aware of how this sounded similar to a Star
Trek movie, T jumped at the opportunity.

After three years of work, we had constructed a functional communication library that
achieved the goals of the research project. In addition to implementing the functionality
commonly found in other communication libraries, our software allowed an intelligent server
adaptor card to interact directly with the network interface. Plus, it had a cool name: GRIM (to
which my advisor is still rolls his eyes). After the initial release of GRIM, we began investigating
how the software could be improved to support other peripheral devices. As this work evolved,
we realized that we were really providing a new form of cluster architecture. We refer to these

clusters as resource-rich cluster computers, which are the focus of this dissertation.



As fate would have it, a number of researchers in industry were working on similar
problems for commercial network servers. Their effort resulted in the InfiniBand I/O standard.
Being that multimillion-dollar companies backed InfiniBand, we were initially concerned that we
would be swept away by this monumental effort. However, we continued on with our work,
following in the do-it-yourself style that has been the basis of the cluster computing movement.
Our effort was rewarded earlier this year, when an InfiniBand evangelist stated in a keynote
speech that the true threat to InfiniBand was from grassroots efforts taking place in commodity
networks such as Gigabit Ethernet. Being that GRIM is designed to be applicable to any network
substrate with intelligent network interface cards (including Gigabit Ethernet), we recognize this
as a small victory and an indication that our effort has been worthwhile.

There are many organizations and people that have had a significant and positive impact
on this research. This work was financially supported through a fellowship from NASA’s Jet
Propulsion Laboratory as well as through grants from the National Science Foundation. The
cluster computer hardware utilized in this research was funded through large donations by the
Intel Corporation. This work certainly would not have been feasible without these contributions,
and we gratefully acknowledge the financial support of these organizations.

There are a number of professors that have had a significant influence on this work. First
and foremost, this work would not have been possible without the assistance of my advisor, Dr.
Sudhakar Yalamanchili. Sudha has been a constant source of encouragement and guidance over
the years. Our weekly meetings always motivated me to push a little harder, and to construct new
functionality that was beyond our original goals. Sudha helped transform a large amount of my
text into actual (and concise) English. He did this in a kind way, often suggesting that he only had
to make “a few minor changes” to something that I knew was poorly written. I am grateful for all
the help and counseling Sudha has given me over the years. I will truly miss our whiteboard-

centered meetings, where everything needed a block diagram no matter how irrelevant it was.



Dr. Kenneth Mackenzie also provided a great deal of assistance in this work. Ken’s keen
eye for detail motivated me to take a closer look into the low-level performance characteristics of
the hardware. Ken continually surprised me by answering my questions with real performance
measurements from programs he cooked up on the spot. Without his obsession for optimality,
GRIM would never have reached its current level of performance. Ken was kind enough to allow
me to use his cluster, even when he knew that [ have a tendency to disorganize or break things.
Most importantly, Ken instantly saw the soul of my work and enlisted me in the crusade to turn
modern, boring computer architecture on its head. I can only hope that Ken will continue the
good fight, and not get tied down by the bureaucracy.

Other professors had a significant impact on this work. Dr. Leon Alkalai provided
encouragement and summer internships at NASA JPL. Leon supplied me with valuable view of
the internals of JPL’s work, and helped open my eyes to solving larger problems than what my
degree had prepared me for. Dr. Jos¢ Duato also assisted me in this work over the years. While
only briefly mentioned in this dissertation, the discussions of deadlock freedom in irregular
network topologies that took place with José, Sudha, and myself are part of the work that I
enjoyed the most in graduate school.

I am fortunate to have been surrounded by many high-quality researchers and co-workers
as a graduate student at Georgia Tech. Early on, Darrell Stogner, Santiago Abraham, and Phivu
Nguyen provided me with a drive to investigate new technical material. Emily Crawford
performed the initial backbreaking work with the Myrinet hardware that served as a starting point
for my work. Ivan Ganev meticulously answered my kemel questions, no matter how silly they
were. His shaved head also took Ken’s attention away from my infrequent, self-induced buzz
cuts. William Norton, Damon Love, and John Lockhart supplied me with a constant stream of
desirable distractions, and served as a reality check for my work. I frequently harassed these
people with painful implementation problems (“I just shifted all of a host’s physical memory by

1024 bytes”). Thanks for frequently coming out to the Original Pancake House to listen and
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provide useful suggestions (“Try not to do that”). Finally, Amer Abufadel has been a constant
source of knowledge and help. In addition to answering my DSP questions, Amer and I went
through many of the graduate student anxieties at the same time.

This work would not have been possible without the support of my family. My brother,
Dr. Todd Ulmer, constantly pressed me to push on and finish. He also wrote a wonderful
“forward” in his own dissertation that has made it impossible for me to write a halfway decent
one myself. In any case, when I was young, Todd teased me by throwing my favorite toy, a little
red plastic hammer, out the widow of our dad’s moving car. While I will hold that over his head
forever, he should know he is a good older brother and I thank him for all the help he has given
me in school. I would also like to thank my parents for their love and support over the years.
Even though they never quite understood what exactly it was I was working on, they always
encouraged me to try harder. Hopefully, this dissertation unravels the mystery of my work a little
bit.

Finally, I must thank my wife, Amy Pomerance, for her love and support. Amy patiently
waited for me to finish, never letting on that she did not believe me when I kept telling her that it
would “only be about a year now”. While all of this work seemed to take forever, being with you

during this time made it all fine. Thanks for everything.

CRAIG ULMER

NOVEMBER 2002
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SUMMARY

Cluster computing is an alternative approach to supercomputing where a large number of
commodity workstations are utilized as the processing elements in a multiprocessor system.
These workstations are interconnected by high-performance system area network hardware and
specially designed “message layer” communication software. In the current generation of cluster
computers, researchers have optimized message layers for communication between the host CPUs
in the cluster in order to provide scalable computing performance. However, the recent
development of a number of high-performance peripheral devices challenges the notion that
message layers should be designed in such a CPU-centric manner. Modern peripheral devices
feature powerful embedded processing and storage capabilities that can be leveraged to boost the
performance of distributed applications. These peripherals function as sources and sinks of

application data, and in some cases, as computational accelerators for offloading host-CPU tasks.

Cluster

Figure 1: The architecture of emerging resource-rich cluster computers.

As Moore’s Law continues its relentless trend, there will continue to be a migration of
computing power to peripheral devices. Future clusters will not appear anything like the clusters
of today. They will be rich in connectivity and computing power that is deeply embedded in the
distributed components of the cluster. We refer to this new generation of systems as resource-rich

cluster computers (Figure 1). These systems differ from traditional clusters in that application

XX



processing takes place in both the host CPUs and the peripheral devices. While the
semiconductor industry continues to alter the economies of scale, the system software that
productively enables resource-rich clusters is sorely lagging. Specifically, current generation
message layers are ill equipped to service the needs of resource-rich clusters, as they are not
designed to utilize peripheral devices as globally accessible resources in a cluster.

This thesis focuses on the challenge of designing extensible message layers for this new
generation of resource-rich clusters. We are specifically concerned with making peripheral
devices available as globally accessible resources in the context of a programming model that
permits applications to effectively and efficiently exploit the capabilities afforded by resource-
rich clusters. The key contributions of this thesis fall into two categories. The first includes design
concepts and programming abstractions for structuring messages layers to integrate powerful
peripheral devices into a globally accessible pool of resources. The second class of contributions
1s engineering solutions to the challenging problems of effectively and efficiently realizing these
design concepts in a manner that tracks the evolution of technology, that is, the continued

migration of computing power to distributed resources.
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CHAPTER |

INTRODUCTION

1.1  Background

After years of escalating supercomputer costs, researchers in the early 1990’s began
investing alternative means by which parallel-processing systems for scientific and military
applications could be constructed in a more economical fashion. This work resulted in the field of
cluster computing, where a large number of commodity workstations are utilized as the
processing elements in a multiprocessor system. These workstations are interconnected by a high-
performance communication network and function as part of a single, parallel-processing
machine. While cluster computers typically lack the peak performance levels of traditional
supercomputers, they provide excellent cost-to-performance ratios that have attracted the
attention of many users.

The enabling technology for cluster computers is communication software that is referred
to as the cluster’s message layer. This software provides a set of message-passing programming
abstractions that are utilized to transport data between communication endpoints in the cluster.
Early research in cluster computers revealed that end application performance is often sensitive to
the latency and bandwidth characteristics of a message layer’s implementation. Therefore, a
significant amount of research in the late 1990’s focused on improving the host-to-host
communication performance of a cluster’s message layer. This effort has resulted in message

layers that are highly optimized for efficiently transferring data between a cluster’s host CPUs.



1.2 Resource-Rich Cluster Computers

While current generation message layers have been suitable for a number of parallel
applications, the recent development of a number of high-performance peripheral devices
challenges the notion that message layers should be designed in such a CPU-centric manner.
Modern peripheral devices feature powerful embedded processing and storage capabilities that
can be leverage to boost the performance of distributed applications. These peripherals function
as sources and sinks of application data, and in some cases, as computational accelerators for
offloading host-CPU tasks.

As Moore’s Law continues its relentless trend, there will continue to be a migration of
computing power to peripheral devices. Future clusters will not appear anything like the clusters
of today. They will be rich in connectivity and computing power that is deeply embedded in the
distributed components of the cluster. We refer to this new generation of systems as resource-rich
cluster computers. These systems differ from traditional clusters in that application processing
takes place in both the host CPUs and the peripheral devices. While the semiconductor industry
continues to alter the economies of scale, the system scftware that productively enables resource-
rich clusters is sorely lagging. Specifically, current generation message layers are ill equipped to
service the needs of resource-rich clusters, as they are not designed to utilize peripheral devices as
globally accessible resources in a cluster.

This thesis focuses on the challenge of designing extensible message layers for this new
generation of resource-rich clusters. We are specifically concerned with making peripheral
devices available as globally accessible resources in the context of a programming model that
permits applications to effectively and efficiently exploit the capabilities afforded by resource-

rich clusters.



1.3 Contributions

The key contributions of this thesis fall into two categories. The first includes design
concepts and programming abstractions for structuring message layers to integrate powerful
peripheral devices into a globally accessible pool of resources. The second class of contributions
is engineering solutions to the challenging problems of effectively realizing these design concepts
in a manner that tracks the evolution of technology, that is, the continued migration of computing

power to distributed resources.

The specific contributions of the thesis are as follows.

e  We define a general framework for high-performance, extensible message layers in
resource-rich cluster computers. This framework is structured around the following high-
level components.

o A device independent communication core that executes within the network
interface and employs i) reliable message delivery mechanisms, ii) a virtual
network interface abstraction, iii) an active message programming interface, and
iv) a memory transfer programming interface. This communication core is
implemented in a message layer for commodity clusters called the General-
purpose Reliable In-order Message layer (GRIM).

o Device dependent functionality is captured in the form of active message
function handlers that are implemented within target peripheral devices. Services
are provided for the global registration and management of device handlers.
Thus, new devices can be integrated and made available for use throughout the

cluster in a relatively seamless manner.



e The ability of the core message layer functionality to effectively and efficiently serve as
the host for high-level communication functionality is demonstrated via the
implementation of the following.

o Multicast: A system for replicating multicast messages in the network interface is
implemented as an extension to the core communication framework of the
message layer. These extensions improve application performance by
significantly reducing the workload of communication endpoints during multicast

operations.

o Sockets APl Emulation: An implementation of a sockets API for the message
layer allows legacy applications to leverage system area network hardware for
significant improvements in communication performance.

o Streaming Computations Framework: An API and services for pooling peripheral

FPGA accelerators across multiple hosts into a unified computing resource
allows operations to be performed on high-volume data streams. A unique aspect
of this implementation is that device-specific handlers in this case are constructed
in hardware, underscoring the generality and flexibility of the GRIM-based
services and APL
e The ability of the core message layer functionality to be effectively, efficiently, and
easily integrated with a variety of peripheral devices is illustrated via the integration of
four peripheral devices listed below in increasing degrees of functionality and power.

o AGP Video Display Card: Extensions to the communication library allow

distributed endpoints to graphically update remote video display cards in the
cluster.

o Brooktree Video Capture Card: The BT8x8 video capture card allows video data

streams to be generated and distributed to endpoints in the cluster.



o LO Server Adaptor: This server adaptor card provides intelligent management of

both network and storage resources.

o Celoxica RC-1000 FPGA Card: This field-programmable gate array (FPGA) card

functions as a computational accelerator through the emulation of application-

specific circuits in reconfigurable hardware.

This thesis has focused considerable effort on the engineering challenges of harnessing
emerging and powerful peripherals and proposing solutions that are comparable with existing
message layers in terms of performance. This thesis demonstrates that message layer design,
driven by a system-level view and supported by engineering trade-offs that carefully distribute

functionality, can provide effective solutions to harnessing the potential of resource-rich clusters.

1.4 Organization of the Thesis

The work presented in this thesis is organized as follows.

e Chapter 2: A brief background of cluster computers is provided to summarize how
clusters have emerged and evolved over the last decade. A fundamental description of
traditional cluster hardware is presented, as well as brief descriptions of existing message
layers for cluster computers.

e Chapter 3: This chapter provides information about the environmental characteristics of
resource-rich clusters. Based on these characteristics, fundamental message layer
properties for these clusters are discussed.

¢ Chapter 4: The guidelines for designing a resource-rich cluster message layer are then
applied to implement a real system. This chapter discusses the core functionality of the
GRIM communication library.

e Chapter 5: The performance characteristics of GRIM for traditional transactions between

host CPUs is examined and compared with existing work.



Chapter 6: This chapter provides a description of how commercial peripheral devices
can be attached to the GRIM communication library. In order to illustrate the extensible
nature of GRIM for supporting hardware, four commercial peripheral devices with
different operating characteristics are integrated into the GRIM library. Implementation
and performance details are provided for each card.

Chapter 7: Integrating distributed, specialized computing resources into a unified
infrastructure for an application is the topic of this chapter. Specifically, this chapter
provides insight as to how peripheral devices can be utilized to construct distributed,
computational pipelines.

Chapter 8: To demonstrate the extensibility of GRIM for application software, this
chapter provides implementation details of a multicast system that performs message
replication in the NI, general-purpose fragmentation and reassembly mechanisms, and an
emulation of a sockets APL

Chapter 9: The thesis concludes with some summary remarks and directions for future
work.
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CHAPTER I1

BACKGROUND

By the end of the 1980’s, the need for high-performance computing platforms in
scientific and military applications had resulted in the emergence of a small number of
supercomputer companies. These companies constructed large-scale systems that utilized massive
amounts of custom hardware to improve application performance. Unfortunately, because these
systems were extremely expensive, supercomputers were not a practical option for a large number
of end users. Therefore, researchers in the 1990’s began exploring alternative high-performance
computational platforms that could be constructed in a more cost-effective manner. One of the
results of this effort is the field of cluster computing. In cluster computing a large number ofl
commercial workstations are collectively utilized to function as a single, multiprocessor system.
Since system hardware is comprised of widely available commercial components, cluster
computers can be constructed at a fraction of the cost of traditional supercomputers. As such, a
considerable amount of high-performance computing research in recent years has focused on
improving cluster computer performance.

A key challenge in improving cluster computer performance is adapting commodity
hardware and software to function as part of a high-performance, rultiprocessor system. Early
cluster computing efforts revealed that application performance is highly dependent on the
performance of a cluster’s communication facilities. From a hardware perspective, several
companies have addressed this issue by constructing system area networks (SANs) that provide
an order of magnitude improvement over traditional local area networks (LANs). From a software
perspective, researchers have constructed specialized communication libraries, or message layers,

that are designed to deliver native SAN performance to end applications. In addition to



facilitating low-latency, high-bandwidth communication, these message layers provide a
programming abstraction where the cluster is viewed as a pool of host CPUs in a large virtual
parallel-processing machine. This abstraction has sufficed for numerous researchers to

effectively utilize a cluster computer’s hardware as a distributed multiprocessor system.

2.1 Evolution of High-Performance Computing Platforms

Supercomputers are the computational systems that deliver the highest peak performance
of all computer systems available at a given point in time. These systems typically employ large
amounts of custom hardware to accelerate computational performance and often feature
specialized computer architectures. Supercomputers have been primarily designed to process
complex scientific applications that frequently exhibit large amounts of data parallelism. A
number of commercial supercomputer systems have been produced since early groundbreaking
work performed by the industry in the 1970’s. The evolution of this technology provides both
insight into high-performance computing and a motivation to continue the work in related

research areas.

2.1.1 A Brief History of Commercial Supercomputers

While numerous people have contributed to the field of supercomputing over the years,
perhaps the most influential individual in this effort is pioneer Seymour Cray. After leaving the
Control Data Corporation in 1972 to form Cray Research, Cray began work on a new computer
architecture that would provide significant gains in peak performance levels. In addition to
advances in high-speed circuitry, Cray investigated the use of sophisticated vector processing
units that allow computations to be applied to a stream of data to achieve high throughput. In
1976 the Cray-1 [1] was brought to market with a retail value of approximately nine million
dollars and a record-breaking performance of 133 million floating-point operations per second

(megaflops). In addition to being a technological marvel, the Cray-1 demonstrated that there was



a definite market for expensive high-performance computing systems. Cray continued his work
with vector processor systems, producing the 2 gigaflops Cray-2 in 1985 and the 5 gigaf]ops
Cray-3 in 1989. A number of other computers followed the trend of vector processor systems,
including the Meiko CS-2 [2], the NEC SX series supercomputer [3], the Fujitsu VP series
supercomputer [4], and IBM’s vector extensions to the System/370 [5]. Currently, the fastest
system in the world [6] is the NEC SX-6, used in the Earth Simulator Center [7] in Japan. This
system provides up to 8 teraflops of performance and employs multiple single-chip vector
processing units.

The supercomputing industry also explored other architectural techniques for increasing

the computational performance of a system. A key effort in this work is the use of a large number

of processors to perform computations in parallel. In the SIMD (single instruction stream,
multiple data streams) approach, a large number of identical processors perform the same series
of operations on different data sets. Multiple SIMD systems were constructed in the early 1990’s,
including the MasPar Computer Corporation’s MP-1 [8] and the Thinking Machines
Corporation’s CM-2 [9]. Both of these systems housed up to 16,384 SIMD processing elements,
and could be used for parallel applications such as image processing. Due to the programming
complexity of SIMD, researchers began constructing MIMD (multiple instruction streams,
multiple data streams) systems that employed a large number of general-purpose CPUs. This
work resulted in massively parallel processing (MPP) systems such as the Intel Paragon [10] (up
to 4,000 Intel 80860 processors), the TMC CM-5 [11] (up to 16,000 SUN SPARC processors),

and the Cray Research Cray-T3E [12] (up to 2,048 DEC Alpha 21164 processors).

2.1.2 Motivation for Alternate Computing Platforms

While the supercomputer companies of the 1980°s provided significant advances in the
field of high-performance computing, a large number of these companies withdrew from the

supercomputer business in the 1990’s. In hindsight it can be said that a common vulnerability for



these companies was the large amount of custom design that was required to build a
supercomputer. Several of these companies operated with a vertical design methodology,
constructing all components of the system from the individual processors to the interconnection
network. While having complete control over the design space gave engineers freedom to
innovate performance enhancements, product design times were increased and complicated by the
volume of custom hardware design that was required. Therefore, new supercomputers were
expensive, brought to market infrequently, and often could not be designed in time to utilize the
latest developments in state-of-the-art technology.

Additional issues make traditional supercomputers less appealing to researchers that need
high-performance computing platforms. First, supercomputers generally are not scalable and
therefore offer a limited lifetime of leading-edge use. An investment in a state-of-the-art
supercomputer depreciates rapidly in value due to Moore’s Law, thereby making current systems
obsolete within 18 months. Second, supercomputers require specialized hardware and software
maintenance that adds to the expense of ownership. These components can be expensive to
replace and there are generally few people that are trained to perform such maintenance. Finally,
it must be noted that a risk i_n purchasing a traditional supercomputer is that the manufacturer
might go out of business or otherwise abandon support for a particular product. Maintaining and
utilizing orphaned hardware is time consuming and ultimately impedes end users.

Given the problems associated with using traditional supercomputers, a number of
researchers in the early 1990’s began exploring alternative methods by which high-performance
computational platforms could be constructed. This effort made several observations about
commercial technological advances and the global marketplace that would influence the

construction of future parallel-processing systems. These observations include the following:

o  Commercial Off-the-Shelf (COTS) Parts: In industry there are numerous corporations

producing state-of-the-art hardware and software components. By using COTS parts,
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designers leverage other people’s work and reduce the design time for a system. COTS
parts are also beneficial because components can easily be replaced or upgraded from
third-party products.

Growth in the Workstation and Network Markets: Consumer demand for personal
computers has resulted in high-performance workstations that are available at a low cost.
Processor design in this market remains competitive, resulting in frequent updates to peak
performance levels. Likewise, consumer interest in the Internet has resulted in advances
in network hardware. The need for faster networks has resulted in low-cost local area
networks (LANs) that economically offer high-bandwidth communication.

A Rich Software Environment: An important aspect of commodity workstations is the
wide availability of software. Operating systems such as GNU/Linux provide a UNIX-
like environment with built-in network features. The open source nature of Linux allows

researchers to easily incorporate custom functionality into the operating system kernel.

In summary, researchers observed that advances made in consumer markets in the 1980’s

and 1990’s had resulted in hardware that was widely available, economical, and offered
respectable levels of computational performance. These systems could be utilized to provide
impressive price-to-performance ratios and have benefited from considerable efforts to improve

the PC’s software environment.

2.1.3 Emergence of Cluster Computers

In the mid-1990’s, researchers began investigating the use of multiple commodity

workstations to construct a new form of high-performance system. This work resulted in the
notion of a cluster computer, where a number of workstations are collectively utilized to function
as a single parallel-processing system. Through commodity network hardware and specialized

communication software, a cluster computer can effectively appear as a large pool of host
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processors to the end user. Since workstations in the cluster are commercially available products,
cluster computing can leverage the performance gains achieved by the workstation industry. The

high-level architecture for a cluster computer is depicted in Figure 2.1.
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Figure 2.1: A cluster computer constructed with commodity workstations and
network hardware.

One of the first cluster computing projects to receive serious attention from the scientific
community was NASA’s Beowulf Project [13]. In this work, researchers demonstrated that a
small number of dedicated workstations could collectively operate to perform computations that
were beneficial to scientific computing [14]. Utilizing commodity PCs equipped with multiple
Ethernet adaptors, the 16-node demonstration cluster achieved 60 megaflops in 1994. Later
clusters in this project would expand the number of workstations to 199 nodes and accomplish 10
gigaflops of performance for under $50,000. While researchers stated that Beowulf clusters were
a far step from true supercomputing, the price-to-performance ratio was a significant motivator
for building such clusters. After this work numerous research institutes constructed Beowulf-style
clusters out of Ethernet-connected PCs.

An observation made about the early Beowulf-style of cluster was that while some
applications performed well, others did not. An examination of this problem revealed that these
clusters were severely limited in terms of communication performance. Grossly parallel

applications that did not require significant amounts of communication between host CPUs
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performed wel because each task in the cluster could operate independently. However,
applications that required frequent exchanges of data between CPUs performed poorly due to the
low performance of the network. The conclusion to be drawn from this observation is that
ultimately, the communication performance of the cluster determines the granularity at which
parallel-processing applications can productively use a cluster.

Redlizing that the poor communication performance limited the types of applications a
Beowulf cluster could run, researchers in the mid to late 1990's began examining ways in which
the cluster's communication performance could be enhanced. Several academic projects focused
on adding hardware to facilitate specific types of communication. In the SHRIMP project a
Princeton [15], workstations were extended with hardware that allowed hosts to operate in a
distributed shared memory (DSM) environment. At Purdue, the PAPERS project [16] utilized
custom hardware to rapidly distribute barrier synchronization information to host computers.
However, the most significant advance for cluster computers came with the advent of
commercially available system aea networks (SANs). SANs provide communication
performance that is over an order of magnitude better than traditional LANs. This allows for
significant improvements in fine-grain paralel processing performance. Current work in high-
performance cluster computers involves delivering as much native performance from a SAN as

possible to end applications.

22 Usng Workgations as a Cluser Computer's Processing Elements

Multiprocessor systems are generally comprised of two types of hardware components:
processing elements that are used to perform computations, and a communication network to
distribute data in the system. In cluster computers, individual workstations function as processing

elements, while commodity SAN hardware performs communication tasks.
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