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Abstract

Distributed Cluster Computing on High-Speed Switched LANSs
by
Anindya Maiti
©March 1999

In the area of high-performance computing, there is an ongoing technological con-
vergence toward the use of distributed computing on networked workstation clusters.
The emergence of high-performance workstations offering high-availability at relatively
low-cost combined with recent advances in high-speed switched networks is motivat-
ing this change. As a result, a new computing paradigm centering around the use of
distributed clusters of workstations (and/ or PCs) interconnected with low-latency,
high-bandwidth networks (like ATM and switched Fast or Gigabit Ethernet) is becom-
ing a commonplace high-performance computing infrastructure.

Parallel programming on these compute clusters using message-passing tools like
PVM or MPI has many advantages including superior price-performance, scalability,
and very large aggregate processing power end memory capacity. This computational
paradigm has the potential to satisfy the computational demands of many large scien-
tific and engineering applications which were historically achieved only with the use
of traditional supercomputers or MPP systems.

In this thesis, the challenges that have to be met to bring the performance of cluster
systems close to the traditional parallel machines are explored. In particular there is a
need to benchmark the key metrics of network communication performance (bandwidth
and latency) that are crucial for understanding the overall performance of distributed
applications. This thesis provides a characterization and systematic analysis of the

end-to-end and collective communication performance of three cluster interconnects,



viz. switched Ethernet, ATM and switched Fast Ethernet. Further two parallel appli-
cations that ezhibit significantly different communication and computation patterns,
viz. a matriz multiplication algorithm and a large fluid flow simulation problem, were
implemented to serve as benchmarks for overall system performance evaluation. The
results of the thests experiments are reported and specific conclusions are drawn from

them.
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“The last thing one discovers in writing a book is what to put first”.

- Blaise Pascal.

Chapter 1

Introduction

1.1 Motivation

Grand challenge! computations today are becoming multi-disciplinary, combining
computational techniques useful in analyzing a number of individual areas such as
computational fluid dynamics (CFD), structural mechanics, electromagnetics, con-
trols, acoustics and numerical optimization [1]. These computationally-intensive en-
gineering applications have high requirements for computer processing speed and
storage. For instance a state-of-the-art turbulent flow simulation of a Harrier jet
fighter operating in-ground effect requires approximately 2.8 million computational
points, 20 Mwords of run-time memory, and about 40 hours of CPU time on a Cray
Y-MP running at a sustained speed of 160 MFLOPS [4].

The computational demands of such large scientific and engineering applications
were historically achievable only with supercomputers, main-frames and more recently
massively parallel computers. Unfortunately for many potential users of large-scale

scientific computing, traditional parallel computers are often too expensive. Thus

1A grand challenge is a fundamental problem in science or engineering with broad applications
whose solution might be enabled by future high-performance computing techniques.
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their availability is not as prevalent as workstations or high-end personal computers.
In the area of high-performance computing there is currently an ongoing technolog-
ical convergence toward the use of clusters interconnected by high-speed switched
local area networks (LANSs) like Asynchronous Transfer Mode (ATM) and switched
Gigabit Ethernet. At the same time the ever-increasing microprocessor speeds have
led to the mass-market of inexpensive workstations of very high performance levels
(see Figure 1.1). In the wake of this technological change the network of worksta-
tions (NOWs) model was developed [10]. Computing over such a fast networked
cluster, using message-passing software tools like Parallel Virtual Machine {(PVM)
[5] or the Message Passing Interface (MPI) [6] offer advantages including superior
price-performance, availability, scalability, and large aggregate processing power and
memory capacity. For these reasons this computational paradigm is fast becoming
an ubiquitous computing infrastructure for large-scale scientific applications.
Distributed cluster computing is the new wave in high-performance computing.
From IBM to Microsoft, Compaq to Sun to Intel, virtually every large computer com-
pany is now gearing up to use clustering for high-availability and/or high-performance
computing [2]. The emergence of clusters is making supercomputers and large mas-
sively parallel systems an extremely endangered class of machines. But what are dis-
tributed clusters? In the context of this thesis, clusters are defined to be a large set of
standard desktop computers {(Workstations, Personal Computers or even Symmetric
Multiprocessors) connected through switch-based LANs, with software support forms
a single large unified computing resource. However this definition of cluster is closely
glued to the NOW concept (in contrast to the full-system cluster concept?). Ratio-
nalization for the factors that motivated the use of the cluster computing paradigm

is given next.

2Clusters of Workstations, or COWs are typically distinguished from NOWs by the use of dedi-

cated hardware and a single Operating System image across homogeneous processors.
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1 Tflop

100 Gflop

10 Gflop

1 Gflop

Processsor Peak Performance

0.1 Gflop

Number of Processors

Figure 1.1: Taxonomy of modern parallel computers based on processor/ performance

(Adopted from Lau, L. [3]).

Choice of Workstation Clusters

Rationale. A workstation cluster emulates a parallel machine by providing a shared
pool of the collective resources of the machines including processors, memories, and
disks. With workstations® becoming less expensive and more powerful in terms of
processor performance and with significant network communication bandwidth im-
provements, clusters offer an attractive, low-cost alternative to traditional parallel
machines for high performance computing [7]. High-end personal computers now
include full-function operating systems and local-area networking and thus may par-

ticipate effectively in clusters.

$The term workstation here refers to a generic, commodity computing resource typified by any

sort of desktop machine.
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Choice of Distributed Computing

Rationale. Distributed computing allows the solution of large computational problems
by making collective use of the aggregate memory and computing power of several
computers connected by a network. The most important factor favoring the choice of
distributed computing is its low cost relative to the computational power available.
In many organizations, workstations and the network often sit totally idle at night
and on weekends and significantly idle even when in use (some estimates suggest as
much as 80% overall idle time [8]). Distributed computing using the NOW concept
exploits this existing hardware to provide a collective computational resource that

may exceed the power of many high-performance computers.

Choice of PVM

Rationale. In distributed computer systems message passing constructs are necessary
for inter-processor communications. Software tools and communication libraries like
PVM or MPI provide the functions of message routing, data conversion, task syn-
chronization and scheduling across a network of potentially heterogeneous computer
architectures. In the distributed parallel computing community PVM is well estab-
lished as a de facto standard message passing system. The availability of PVM in the
public domain and its capability to run user programs over ATM networks by using
fast message passing routines built on top of Fore Systems’ ATM API, were the main
motivations for using it as the parallel programming environment in this thesis.
PVM has also been developed to run on Win32 and Win NT platforms. Hence
it can be used for clustering computers running Windows NT/95 as well as Unix
variants. The other factors that faver PVM over MPI for using NOWs are PVM’s
better support for heterogeneity between different hosts and the provision of dynamic
resource management and process control functions. MPI on the other hand is better
suited to use on large collections of homogeneous processors and offers a somewhat

higher level parallel programming environment.
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Choice of Fast Switched Interconnects

Rationale. Parallel systems with their better interconnect hardware and high-speed
switching techniques (e.g., worm-hole routing [12]) provide message passing band-
widths and latencies which are not achievable with NOWSs constructed using tradi-
tional bus-based LANs where peak network capacity is limited to 10 Mbps (Ethernet)
or 100 Mbps (FDDI). The bandwidth requirements can be improved to several gi-
gabits/sec through the use of third generation [13] high-speed switch-based network
architectures, such as the HIgh Performance Parallel Interface (HIPPI) [14], Fiber
Channel Standard (FCS) [15], Fast Ethernet, ATM [16], [17], [18], the Scalable Co-
herent Interconnect (SCI) [29], and Gigabit Ethernet [46].

Switching technology (frame/cell switching) increases the efficiency and speed of
networks by providing multiple, often dedicated, paths between processors instead
of using a single shared medium. Recent advances in low-latency, high-bandwidth,
cut-through switches like Myrinet [22] represents state-of-the-art and enable NOWs
to communicate at full-duplex rates of 1.28+41.28 Gbps. Increasingly, most networks
being deployed today employ switching technology.

Among the existing switch-based networks, ATM has become a well defined net-
work standard. It is a connection-oriented service with high data transfer rates (be-
ginning at OC-3, 155 Mbps) and is based on fast cell switching which is suitable for
a wide range of applications. The ready availability of ATM local area switches and
interface cards for most workstations, its wide-spread acceptance in the network com-
munity as a medium for high-speed local area networking {17], [19] and its significant
performance advantages in PVM cluster computing [9], [20] are the major reasons for
its choice as one of the high-speed network platforms in this thesis. For a compara-
tive study, Fast Ethernet which also has a high data-transfer rate (100 Mbits/s) but
utilizes the frame-based technology of Ethernet is also used as a cluster interconnect.
For purposes of comparison with earlier work, experiments using traditional switched

and unswitched (10 Mbps) Ethernet LANs were also conducted.
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1.2 Problems and Challenges

Distributed cluster computing over a network of workstations may appear to be a
viable platform for low-cost, high-performance computing in comparison to Mas-
sively Parallel Processors (MPPs). But to bring cluster computing performance
closer to that of more tightly coupled parallel machines, three fundamental prob-
lems/challenges need to be addressed.

e Challenge # 1: High communication Latency : Reducing the communi-
cation latency between nodes has been the Achilles’ heel of distributed cluster
computing. It is primarily in the interconnection technology that MPP sys-
tems have a leading edge over NOW/COW based cluster architectures. The
traditional hardware and software LAN technology was not developed for par-
allel processing and hence has inherently high communication overheads. For
instance, the classical Ethernet-interconnected cluster typically achieves com-
munication latencies of about 1000 us and peak bandwidths of about 1.2 Mbps,
whereas the corresponding values for a Cray T3D are 2 us and 300 Mbps while
for an IBM SP2 they are about 35 us and 100 Mbps respectively.

Previous work by Martin, et al. [27] on the effects of communication latency,
overhead, and bandwidth in cluster architectures indicated that it is imperative
to improve the performance of the communication system rather than invest
in increasing machine performance. They also showed how improvement of
communication performance improves the overall performance of most non-
trivial parallel applications. Communication performance will be good only if
the underlying cluster interconnect has low-latency and high-bandwidth. The
requirements of scalable network bandwidth and low latency are addressed in

this thesis by using ATM and switched Fast Ethernet networks.

e Challenge # 2: Network hardware overhead : High-speed cluster inter-
connects like ATM provide high link bandwidths but may not always result in
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faster cluster communication. The communication performance relies on many
factors including the overhead of using commodity network interfaces, the ef-
fects of message size, bandwidth, latency, communication patterns and network
congestion. High-speed networks like ATM were not initially designed for use
in a LAN environment. But when ATM is used as a cluster interconnect in
LANSs, there are high overheads at the network-host interface cards and the
switches. Therefore the current high-speed network hardware technology has
to be fine-tuned to overcome these overheads. Since improvement of the high-
speed network hardware is beyond the scope of this thesis, no attempt was made

to resolve this problem.

Despite this, there has been extensive research on the design of network interface
hardware to achieve low-overhead communication. Some of these techniques in-
clude: designing high-performance network interfaces [30], integrating message
transactions into the memory controller [31] or the cache controller [35], incorpo-
rating messaging deep into the processor [36], integrating the network interface
on to the memory bus [37] rather than the I/O bus, providing dedicated mes-
sage processors [22], providing various kinds of bulk transfer support [38], and

supporting reflective memory operations [37].

e Challenge # 3: Communication software overhead : Using a low-latency,
high-bandwidth cluster interconnect partially solves the communication prob-
lem. But delivering high performance to applications requires that the com-
munication software be capable of matching the network performance. Most
communication software tools (like PVM, MPI) were developed with the as-
sumption that the underlying network is slow and unreliable. For these reasons
and for portability, the BSD Socket programming interface was used as the in-
terface between the network medium and the message passing system. The use
of these communication protocols results in high overhead due to the high level

of the protocols, and due to the use of operating system controlled access to
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network interfaces and their device drivers.

For the presented ATM experiments, this problem was addressed by using an
implementation of PVM that operates directly over the ATM API instead of
using the BSD Socket interface. Since the ATM API resides at a lower layer
in the protocol stack its overhead should be less. There have also been other
efforts to reduce communication software overheads. These include the use of
lean communication software layers such as Fast Messages [39], Active Messages
(40], U-Net [44], VMMC [41]. Time constraints precluded the implementation

of a new version of PVM incorporating any of these systems.

In addition to these problems there are other issues in distributed cluster com-
puting that need mention here. The introduction of high-speed LAN technologies
to cluster architectures, opens up other issues like system scalability, reliability, af-
fordability, and software affordability that also need to be addressed. LAN envi-
ronments are also progressively becoming heterogeneous due to user preferences and
the commodity nature of workstations/personal computers. Cluster performance is
also affected [45] by heterogeneity. This is reflected in terms of the varying speed
and communication capabilities of the workstations and the co-existence of multiple

heterogeneous network architectures.

1.3 Objectives and Structure of the Thesis

In this thesis, the primary objective is to develop a systematic understanding of three
different distributed cluster systems connected by high-speed networks (switched Eth-
ernet, ATM and switched Fast Ethernet). The emphasis is on studying the perfor-
mance impact on two typical scientific problems of varying granularity, implemented
on each cluster architecture. Finally, considering the problems posed by the above
challenges two performance improvement techniques that can be applied to such sys-
tems are explored. The results of this study will help in designing parallel algorithms
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suited to fully exploit the cluster architectures described.

The rest of the thesis is organized as follows. In Chapter 2, the various cluster
architectures, interconnects and communication systems are reviewed and related re-
search work on improving the performance of such distributed systems is discussed. In
Chapter 3, the research problem is described and some of the parallel programming
models and paradigms are reviewed. Two benchmark problems that were imple-
mented and their parallelization techniques are then described.

Chapters 4 forms the core of the thesis and reports the experimental results. First
the three different cluster test-beds viz. switched Ethernet (also unswitched Ether-
net), ATM and switched Fast Ethernet that were used for the experiments are de-
scribed. For each of the cluster systems, the performance in terms of communication,
computation and cluster heterogeneity are then evaluated.

In Chapter 5, the conclusions of this study are presented and some performance
enhancement techniques (with partial implementation results) are suggested. Finally,
some directions for future research are outlined.

Appendices with details on some of the topics discussed are also included. These
include the algorithmic details of the matrix multiplication and the Jacobi iteration
technique, in Appendix I. The ATM Protocol architecture and the PVM system
are described in Appendix II. The proposed PVM scheduling model and the related
research in scheduling and fault-tolerance in PVM are discussed in Appendix III. The
mathematical formulation of the numerical technique and the computational scheme
used for implementing one of the benchmark problems (flow simulation) are described

in Appendix IV along with the results.



“The whole past is the procession of the present.”

- Thomas Carlyle.

Chapter 2

A Brief Review of Cluster

Computing

Most research efforts on high-performance computing on distributed cluster archi-
tectures are focused on clusters of either high-performance workstations and high-end
PCs or traditional, large multiprocessor systems. The purpose of this chapter is to
introduce the reader to the different cluster architectures, cluster interconnects and
cluster communication systems (both traditional and those that are currently state-
of-the-art). Related research works are then discussed in the context of improving
cluster performance through the design of better cluster interconnect hardware and

communication software.

2.1 Cluster Variants

Pfister [2] defines cluster as a parallel or distributed system that consists of a collec-
tion of interconnected whole computers which is used as a single, unified computing
resource. Cluster configuration provides a powerful bridge between computing on a
single machine and computing on supercomputers. Cluster technology offers low-cost,

high-performance, highly available resources for computer users.

10
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2.1.1 Multiprocessor Clusters

11

Traditional parallel computers can be categorized into three broad architectural classes:

Massively Parallel Processors (MPP), Symmetric Multiprocessors (SMP) and Scal-

able Parallel Processors (SPP).
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Figure 2.1: Diagram of a typical Symmetric Multiprocessor (SMP).
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MPP systems are a set of loosely-coupled processing elements, each node having its
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own resources (bus, memory, disks, I/O system) and hence represent a share nothing
architecture. These systems usually have greater aggregate cpu-memory bandwidth,
memory size, I/O bandwidth and interconnect bandwidth to overcome the ineffi-
ciencies of message-based communication thus allowing significantly higher scaling.
They have the potential for very large parallelization (can theoretically use more than
10,000 cpu-nodes). Examples of MPP systems include the nCube, the Intel Paragon,
the CMS5, the Cray T3D and T3E, etc. There are some drawbacks to these systems.
Each processor must use a message-passing scheme, analogous to network packets to
access memory outside its own RAM. Programming is therefore more difficult, re-
quiring embedding of message-passing constructs. Further the source code may be
hardware dependent if standard software tools like PVM or MPI are not used.

In contrast to MPPs, Symmetric Multiprocessor (SMP) systems consists of a set
of tightly-coupled multiprocessors, all of which share the same global resources (bus,
memory, I/O systems). Hence, such machines are often defined as share everything
architectures. All the processors of an SMP are symmetric (see Figure 2.1). That is to
say they have exactly the same abilities. Examples of SMPs include: the Cray CS6400
Enterprise Server (up to 64 CPUs), the SGI Power Challenge (up to 18 CPUs) and the
HP T-Class Servers (up to 14 CPUs). These systems are easy to program and by using
a High Level Optimizer (HLO) can easily produce parallel code without message-
passing instructions. Adding more processors, however, increases the memory traffic
leading to rapid saturation of the system bus!.

The third class of parallel architecture are the so-called Scalable Parallel Pro-
cessing (SPP) systems. These systems use a two-tier memory hierarchy. The first
memory tier consists of a hypernode, which is, essentially, an SMP system, complete
with multiple processors and their globally shared memory. Large SPP systems are

built by connecting several hypernodes (the second memory tier) via a high-speed

!Bus traffic may be reduced by adding large caches to every processor but this increases the cost

PEr pProcessor.
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interconnect so that this tier appears logically as one global shared memory space to
the nodes. Node addition does not severely increase memory traffic due to the high-
speed interconnect and since only updates to keep memory coherent among nodes are
required. Such systems thus have scalability similar to MPP systems. Examples of
SPP systems are the Convex SPP1200 CD (up to 16 CPUs), the Convex SPP 1200
XA (up to 128 CPUs) and the SGI Origin-2000 (up to 256 CPUs). More processors
may be added to these systems but there is still one unified memory space, even

though the RAM is physically located in different machines.

2.1.2 Workstation Clusters

The incredible progress in microprocessor speeds together with the demand for work-
stations in the market has resulted in an enormous price/performance improvement
for workstations. These advancements in computer technology have led to the con-
cept of workstation clusters or networks of workstations (NOW?) [10] which as the
name suggests are a cluster of general-purpose workstations connected by a high-speed
network (like ATM or Myrinet). NOWSs offer an attractive alternative to expensive
supercomputers and specially designed multiprocessor computer systems. Using an
installed-base of networked workstations there is the potential to scavenge unused
cpu-cycles from the workstations for collective use in parallel processing.

The NOW project currently® aims to use desktop hardware and software and
switch-based LANs as the building blocks for scalable cluster computing systems.
However programming in a NOW environment presently requires algorithms that are
extremely tolerant of load balancing problems and large communication latencies.
These problems in NOW systems are currently being addressed through the develop-
ment of certain key technologies. Active Messages (AM II) [40] is being developed to

2The NOW Project is conducted by the Computer Science Division at the University of California,

Berkeley.
3The 1997 Project report of DARPA ITO Sponsored NOW Research at Berkeley is available at

http://www.darpa.mil/ito/Summaries97/C137.0.html



= Chaper 2 14

provide fast, reliable communication, avoiding OS intervention through a technique
known as network virtualization. The use of Fast Sockets [34], a user-level library,
will improve the small message performance of high speed networks like Myrinet and
ATM. NOWs can also use a global layer resource manager such as Global Layer Unix
( GL Uniz [10]) to coordinate access to the system’s resources for both sequential and
parallel jobs. The file systems project of NOW will provide Serverless File Service
(zFS [10]) for co-operative caching by making use of the system disks for storage and
memory. While network RAM [10] can make the system’s DRAM globally available
via a fast interface and thus increase the peak memory size available on a machine.
Incorporation of these key technologies will potentially make NOWSs the de facto
standard for low cost supercomputing that scales with demand and shows promise
to replace the large traditional multiprocessor systems that are both expensive and

difficult to upgrade.

2.1.3 Other Clusters and Related Research

Besides MPP and NOWs there are various other cluster architectures which merit
discussion. One such system is the Beowulf cluster that emerged from the Beowulf
project [43] at CESDIS (Center for Excellence in Space Data and Information Sci-
ences, Maryland). In the taxonomy of parallel computers, Beowulf clusters fall some-
where between low-end MPPs and high-end NOWSs. The Beowulf project was a NASA
initiative to explore the potential of using a “pile-of-PCs” for parallel computing and
to develop the necessary methodologies to apply these low cost system configurations
to NASA’s computational requirements in the Earth and Space Sciences.

The Paderborn Center for Parallel Computing has recently installed a massive
SCI-based cluster named PSC* with distributed memory using 192 Pentium II PCs
arranged as a 8 x 12 2D torus with distributed switches and a high-speed SCI com-

munication network.

“PSC details can be found at the site http://www.uni-paderborn.de/pc2/systems/psc/
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Cornell’s U-Net architecture [44] provides a user-level network interface for clusters
of workstations. It offers low-latency and high-bandwidth communication over ATM
networked workstations and switched Fast Ethernet connected PCs (running Linux/
Windows NT).

Examples of several other full system clusters include: the IBM System /390 Par-
allel Sysplex and SP systems, Microsoft Cluster Services (Wolfpack), DEC OpenVMS
Cluster (see Figure 2.2) and Memory Channel, Tandem ServerNet and Himalaya, Sun
Microsystems’s Fool Moon Cluster and Silicon Graphics’s Cellular IRIX.

2.2 Cluster Interconnects

The cluster interconnects that are most used today include Ethernet [23], Fiber Dis-
tributed Data Interface (FDDI) [25], High Performance Parallel Interface (HIPPI)
(14], Fiber Channel [15], Fast Ethernet [25] and Asynchronous Transfer Mode (ATM)
[16]. The pros and cons of the use of each interconnect for high-performance dis-

tributed cluster computing and the related research are now discussed.

2.2.1 Ethernet

Ethernet (23] is a frame-based LAN technology that is capable of transmitting data
at speeds of 10 Mbps. It is very widely used because it strikes a good balance between
speed, cost and ease of installation. The first formal 10 Mbps Ethernet specification
was published in 1980 by a consortium that included Xerox, DEC and Intel. This
formed the basis for the IEEE 802.3 standard for CSMA /CD (Carrier Sense Multiple
Access with Collision Detection) which is the most commonly used medium access
control technique for bus/tree and star topologies.

Drawbacks: Although Ethernet has been the most popular interconnection net-
work it is a bus-based shared medium architecture. The network capacity is shared

among all the participating nodes and hence with increases in the number of nodes,
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the network saturates [24] (i.e. there is no bandwidth guarantee). It is also consid-
ered less scalable and reliable than ATM. The introduction of switches has improved
Ethernet’s network performance by reducing media-sharing (i.e. separating the col-
lision domains) and maintaining multiple simultaneous links between various ports.
However, at a particular link from the switch the Ethernet segment may still be
shared.

2.2.2 ATM

Asynchronous Transfer Mode (ATM) [16], [18] also known as cell relay, was developed
originally as a Broadband ISDN (Integrated Services Digital Network) in 1986 to carry
voice data. The first ATM specifications were released by the ATM Forum in 1992. It
is a fast, virtual circuit-oriented, packet-switched network where data is fragmented
into fixed size 53 octet packets called cells, which consist of 5 octet header and a
48 octet information field. Since ATM uses fixed-length packets, relay switches can
process cells in parallel to achieve high data rates. The designated customer access
rates in B-ISDN are OC-3 (155.52 Mbps) and OC-12 (622.08 Mbps). Again, since
ATM is asynchronous, it can transfer cells as required by the application, making data
transfer more efficient. This is in contrast to frame-based networking technologies,
which transfer frames as called for by the transmission system. The details of the
protocol architecture of ATM are discussed in Appendix II.

ATM offers a reliable and flexible transmission mode. It is flexible since its lay-
ered architecture lets the network efficiently carry data, voice and video (multimedia)
simultaneously. ATM also allows very efficient utilization of nmetwork bandwidth,
as it statistically multiplexes multiple logical connections (virtual channels) over a
single physical interface thereby allowing the total bandwidth available to be dynam-
ically distributed among a variety of user applications. It is also reliable since it is
connection-oriented implying that an end-to-end connection is set up prior to trans-

mission. This enables it to provide a way to guarantee delivery (called Quality of
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Service, QoS) with a negotiated set of parameters.

Drawbacks: Since ATM is connection-oriented, it does not interoperate easily with
the installed base of packet-based traditional Ethernet LANs. Thus, interaction or
compatibility between an end system on an ATM network and an end system on a
legacy LAN is achieved through the use of the ATM Forum’s LAN Emulation (LANE)
protocol. With all its advanced capabilities, ATM is a more complex and expensive
technology than traditional Ethernet.

2.2.3 Fast Ethernet

The Fast Ethernet standard (IEEE 802.3u) raises the Ethernet speed limit from 10
Mbps to 100 Mbps with only minimal changes to the existing cable structure (twisted
pair or optical fiber). Fast Ethernet (100 Base-T) uses the same CSMA /CD protocol
as 10-base-T Ethernet and can provide full-duplex communication (200 Mbps aggre-
gate bandwidth - 100 Mbps each way). It also uses aufo-negotiation to automatically
adopt the highest possible communication speed found at both ends of the cable.
This facilitates easy migration from legacy Ethernet installations.

Drawbacks: Fast Ethernet has the same drawbacks as 10-base-T Ethernet includ-
ing less scalability and reliability and lack of Quality of Service (QoS) when compared
to ATM.

2.2.4 Other Interconnects and Related Research

Other prominent network technologies used in LAN environments include FDDI [25],
the Scalable Coherent Interface (SCI) [29] and Gigabit Ethernet {46].

Fiber Distributed Data Interface (FDDI) is a mature backbone technology, based
on a shared fibre optic medium architecture with data transfer rates of 100 Mbps.
Unlike Ethernet, FDDI is fault tolerant (does self-management) and reliable (guar-
antees access by using a token passing access method). It is, however, comparatively

expensive and significantly more complex to manage than Ethernet, and hence is not
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widely deployed to the desktop.

Gigabit Ethernet is an emerging standard for network connectivity and is essen-
tially an extension of the 10-BASE-T Ethernet and 100-BASE-T Fast Ethernet but
has a data-rate of 1000 Mbps. It uses the same CSMA/CD protocol but adds car-
rier extension and packet bursting to increase the bandwidth efficiency. The high
data-rates of Gigabit Ethernet makes it a competing technology with ATM. It is less
expensive (by 50%) than OC-12 ATM, in part because of the volume of Ethernet-
based products in the marketplace. In addition Gigabit Ethernet is finding wide
acceptance because Ethernet is a simple and well understood technology.

However, Gigabit Ethernet is not as scalable and reliable as ATM. Further unlike
ATM it does not have explicit and guaranteed QoS features. The IEEE and IETF
are, however, currently working on RSVP (the resource reservation protocol) that
will let Ethernet LAN users reserve bandwidth in advance.

Related Research: Research on performance improvement in distributed clusters
on high-speed networks is actively being carried out at a number of institutions.
The most notable of these is the Distributed Multimedia Research Centre (DMMC)
of the University of Minnesota. Lin, et al. [20], from DMMC, have evaluated the
performance of ATM local area networks for PVM communications. In their work
they compared four different Application Programming Interfaces (APIs) such as
Sun Microsystems’s Remote Procedure Calls (RPC), the BSD socket programming
interface, the PVM message passing library, and Fore System’s ATM API. They
concluded that on a NOW system the BSD sockets and Sun RPC/XDR were not good
for implementing high performance computing applications. Even porting PVM over
to an ATM LAN by using the BSD socket interface has high communication overhead
compared to Fore Systems’ API.

Chang, et al. [26] re-implemented the PVM message passing library using the Fore
Systems’ ATM API and studied the resulting PVM communication performance. Re-
sults from their experiments indicate that high-speed networks like ATM can yield
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significant performance gains at the application level compared to conventional Eth-
ernet networks. However the performance improvement is much less than the raw
available bandwidth of the ATM network platform. Hsieh, et al. {32] studied the
communication performance of HIPPI LANs for distributed applications. They re-
ported enhanced PVM performance on HIPPI and Ethernet. In line with the work of
Chang, et al. [26], they implemented PVM over HIPPI and Ethernet by using Hewlett
Packard’s Link Level Application (LLA) programming interface, an API similar to
the Fore Systems’ API for ATM networks. The overhead of PVM'’s default protocols,
namely UDP (for daemon-daemon communication) and TCP (for task-task commu-
nication) was reduced significantly by the use of these lower layer protocols (LLA
API).

Huang, et al. [21] investigated the performance of collective communications (e.g.
multicast operations) across ATM networks by developing a thread-based software
testbed. Comparison of PVM communication performance over ATM metropolitan
area networks with Ethernet and FDDI LANs were made by Iannello, et al. [49].
Performance comparison of TCP/IP and MPI on FDDI, Fast Ethernet and Ethernet
at different network loads were also studied by Nog, ef al. [58]. Simon, et al. [42]
presented the performance results of a multiprocessor cluster consisting of personal
computers connected with PCI® communication cards based on the SCI® standard.
They implemented PVM using SCI hardware on the Linux and Windows NT oper-

ating systems.

2.3 Cluster Communication Systems

Cluster software systems enable an interconnected collection of independent, possibly

heterogeneous, computers to appear as a single virtual computational resource. To

SPeripheral Component Interconnect.
8Scalable Coherent Interface is based on IEEE standard 1596, 1992.
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the application programmer this resource appears as a potentially large distributed-
memory virtual computer. In the distributed/parallel programming community the
most popular cluster communication systems are PVM [51], [55], [56] and MPI [57],

[6]-

2.3.1 MPI

The Message Passing Interface (MPI) [57] is the latest development in message pass-
ing systems. The main motivation for its development was to create a standard so
that each MPP vendor would not create their own propriety message-passing APIL.
Compared to PVM, MPI has a much richer set of point-to-point and collective com-
munication functions. This is an important feature particularly for those algorithms
which are dependent on the existence of special communication options or a logical
communication topology. MPI introduced the concept of a communicator? to bind
a communication context to a group of processes. This context is assigned by the
operating environment (and not by the user) to provide support for the design of safe
and concurrently inter-operable parallel software libraries.

Drawbacks: MPI does not support the concept of a virtual machine but instead
provides a higher level of abstraction in terms of message-passing topology. MPI does
not support inter-language communication and does not have robust fault-tolerance
like PVM. On the other hand, PVM contains resource management and process con-
trol functions for creating portable applications that can run on heterogeneous clusters
of workstations and MPPs. The University of Tennessee, Knoxville and Oak Ridge
National Laboratory are currently trying to merge PVM and MPI under the PVMPI
project [69]. Its objective is to utilize both the virtual machine features of PVM and

the message passing features of MPI.

TA communicator is a communication domain that defines a set of processes that are allowed to

communicate between themselves.
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2.3.2 PVM

Parallel Virtual Machine (PVM) was developed [56] in 1990 at the Oak Ridge National
Laboratory and is now a widely-used message-passing software system. It provides a
unified computational framework for a network of heterogeneous computing resources.
The cynosure of the design of PVM was the notion of a virtual machine which is a dy-
namic collection of heterogeneous hosts connected by a network that appears logically
as a single large parallel computer. It is portable to a wide variety of different machine
architectures and operating systems, including workstations, supercomputers, multi-
processors and personal computers. PVM is composed of a programming library (of
interface routines) and manager processes (i.e. daemons) that transparently manage
all message routing, data conversion, and task scheduling across a distributed cluster.

In PVM the user writes applications as a collection of cooperating tasks, each
task written in a procedural host language (usually C or Fortran®) with embedded
PVM primitives. The applications are then compiled for each architecture type in the
network of hosts. PVM provides primitives for such operations as point-to-point data
transfer, message broadcasting, mutual exclusion, process control, global sum, and
barrier synchronization. It’s message-passing primitives are oriented towards hetero-
geneous operation, involving strongly typed constructs for buffering and transmission.

The details of the PVM architecture, message-passing and the basic routines are
described in Appendix II.

Drawbacks: PVM unlike MPI does not support logical communication topologies
which are important for certain parallel applications. It does not have as rich a set
of communications functions as MPI, and hence applications can not exploit special
communication modes. PVM is not as established a standard as MPI is. The default
scheduler that is embedded in PVM is based on a simple Round-Robin allocation
scheme where newly created tasks are assigned to available processors in a cyclic

fashion. It employs only a static load balancing scheme with no support for check-

8Presently C++, Java (JavaPVM) and Perl (Perl-PVM) can also be used with PVM calls.



= Chaper 2 22

pointing or task migration, i.e., once a job is assigned, it runs on the assigned processor
until completion. PVM’s global scheduler does provide primitives for remote task
creation and inter-process-communication but it does not have support for intelligent
dynamic scheduling or resource management. Its scheduling decisions are not based

on idle processor selection or any other form of processor load information.

2.3.3 Other Systems and Related Research

Besides PVM and MPI several message-passing systems have been built in the past.
The p4 system[60] developed at the Argonne National Laboratory is a portable paral-
lel toolkit which provides (C or Fortran) functions for explicitly programming shared
memory machines (using monitors) or distributed memory machines (using message
passing). ParaSoft’s Express [64] is another collection of tools for programming dis-
tributed memory multiprocessors, both true multiprocessors and networked UNIX
clusters. ISIS [61] is a message-passing system for workstation clusters that can
replicate data and processes in order to tolerate machine failures, and can also con-
figure a new virtual machine and restart a whole application after a large crash. The
Portable Instrumented Communication Library (PICL) [65] is a portable message-
passing library designed to standardize message functions available on machines such
as the Intel iPSC/2, the iPSC/860 and the Ncube/3200. Parform [63] is a paral-
lel programming system that runs on a network of UNIX workstations. Some of the
other message-passing systems include PARMACS [52], Zipcode [53], Chameleon [54],
TCGMSG [66], APPL [68], Network Linda® [62] and POSYBL [67].

Additionally, there are several proprietary message-passing libraries like IBM’s
MPL (message passing library) for the RS/6000 based SP-2 multiprocessor system.
There are also various free implementation of the MPI standard such as MPICH from
Argonne National Laboratories and Mississippi State University, LAM from the Ohio
Supercomputing Centre and University of Notre Dame, CHIMP from the Edinburgh

®Linda is a product of Scientific Computing Associates, Inc.
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Parallel Computing Centre, MPI-FM from the University of llinois, Concurrent Sys-
tems Architecture Group, and UNIFY, a subset of MPI within a PVM environment,
from Mississippi State University.

Related Research: There has been considerable research effort in enhancing the
PVM/MPI communication performance in distributed cluster environments. Work
in this direction has been done by Zhou, et al. [9] who used the lower layer Fore Sys-
tems’ ATM API to developed a faster message passing route named PvmRouteAtm
to exploit the high bandwidth of ATM networks. Their experiments showed that the
AAlL-based PvmRouteAtm achieved higher bandwidths for large data sizes but failed
to gain any latency improvement over its counterpart, the TCP-based PvmRouteDi-
rect. In other work, Zhou, et al. proposed a light-weight process based implementation
of PVM called LPVM [11]. It was designed to improve performance by adopting a
multithreaded message passing system in place of the standard process based system.
LPVM however lacks portability since it is essentially a modified version of PVM
with added features (like thread safety) and with a different user interface. Hence
programs already written for standard PVM could not be transparently ported to
the LPVM system. It was originally implemented on a single SMP machine although
current research is being done (at the Oak Ridge National Laboratory, Tennessee)
to extend it to a cluster of SMPs with disjoint address spaces. Prior to LPVM’s
development another message passing library was proposed by Ferrari, et al. called
TPVM [33] which was implemented on SMP clusters. It is also a PVM derivative
but unlike LPVM it was built on top of the standard PVM system, a design which
provides portability at the cost of added overhead.

2.4 Summary

This chapter started with a description of the traditional multiprocessor clusters and
highlighted the technological shift toward more practical, cost-effective compute clus-
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ters. Section 2.2 provided background material on the high-speed, switched networks
commonly used for cluster interconnection and enumerated current research in the
design of cluster-network interface hardware. It was observed how increases in the
network bandwidth can have a potential impact on cluster performance.

Section 2.3, introduced the two most popular cluster communication systems, viz.
MPI and PVM and focused on related research into similar systems providing low
(latency) overhead message-passing. This motivated the use of a version of the PVM

system in this thesis that has low protocol overhead.



“An invaston of armies can be resisted.
But not an idea whose time has come”.

- Victor Hugo.

Chapter 3

Research Problem and

Methodology

In this chapter the research problem addressed in the thesis is described and
a rationale for conducting the work is given. In Section 3.2 some of the parallel
programming paradigms and models used in this work are introduced. Finally, Section
3.3 provides a detailed description of the benchmark problems.

3.1 Research Problem

As observed in the previous chapters the ever-increasing microprocessor speed and
the mass-market of inexpensive, high-performance desktop computers has lead to the
use of clusters in high-performance computing. This development has been further
motivated by the availability of high-speed switched networks.

In view of this new computational paradigm this thesis seeks to explore the use
of future heterogeneous distributed clusters which it anticipates will be similar to
the one shown in Figure 3.1. Existing LAN systems of high-end desktops connected
either with Ethernet, ATM or Fast Ethernet and located in different buildings, can

25



= Chaper 3 26

all be integrated to form a unified large-scale computing system for high-performance
computing. The incorporation of recent advances including Active Messages (network
interface hardware), network RAM (network-wide resource management), serverless
(parallel) file systems and global resource management (distributed scheduling) to
such systems will result in a collective system that will cost-effectively support future
high-performance computing.

In the research in this thesis, the three LAN systems shown in Figure 3.1 are
segregated and studied in isolation. The goal of the research is to develop a system-
atic understanding of each system in terms of its communication and computational
performance and also evaluate the architectural requirements of using distributed
clusters for computationally intensive scientific and engineering applications.

The rationale for conducting this research is to determine the factors that affect
achieving low-latency and high-bandwidths, the two primary performance bottlenecks
of existing cluster systems. This study will contribute to an existing base of knowledge
that will help in designing parallel algorithms for large scale scientific and engineering
computations using cluster architectures.

In brief the objectives of this research are:

1. Performance evaluation of three high-speed switched LANs (Ethernet, ATM

and Fast Ethernet).

2. Implement and study the performance of two typical parallel algorithms that
vary in granularity.

3. Explore certain performance improvement techniques that can be applied to

such systems.

Network performance evaluation involves measuring communication performance
in terms of metrics like start-up latency, f;, maximum achievable throughput, 7,4
and half-performance length, n;/;. Performance evaluation also involves measuring

the computational performance of parallel programs in terms of speed-up, S, total
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Figure 3.1: An example distributed cluster built from heterogeneous desktops.
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efficiency, £t and algorithmic efficiency, E%9. The effect of cluster heterogeneity is
also studied.

The parallel algorithm implementations used in this work include a coarse grained
problem, matrix-multiplication, and a fine grained problem, potential low simulation
over a cascade of airfoils.

Performance improvement techniques discussed include latency-hiding by over-
lapping computation with communication via multi-threading and load-balancing by

incorporating dynamic scheduling into the PVM system.

3.2 Parallel Programming Paradigms

This section reviews the various parallel programming paradigms used for developing
applications on traditional parallel architectures in general and distributed memory

message-passing systems in particular.

Problem architectures

Based on the features of the problem structure most parallel applications can be

classified into the following five problem architectures:

e Synchronous. In fully synchronous applications, all the processes start their op-
erations at the same time in a lock-step manner (analogous to Single Instruction
Multiple Data, SIMD) and are synchronized at regular points. Programming is
easy as the partitioned subtasks are essentially identical.

e Loosely synchronous. These applications are similar to fully synchronous ones
but the data elements are not identical. However parallelism is still achieved

using macroscopic time synchronization.

e Asynchronous. Applications are asynchronous when they exploit functional (or

data) parallelism that is irregular in space and time. Often used in loosely
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coupled clusters and so need to have near optimal decompositions to minimize

communications.

e Embarrassingly parallel. These are ideal parallel applications that can be di-
vided into completely independent parts which can be executed simultaneously.

and require no inter-process communication during computation.

e Metaproblems. These applications be divided into an asynchronous collection

of (loosely) synchronous components which can themselves be parallelized.

Programming paradigms

The natural structure of the parallelized algorithms and their communication topolo-
gies can be exploited by using algorithms that are based on any of the three funda-
mental parallel programming paradigms:

e Crowd Computations. This is the most common model where a collection of
closely related processes typically executing the same code, perform computa-
tions on different portions of the workload and periodically exchange interme-

diate results. This paradigm is further sub-divided into two categories:

— Master-Slave. In this model a separate control program called the master is
responsible for process spawning, initialization, and collection and display
of results. The slave programs perform the actual computations and their
workloads are assigned either by themselves or their master (statically or
dynamically). The matrix multiplication algorithm implemented in this
thesis is based on this paradigm.

— Node-only?. Multiple instances of a single program are executed in this

model, with one process (typically the one initiated manually) taking on

1A term due to Geoffrey Fox; Wilson [28], 1995.
2This is a case of the Single Program Multiple Data (SPMD) model where a single source program

is written and each processor will execute its personal copy of this program, although independently
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the non-computational responsibilities in addition to contributing to the
computation itself. The flow simulation algorithm implemented in this

thesis uses this paradigm.

e Tree Computations. These computations spawn processes (usually dynamically
as the computation progresses) in a tree-like manner and establishes a tree of
parent-child relationship (as opposed to crowd computations where a star-like
relationship exists). This paradigm is an extremely natural fit to applications
where the total workload is not known a priori, for example, in recursive divide-

and-conquer and alpha-beta search algorithms.

e Hybrid Computations. These are essentially a combination of the crowd and
tree models. They possess an arbitrary spawning structure implying that at any
point in time during application execution, the process relationship structure

may resemble an arbitrary and changing graph.

Algorithmic Paradigms

Some of the commonly used parallel algorithmic paradigms are:

® Domain decomposition. This involves partitioning of the program data struc-
ture (given some constraints) and applying computational operations on the
divided data structures concurrently. It is also called data partitioning and is

an important strategy for scaling parallelism in many applications.

o Functional decomposition. In this paradigm the program is partitioned into
independent functions that are executed concurrently (thus different tasks per-

form different operations). Parallelism is obtained by concurrent execution of

and not in synchronization. The source program is constructed so that parts of it will be executed
by some nodes (say the master) and not others (say the slaves) depending on the identity of the

node.
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functions or by establishing a pipeline® (continuous or quantized) between them.

e Divide-and-conguer. This approach is characterized by dividing a problem into
subproblems that are of the same form as the larger problem. Recursion is used
for further division into still smaller subproblems (M-ery divide and conquer)
until no further division is possible. Very simple tasks are performed on these

subproblems and the results are combined.

Workload allocation

The traditional issues in mapping data partitions to processor topology graphs are:

e Partitioning. Depending on the problem domain, partitioning specifies how
data should be divided between available processes.

e Granularity. When a computational task is partitioned into several subtasks,
the size of each subtask (number of sequential instructions) defines its granu-

larity. The computation/communication ratio is a granularity metric.

e Mapping. Assignment of parallel subtasks onto processors based on communi-

cation graphs (e.g. topology and exchanged data amounts).

e Load balancing. Distributing subtasks evenly across processors in order to
achieve the highest possible execution speed by equalizing the amount of work
performed by each processor. Load balancing is useful when the work load is

not known prior to execution and when processors are heterogeneous.

e Scheduling. This is the process of allocating subtasks (based on the load bal-

ancing algorithm) to processors as and when they become free.

3Another form of functional parallelism is pipelining where repeated function executions are

overlapped.
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There are several other models* of computation that can be used to model ei-
ther message passing systems or shared memory multiprocessor systems but they are

primarily theoretical and not of direct relevance to this thesis.

Parallel Execution Time (%,)

The parallel execution time, t, is the sum of two parts, the communication time, £.;mm
and the computation time, f.,mp,. For workstation clusters, ¢comm depends on many
factors, including network structure, network contention, etc. For time complexity
analysis this thesis uses the following expression as a first approximation,
teomm = @ +nf teomp = M

where a is the start-up time (assumed constant), 3 is the transmission time to send
one data word (assumed constant), n is the number of data words sent, and m is the
number of computational steps. For the analysis it is assumed that, (i) ¢, is normalized
in units of an arithmetic operation (which depends on the computer system), (ii) the
system is homogeneous, every node is identical and operating at same speed, and (iii)

all arithmetic operations are considered to require the same time.

3.3 Benchmark Suite

Two programs, a distributed matrix multiplication (MM) program and a distributed
flow simulation (FS) program were implemented. These applications were selected
because they generate two significantly different types of communication and com-
putation patterns. The distributed MM is a typical example of a coarse-grained,
computation-intensive application. It requires comparatively few communications
but the messages communicated are large. The distributed FS problem on the other
hand, is a fine-grained or communication-intensive application requiring many com-

munications between the processing nodes where the messages communicated are

‘Examples of these include the PRAM [87], the BSP, [90], the LogP, [27], and the CSP, [86].
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usually small. The implementation of these two applications are now described.

3.3.1 A coarse grained problem

The parallel multiplication of two matrices, A and B to yield the product matrix C =
A xB (where A € R™", B € R™! and C € R™!) is a coarse-grained problem. The
matrix multiplication algorithm used in this thesis is based on the SUMMA (Scalable
Universal Matrix Multiplication Algorithm) [70] but with a slight modification. A
number of other other algorithms [71], [72] are also available for multiplying two
matrices on distributed-memory machines. The SUMMA algorithm® was used as a
benchmark problem because it is a general, simple, and very efficient algorithm for
execution on loosely coupled (message-passing based) distributed-memory systems.

Traditional matrix-multiplication algorithms include 1D-systolic [72], 2D-systolic
[72], Cannon’s algorithm [73], Broadcast-Multiply-Roll [74] and Fox’s algorithm [75].
Most of these algorithms are based on generalizations of the broadcast-multiply-roll
algorithm. SUMMA on the other hand uses a sequence of rank-one updates and is
based on identical mappings of matrix blocks to the nodes in a logical 2-D processor
mesh of arbitrary dimension. Two algorithms that are close variants of SUMMA are:
PUMMA (76] which implements Fox’s classic algorithm using block-cyclic data de-
compositions, and DIMMA [77] which incorporates SUMMA with two new schemes, a
modified pipelined broadcast scheme to effectively overlap computation with commu-
nication and the LCM (least common multiple) block concept to obtain the maximum
performance of the sequential BLAS® routines independent of the block size.

The modification made to SUMMA in this thesis is reflected at the end/slave
nodes. In the slave nodes instead of performing a regular matrix multiplication of

the sub-matrices, a block multiplication with a level-4 loop unrolling is used if the

SSUMMA is implemented as a sequence of rank-one updates in this thesis as opposed to rank-ks

updates, where k; is the block size of the columns of A or rows of B
Lawson, C., et al. proposed (ACM Trans. Math Software, 5:308-323, Sept 1979.) a number of

basic linear algebra subroutines which are generally accepted as the so-called BLAS.
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sub-matrices are square and simple block multiplication is used if the sub-matrices

are rectangular.

Data Decomposition

It is assumed that there are p nodes in the PVM virtual machine which form a logical
r X ¢ mesh, irrespective of the actual physical node configuration. The p nodes (where
p = rc) are indexed by their row and column index and we use P;; to denote the (%, 7)
node. Each matrix X is assumed to be of dimension a* x 8%, where” X € {4, B, C}.

With an r x ¢ logical mesh, the data is decomposed in two dimensions as follows:

Xoo |---| Xo(e-1)

Xe-1)o | -+« | X(r=1)(e-1)

and submatrix X;; is assigned to node P;;, where X;; has dimensions af X ﬁf , with
m = Y of and n = ¥ B¥. For the two matrices, A and B, a* = m, 84 = n and
oB = n, B2 = I. The two-dimensional data decomposition using a 2 x 3 logical
processor mesh is done in two steps as shown in Figure 3.2 (where 7 = 2 and ¢ = 3).
In the first step, the matrix A is partitioned into r row-blocks and broadcast to those
processing nodes in the same row. In the second step, the matrix B is partitioned into
¢ column-blocks and broadcast to those nodes in the same column of the processor
grid. After the distribution phase, each processing node computes a submatrix of C
using the appropriate partitioned matrices of A and B. In the last phase the resultant
submatrices of C are collected by the master, a designated processing node, from each
of the other processing nodes.

The basic SUMMA algorithm and the modification to it used in this thesis are
described in Appendix I.

"Here the notation o and % are used to denote respectively, the row and column dimensions

of the matrix X.
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Figure 3.2: Data decomposition of matrices [A] and [B] on a 2 x 3 processor mesh.

Parallelization Technique

The modified SUMMA algorithm was implemented for a distributed cluster archi-
tecture using the master-slave model of computation. The rationale for using this
model was the fact that domain decomposition of the SUMMA algorithm is very well-
defined. Partitioning of the problem results in a set of subtasks each having identical
computations (like SPMD) which can be executed simultaneously. In this master-
slave model, the master task first spawns p = r X ¢ slave tasks. It then partitions [A]
and multicasts the appropriate submatrices of [A] to the r row nodes of the processor
mesh. Similarly it partitions [B] and multicasts the particular submatrices of [B] to
the c column nodes. Using this data (i.e. the submatrices of [A] and [B]) the slave
tasks compute the submatrices of [C] using the block multiplication algorithm. These
submatrices are then sent to the master task which assembles them to form the result

product matrix, [C] as shown in Figure 3.3.

Time Complexity

e Computation. Denoting m, = [m/r] and Il = [l/c], the computation time
can be given by tcomp = 2mynly. For m = n = [ and r = ¢ = ,/p, the time

complexity can be expressed as 9(’;73).
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Figure 3.3: Computation graph for matrix multiplication on a 2 x 3 processor mesh.
® Communication. We observe that communication occurs in 3 stages,

stage 1: mp x n blocks of [4] send to p nodes, tecomm1 = p(a + mpnf)
stage 2: n x [ blocks of [B] send to p nodes, teomm2 = p(a + nlpB)
stage 3: my x [ blocks of [C] recv from p nodes, teomma = p(a + mplpf)

With m = n = ! and » = ¢ = ,/p the total communication time becomes,
teomm = 3pa + 2n%B./P + n?Q, and for constant § this has a time complexity®
of ©(n?,/p). If scatter and reduce routines® are used, then the 3pa term can be

replaced with 3a.

8 Assuming that the start-up time, a is not significant compared to n.
®MPI has these but PVM version 3 only has reduce.
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e Overall. The overall time complexity can be expressed as ©(n?,/p+ ’;—3)

3.3.2 A fine grained problem

A communication intensive flow simulation problem was selected as the fine-grained
problem for study. A two-dimensional, incompressible potential flow past a system
of lifting NACAOQ0012 aerofoils is analyzed using the surface vorticity boundary in-
tegral method [78]. This is an important problem in the field of aeronautics and
engine aerodynamics. Such sub-sonic airfoil aerodynamic problems pose critical com-
putational difficulties like aerodynamic interference resulting from the proximity of
vorticity elements on opposite sides of the airfoil-profiles.

The surface vorticity panel method which is briefly described in Appendix IV
was used. This is a popular method due to its flexibility and relative economy and
has been used in the aircraft industry for a long time. Existing programs based on
panel methods and widely used in the industry include PMARC [79], developed by
the NASA Ames Research Center, PAN ATR [80] developed by Boeing, VSAERO [81]
developed by Analytical Mechanics Inc., and QUADPAN [82] developed by Lockheed.
However, the algorithm used in this thesis is based on that given by Lewis [83].

The flow solution over a single airfoil section immersed in a uniform flow-field in-
volves the following steps. First, the airfoil surface is discretized into a finite number
of line elements or panels that represents the numerical airfoil model (see Figure 3.4).
Then vortex singularities of unknown strength are distributed over the surface vortic-
ity panels and not at the pivot points. Integral equations are written and the Dirichlet
boundary conditions of zero parallel surface velocity are applied. The resulting equa-

tion is of the form,

[Kmn]{7(s)} = {W(s)} (3:3.1)

where K, is the coupling co-efficient matrix (linking elements m and n), y(s) is



= Chaper 3 38

the unknown vortex distribution, and W(s) corresponds to the free-stream velocity
components parallel to the element surface, s.

The linear system of algebraic equations (as represented by equation 3.3.1) are
solved to determine the unknown strengths of the singularities (vorticities y(s)). The
surface vorticity distribution (-y(s)) is then used to determine the surface pressure
co-efficient, Cp, and the lift co-efficient, Cj, which are the important parameters re-
quired for aerodynamic analysis. The detailed computational scheme is described in

Appendix IV.

“nan
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Figure 3.5: The panel discretization of 3 airfoils in proximity.
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For the multi-body airfoil-assembly system, the computational scheme is similar
and is shown in the flowchart in Figure 3.6. The integral equations used to represent
the flow past an assembly of P mutually interacting airfoils is represented by a sim-
ple adaption of the isolated single element potential flow equation (equation 3.3.1).
Similar Dirichlet boundary conditions are applied to the surface elements of the P
airfoils and finally the vortex distributions over each of the P airfoils are found by
solving the global linear equation set. The co-efficient of pressure distributions and
the lift co-efficient are then calculated from the vortex distribution of each airfoil.
The computational details of the multi-foil case are also described in Appendix IV.

The fine grained problem used in the experiments is the multi-body airfoil analysis
just described. The specific problem used comprises an assembly of a maximum of
20 airfoils (a 3 airfoil system is shown in Figure 3.5) so positioned (1 chord length
apart) that their mutual interference effect is significant. The detailed results and
validation of the sequential single-element and the multi-element code can be found

in Appendix IV.

Parallelization Technique

The algorithm for the flow simulation problem was parallelized using the node-only
programming paradigm. The same code runs on all the participating nodes (forming a
PVM group) with one node doing the additional non-computational job of assembling
results, etc. Domain decomposition is achieved by partitioning the computation into
a set of identical tasks that concurrently compute on each airfoil element. The coding
of the program was done in C++ and one of the C++ classes used was an Airfoil class
(Tairfoil) that was designed to compute the elemental® {wge)}, and elemental k;;)
sub-matrices for both the diagonal and off-diagonal terms for the j®* airfoil element
(refer to Figure 3.6). The remainder of the problem lies in solving the large linear
systems of equations that are present as partitioned blocks in each of the participating

10The subscript e denotes elemental, i.e. concerning the particular airfoil.



= Chaper 3 40

Read new case START PVM Task 1
[ K] {v w]
Read and Store pivotal data points ZLZZ A
(co-ordinates) of each airfoil element —
and global flow data (Winf, alpha) -
L Airfoil element 1
Allocate memory and Initialize
global system marrices (K], fy}. (W} PVM Task 2
L (v ™ )
LA — =4
Generate element [} and {w(€)} p—
apply back-diagonal correction
apply kutta condition .
apply internal I correction Airfoil element 2
Loop over all elements
Y PVM Task 3
Assemble {k(©)]and {w )} Xl (% w]
to form global [K] and {W}
Y ZZZZ i ZZ
T
Caiculate the global { Y} by LDL L Airfoil element 3 J
Factorization of Global (K]
PVM Task 4
Y [ W]
Calculate the elementat { ¥ ©)} and
[C p] Loop over all eiements -
i 7 ZZ
Airfoil element 4 J

END

Figure 3.6: Sequential Flow chart and domain decomposition for the parallel Multi

element flow code.

tasks. The parallel Jacobi iteration technique'! with block allocation scheme [89] was
used to solve this block-partitioned equation system.

The Jacobi iteration technique can be parallelized by using synchronous iterations
with global barriers'?. Unlike the sequential algorithm the large global [K] matrix
is not assembled in the master or any other single node. Instead each task has its

own block of the [K| matrix and {W} (already strip partitioned as shown in Figure

11 The sequential Jacobi iteration technique is explained in Appendix I.
12A barrier is a mechanism that prevents any task from continuing past a specific point until all

the tasks reach that point.
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3.6). On each iteration, k, the newly computed unknowns, {W ™'} in the task i are
broadcast to all other tasks and subsequently all the tasks (except j) broadcast their
new {I/Vj(k)} values to task i. At the end of each iteration a barrier is executed to
ensure that other tasks have completed their iterations. These steps are continued
until convergence!® is reached. Figure 3.7 shows the broadcast and receive operations
performed during the Jacobi iteration stage.

Once the solution has converged, the {W} values in each task are used to calculate
the C, distribution for each airfoil. These are then sent to the task which acts as the

master to report the final results.

PVM Task 0 PVM Task 1 PVM Task n-1
N\ ( -
(k) (k)
0 . "(:zl
send buffer . , send buffer sead buffer
(k) () k) [ (K k; [ [5]
x0 *"l Sl *xo 5 2 Yo *"ﬂl‘) Xo-1
YL J--C11] [ O~ |------------- LS
receive buffer . { receive buffer . + receive buﬂ'u'.
) ®) '
compute new  xg compute new x| compute pew  Xp_|

Figure 3.7: Schematic data communication for Jacobi iteration.

Time Complexity

Denoting p as the number of nodes, n as the size of [K], and 7 as the number of
iterations' until convergence for the Jacobi iteration technique, the time complexity

of the flow problem is derived as follows.

e Computation. Formation of the system matrices involves An/p steps (1 < A <<

13Refer to Appendix I for convergence criterion.
l4Here 7 is taken as equal to n to avoid the time involved in computing the complex termination

condition.
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n/p) and the Jacobi iteration involves 5(2n + 4)T steps resulting in a computa-

tional complexity of (-3('1‘7:).

® Communication. Communication again involves 3 stages,

stage 1: 2-’;— data send to p nodes, teomm1 = pla + 2n0)
stage 2: g data send to p nodes for 7 iterations, teomm2 = pla + g-ﬁ)r
stage 3: 2% data recv from p nodes, teomms = pla + 2n0)

This results in tcomm = ™8 + p(2a + at + 4nB3). Thus for constant T and a

given fixed value of n, {.o;mm iS an increasing function of p.

® QOverall. When a becomes non-negligible, the overall parallel execution time
is a composite function of a decreasing function of p (tcomp) and an increasing

function of p (£comm)- It thus has a minimum value.

3.4 Summary

This chapter discussed the research problem and the reasons for undertaking this
study. It reviewed some of the common parallel programming paradigms used in the
context of this thesis. Finally a detailed description of the two parallel algorithms

that were implemented were discussed.



“I never did enything by accident, nor did any of my
inventions come by accident; they came by work”.

- Thomas A. Edison.

Chapter 4

Cluster Performance Evaluation

This Chapter first describes the testbeds for the experiments. Section 4.2, then
evaluates the communication performance of the four clusters and present a predic-
tion model. This is followed by the evaluation of overall computational performance
in Section 4.3. Finally in Section 4.4 the impact on cluster performance due to het-

erogeneity is evaluated.

4.1 Experimental Setup

Four different test-beds were used for the experiments. The benchmark programs
were implemented on clusters connected either by Ethernet (10-BASE-T), ATM (OC-
3) or Fast Ethernet (100-BASE-T) available at the University of Manitoba!. For
latency and bandwidth tests in each of the network environments, two SUN SPARC
5 workstations running Sun-OS 5.5.1 were used except in the case of switched Fast
Ethernet where all the nodes were Pentium II, 333’s running Linux 2.0.35. PVM
version 3.3.11 was used on Ethernet (both switched and unswitched) and on switched

1The ATM test-bed of Telecommunications Research Labs (TR Labs), Winnipeg, was used to test
some of the distributed algorithms.

43
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Fast Ethernet. The network protocol hierarchy in this case is shown in Figure 4.1.
When ATM was used as the cluster inter-connect, the pvm-atm?® package developed by
the Distributed Multimedia Research Centre (DMRC) at the University of Minnesota,
was used. In this PVM package, the PVM system was re-implemented directly on
top of the Fore Systems ATM API instead of the BSD socket interface. The protocol
hierarchy of this implementation is shown Figure 4.2.

Node 1 Node 2
God  Gad Gr®)  Cam®
I jPa -

PVM Message sap -~ PVM Message
Passing Interface Passing [nterface
| {

L PVM Internal I | PVM Intemal l
Socket Interface Socket Interface
TCP uDp TCP uDP
P _ — LSAP P

Logical Link Control | Logical Link Control |
|i/lodinm Access Commll rMaiium Access Comml]
Physical Layer Physical Layer

X

~ Subnet attachment point address

SAP=service access point
LSAP=LLC Service Access Point

Figure 4.1: Network Protocol hierarchy for Ethernet-based LANs

4.1.1 Ethernet Test-bed

Two different Ethernet set-ups were used, one switched and the other unswitched.

2PVM over ATM is available via ftp://ftp.cs.umn.edu/users /du/pvm-atm/www.html
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Node I
SAP—— """
SAP=service access point
Fore Systems”
ATM API
ATM ATM ATM ATM
AAL 3/4 AALS AAL 3/4 AAL S
ATM layer ATM layer
Physical Layer Physical Layer
<~ o -
T T T~ ATMSwich -~ 77

Local
Switch Clouds

Figure 4.2: Network Protocol hierarchy for ATM LANs

Unswitched Ethernet

The experiments on the unswitched Ethernet LAN were conducted using the network
of the University of Manitoba Computing Centre’s UNIX Lab in the Engineering
building. The network topology of this unswitched Ethernet LAN is shown in Fig-
ure 4.3. It is comprised of a typical bus architecture with different segments of the

LAN forming subnets that are connected by routers to the main login servers.

Switched Ethernet

The 10-BASE-T switched Ethernet LAN used was that of the Electrical & Com-
puter Engineering department. The network configuration of this LAN is shown in
Figure 4.4. Latency analysis and bandwidth measurements on this network were con-
ducted using two SUN Sparc 5 workstations having nearly the same configuration.
The benchmark problems were tested using a 4 node configuration (see Figure 4.4)
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Figure 4.3: The Unswitched Ethernet LAN set-up.

which included a SUN Ultra 1/30 (Model 170), a Sparc 10 and two Sparc 5 worksta-
tions, all running Solaris 2.6 and connected to a 3Com Ethernet LAN switch. Two
nodes were on one hub and the other two on a second hub, both the hubs in turn

were connected to the 3Com switch (this formed a partially switched configuration).

4.1.2 ATM Test-bed

The ATM network testbed used for the experiments consisted of the same 4 nodes that
were used in the Switched Ethernet network configuration (existing in the Electrical
& Computer Engineering department). Each of the 4 workstations were equipped
with an SBA-200 (Fore’s second generation) SBus adaptor card and were directly
connected to the Fore Systems ForeRunnerT™ ASX-200 local ATM switch using 155
Mbps fibre optic links (OC-3¢/STM-1 SONET/SDH). The ATM LAN test set-up is



= Chaper 4 47

100 Mbps ECE backbone Network

Bl :com Swich
[co]lo 0 0 0 _o][d]

-.._ 10 Mbps
: S dedicated links:__ :
(full duplex) to other huby/ :

to other hubs/ switches
switches

Hub

to other

: ouzo cider ic18 iell
: (SUNUIra 1/30)  (SUN Sparc 5) (SUN Sparc 10) (SUN Sparc 5):
130.179.8.46 130.179.8.102 130.179.8.98 130.179.847 °

Figure 4.4: The Switched Ethernet LAN set-up.

shown in Figure 4.5.

The SBA-200 adapter card contains an onboard 25 mHz Intel 1960 RISC processor
that does the SAR (segmentation and reassembly) functions of AAL 3/4 and AAL 5
and cell multiplexing. The adapter interface feeds the incoming and outgoing packets
into and out of the buffer of the i960 so that the adapter memory (256 kbytes on-board
RAM) is never used for cell storage. The 1960 uses DMA (Direct Memory Access) to
move cells out of and into the host’s local memory.

The ASX-200 switch has a non-blocking switching capacity of 2.5 Gbps and pro-
vides up to 16 full duplex ports of connectivity, each running at 155 Mbps or up
to 4 ports running at 622 Mbps (OC-12/STM-4c). It consists of a SPARC RISC
switch control processor (SCP) which provides ATM switching functions including
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Figure 4.5: The ATM LAN set-up.

distributed connection set-up management and traffic control. The switch supports
Fore’s SPANS (Simple Protocol for ATM Network Signaling) protocol to establish
either Switched Virtual Circuits (SVCs) or Permanent Virtual Circuits (PVCs). All

the experiments were based on PVC ATM connections and the circuit set-up times

were ignored .

4.1.3 Switched Fast Ethernet Test-bed

The 100-BASE-T switched Fast Ethernet network set-up of the Computer Science
department was used. In this network configuration (see Figure 4.6), all 10 hosts were
Pentium II/333’s running Linux 2.0.35 and connected to a cascade of 2 Fast Ethernet
(D-Link DES-1008) switches (5 hosts on each switch) in a star topology using CAT
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Figure 4.6: The Fast Ethernet LAN set-up.

5 UTP cables. The DES-1008 switch is based on IEEE 802.3u 100-base-TX Fast
Ethernet Standard and each switch had 8 ports running at 100 Mbps supporting a
maximum data transfer rate of 200 Mbps in full duplex mode.

The DES-1008 switch uses the same CSMA/CD protocol as standard 10-BASE-T
Ethernet but achieves the high-bandwidths by combining dynamic buffer allocation
(at each port which has 8 Mb RAM) with a store-and-forward switching scheme to
support rate adaption and ensure data integrity. It uses n-way auto-negotiation for
any port which allows for auto-sensing of speed (10/100 Mbps) and auto-detection of
mode (full or half duplex) thus providing automatic and flexible network connections.
It has a packet filtering or forwarding rate of 148,800 pps per port at 100 Mbps wire

speed.
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4.2 Communication Performance

The end-to end communication performance can be characterized by a set of well
known network performance metrics. In the following sections these metrics are

defined and evaluated for the different interconnection networks.

g ~
\

Client process: Server process:
begin begin
initial pvm setup; initial pvm setup;
prepare M-byte message; prepare buffer;
do N iterations do indefinitely:
begin .
M n
start timer; Slssage t:'ansuutte:l begi
pvm_send() M-byte packets; — — _!r(_)_u§h- < network — — —» pvmn_recv() M-byte packets
pvin_recv() M-byte packets; g 4+ — - — — — — | - o - pvin_send() M-byte packets
stop timer; end
end
end

compute stat (mean, sd, max, min);

end

Figure 4.7: Pseudo-code for the echo program

To measure these network parameters a client/server echo program was used. The
pseudo-code for this echo program is shown in Figure 4.7. The program simply repeats
a Unix “ping” type operation (sending and receiving an M-byte message) between
any two nodes in the cluster a number of times (N) and measures the average round-
trip time (RTT) over all the iterations at the sender node. The communication time
between sending and receiving the M-byte message is measured only at the sender
node in order to avoid the problem of clock synchronization [47] between two different
nodes. The experimental latency measurements also include an additional time which
is spent in the network interfaces in addition to the actual transit time through the
network, since this is indistinguishable to the node. All the measurements for latency
and bandwidth on the different networks were done at night when the network was

virtually quiescent. The two communicating nodes in any network were identical
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workstations (SUN Sparc 5/170’s or Pentium II/333’s for the switched Fast Ethernet).

Latency Analysis

Communication latency is defined to be the complete communication delay while
transferring a message. A variation of RTTs with the message size (M) for the
different networks using TCP and UDP are shown in Figures 4.8, 4.9, 4.10 and 4.11.
Here the message size (M) is varied as M = 4 + n x (2 x payload_size) bytes where
n=20,123,... up to M = 8 Kbytes. The payload size for ATM cells is fixed at
48 bytes. Since Ethernet and Fast Ethernet use variable length frames, the payload
size used was the minimum, 64 bytes, frame size. For each message length (M), 100
samples were taken and the mean, minimum and mean + standard deviation of the
RTTs were plotted against the message lengths.

Discussion of Results: It can observed from the latency analysis (Figures 4.8, 4.9,
4.10 and 4.11) that the end-to-end communication latency is significantly less in all
four networks when PVM uses TCP/IP instead of UDP/IP. This is due to the fact
that for the two communicating tasks to communicate using the direct TCP route
(PvmRouteDirect) requires establishing only a single TCP socket connection versus
two Unix Domain socket connections and two UDP connections when the default UDP
route (PvmAllowDirect) is used. TCP performs reliability checks not implemented by
UDP, which is an unreliable connectionless protocol. Thus the observed performance
increase of more than two-fold is in conformance with existing results [20]. When
PVM uses the TCP based, direct link, the RTT is a linear function of the message
size but when UDP is used there is a timing abnormality (a vertical shift in RTT
values)that is observed for all networks at a message size of 4064 bytes.

4.2.1 Start-up Latency ¢,

The start-up latency t, is defined to be the minimum time required to send a zero (or

very short) length message. It is the delay incurred in setting up the communication
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Figure 4.10: Communication Latency for PVM clusters over ATM AAL5
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Table 4.1: Communication performance metrics using PVM over different networks.

The figures in bracket are the Standard Deviations (SD).

LAN Environment Protocol tg Tmaz ny/o
PVM over u sec (SD) | Mbits/sec | Bytes
Ethernet (unswitched) TCP | 802 (59.67) 8.99 | 1855
Ethernet (switched) TCP | 1506 (89.34) 9.24 | 2016
ATM (ASA-200) AAL 5 | 2601 (98.31) 30.43 | 12879
Fast Ethernet (switched) TCP 174 (1.88) 85.95 | 6628

between the source and target node and is independent of the message size. In the
experiments this was calculated using the echo program by finding half of the RTT
required to send a 4 byte message. Start-up latency is a metric for characterizing the
communication capability of a node for very short messages. Table 4.1 gives the typ-
ical average values along with the standard deviations obtained from the experiments
on two nodes averaged over a collection of 100 timing samples.

Discussion of Results: The start-up latency is observed (Table4.1) to be the lowest
for switched Fast Ethernet and maximum for ATM AALS5. This large difference (3.24
times) in ¢, values of ATM and switched Fast Ethernet (as well as Ethernet) is
attributed to the overhead of the ATM interface device drivers. It is believed that
the better communication latency in Ethernet (100BASE-T and 10BASE-T) is due
to its firmware code being fine-tuned [20].

4.2.2 Maximum Achievable Throughput 7.,

The maximum achievable throughput (ry,.) or bandwidth is the speed at which mes-

sages can be transmitted between two remote user processes. It is a measure of the
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communication capability of a node interconnect and is important for applications
which require large volumes of data transmissions. . is calculated as the ratio of
message size (2x M) by the transfer time (RTT), as in this case the latency becomes
negligible (for large M). The experimental values of M were increased from 256 bytes
to a value (1 MB) for which 7, becomes almost constant. Again, for each mes-
sage size M, a set of 100 samples were taken and the mean, minimum and mazimum
bandwidth of these samples are plotted as a function of the message sizes in Figures
4.12, 4.13, 4.14 and 4.15. Ty is calculated as the value for which the sample mazi-
mum becomes a constant and the typical values for different networks are shown in
Table 4.1.

Discussion of Results: The maximum throughput was achieved with switched Fast
Ethernet as compared to ATM which yielded only r,,.. = 30.43 Mbits/sec although
its raw available bandwidth is 155 Mbits/sec. Switched Ethernet (92.4%), Unswitched
Ethernet (89.9%), switched Fast Ethernet (85.9%) and ATM AAL5 (19.6%) showed
decreasing values of network bandwidth utilization, respectively. The poor perfor-
mance of ATM for maximum achievable throughput is due to the overhead that
occurs at two levels: the end system and the ATM switch interface (both software
and hardware) and the overhead of the PVM-ATM system as well. Hardware over-
heads included the host interface board, signal propagation delay, bus architecture of
the host and the network adapter card, all of which depend on the particular end-
system components. On the other-hand the software overheads may include device
driver overhead, execution of higher layer protocols and the interactions with the host
system’s operating system. Hence the ATM network subsystem and I/O subsystem
of the host has to be fine-tuned to achieve better communication bandwidths.

The actual performance gain on using ATM AALS5 is 3.38 times and that for
switched Fast Ethernet is 9.56 times when compared to conventional unswitched
Ethernet (10BASE-T). This indicates that considerable performance gain can still be
achijeved using a fast network inter-connect like either ATM or switched Fast Ethernet.
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Figure 4.12: Communication Bandwidth for PVM clusters over Unswitched Ethernet

Bandwidth measurements for 100 echo Samples on Switched Ethernet
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Bandwidth measurements for 100 echo Samples on ATM AALS
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Bandwidth measurements for 100 echo Samples on Fast Ethernet
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Comparision of Bandwidths on various networks
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Figure 4.16: Communication Bandwidths for PVM clusters over various networks.

4.2.3 Half Performance length n,/,

Half performance length (n, /) is the message size needed to achieve half the maximum
achievable throughput. For a given software and hardware configuration, the smaller
the n;/, value, the better the performance for medium-size messages. Thus n,/,
provides a measure of how efficient a communication system is in delivering messages
of intermediate length. The half performance length n;/; is calculated using the

expression:

o
2/Tmaz — B

where the constants a (start-up time) and 3 (transmission time per byte) are obtained

Ny =

by interpolating the data from the echo program and using the following expression:
RTT =2(a+ 8 x M)

where RTT is the round-trip time in seconds and M is the message size in bytes. This
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calculation of ny/, is based on the assumption that all hardware and software over-
heads are included in a linear model of the process-to-process message transmission
time [48]. The typical n;/, values for different networks are shown in Table 4.1.
Discussion of Results: As expected half Performance length (ny/2) is found to
be maximum for ATM followed by switched Fast Ethernet, Ethernet (switched) and
Ethernet (unswitched) respectively. Thus, for medium-sized messages the clusters
that were connected by Ethernet(unswitched) perform better and diminishing trend
in performance was observed with Ethernet(switched), switched Fast Ethernet and
ATM. At this point not much insightful explanation can be given to justify this
behavior however since the maximum achievable throughput is a function of the
particular systems’ hardware and software configurations, n;/; metric only serves as
a reference point indicating the message size needed to reach half of the maximum

achievable throughput.

4.2.4 Communication Model

A communication model given by Clement [59] was used to predict the PVM commu-
nication time over Ethernet, ATM and Fast Ethernet. For a given program execution,

the communication time T,,.,.» as predicted by this model can be expressed as

N A
Teomm = 3. (e + ”B‘) (4.2.1)
=1 T’

where N, is the total number of communications per processor, £ is the message
latency, n is the network bandwidth, B; is the size of message ¢, and v is the contention
factor. The contention factor <y is 1 for ATM, switched Fast Ethernet and Ethernet
(switched) and for unswitched Ethernet it is equal to p, the number of nodes, assuming
that all the p nodes are communicating simultaneously.

The communication times predicted by this model are compared with the actual
communication times in Figures 4.17, 4.18 and 4.19 for different message sizes and

network media.
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Actual & Predicted RTT distributions on ATM AALS
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Figure 4.17: Predicted and Actual Communication times on ATM AALS5

Discussion of Results:The estimated round-trip times calculated using equation
4.2.1 were observed to be very close to the actual values found from the experiments.
The standard deviation values were 260usec for Ethernet(unswitched), 678usec for
ATM (using AAL5) and 363usec for switched Fast Ethernet. Thus it can be inferred
that the communication prediction model described by equation 4.2.1 is reasonably
accurate for predicting the communication times in the above networks using the

given values of -y, the contention factor.

4.3 Computation Performance

Computation performance was measured by using the two benchmark problems.
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Actual & Predicted RTT distributions on Ethernet (unswitched)
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Figure 4.18: Predicted and Actual Communication times on Ethernet (unswitched)
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Figure 4.19: Predicted and Actual Communication times on switched Fast Ethernet
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4.3.1 Speed-up and Efficiency

The computation efficiency of the parallel programs were measured using the per-
formance metrics: speed-up factor, S,, and total efficiency, E;"‘. These are defined
by:

where T, is the execution time for the best serial algorithm on a single node and
T, is the execution time for the parallelized algorithm using p nodes. For both the
algorithms T, # T;. Another metric is the algorithmic efficiency, which is defined as:

Ealg — 1}’:1
f oT,

where T),—; is the execution time for the parallel algorithm on a single node.

Computation Speed-up as a function of nodes on different networks.
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Figure 4.20: Matrix computation Speed-up on various networks.
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Table 4.2: Matrix Computation (SUMMA) time (sec) on different networks.

Network Media Matrix size (n)
(p = 4 nodes, 2 x 3 mesh) | 100 | 200 400 800 1600
Best Sequential (T}) 1.33 | 11.32 | 93.94 | 756.73 | 1807.35
Parallel Tp—; (1 node) 4.04 | 24.22 | 186.67 | 1534.51 | 2514.48
Ethernet (unswitched) 0.84 | 2.13 | 11.97 | 106.51 | 1247.97
Ethernet (switched) 0.23 | 0.95 7.08 57.68 | 657.19
ATM (AAL 3/4) 0.18 | 0.95 7.01 53.47 | 601.93
ATM (AAL 5) 0.17 | 0.96 6.99 50.25 | 532.28
Fast Ethernet (switched) | 0.23 | 0.89 5.79 49.94 | 402.69

Table 4.3: S, and E.* of Matrix computation (SUMMA with n = 1600).

Network Media T, Sp EFt | B | X Ap
(p = 4 nodes, 2 x 3 mesh) | seconds | seconds % % | (calc) | (pred)
Ethernet (unswitched) 1247.97 1.45 | 36.25 50.37 1.72 0.36
Ethernet (switched) 657.19 2.75 | 68.75 95.65 - -
ATM on AAL 3/4 601.93 3.00 | 75.00 | 104.43 - -
ATM on AAL 5 532.28 339 | 84.75 | 118.16 0.77 0.11
Fast Ethernet (switched) 402.69 4.49 | 112.25 | 156.10 0.03 0.07
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Table 4.4: Parallel Flow Simulation time (sec) on different networks.

Network Media Number of Airfoils, N (each with 276 dof)
(p = 4 nodes) 4 8 12 16 20
Best Sequential (T}) 309 | 3078 | 8308 | 12823 +
Parallel T,—; (1 node) 351 | 6320 + + +
Ethernet (unswitched) 287 | 2978 + + +
ATM (AAL 5) 186 | 2243 | 3584 | 5898 9826
Fast Ethernet (switched) | 88 | 816 | 2252 | 3537 6184
+ code exceeded the virtual memory. dof = degrees of freedom

Table 4.5: S, and E;* of Parallel Flow Simulation (with 8 Airfoils).

Network Media Ty Sp E;"t Eg‘g
(p = 4 nodes) seconds | seconds % %
Ethernet (unswitched) 2978 1.03 | 25.75 | 53.05
ATM on AAL 5 2243 1.37 | 34.25 | 70.44
Fast Ethernet (switched) 816 3.77 | 94.25 | 193.62
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Matrix Computation on 4 nodes using different networks & protocols.
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Figure 4.21: Matrix computation using PVM clusters over various networks.

4.3.2 Computation Model

The computation time, T, can be estimated as:
T, = Nflerr

where Nf'P is the total number of floating point operations and 7 is the time per
floating point operation (=~ 0.22 sec/Mflop on a SUN SPARC 5). For executing a
parallel algorithm on p nodes, the total execution time, T}, is the sum of computing

Tl_‘,"’“’ and communication T3°™™ time:
T, = Tg™ + T™™ = NftePy + Teomm Ap = T5om™ [Tk

where NJ'P is the total number of floating point operations in all the p nodes and

I;o™™ is calculated from the Communication Model (Equation 4.2.1). Hence

g _ To __ Nfoor LN,ﬂop] [ 1 ]
T PL, T p (N Tmm) | pNE| [T
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Multi Airfoil Flow Simulation on 3 clusters
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Figure 4.22: Performance of the flow code over the 3 different clusters of 4 nodes.

By = Eglepy

Thus the major factors that affect the total efficiency, Ef,"‘ are the computational
efficiency, E5*® and the parallel efficiency, E2*". ES™¢ accounts for the affect of
some nodes being idle due to uneven load while E’;""’ accounts for the time spent in
communication during which computation cannot take place.

Discussion of Results of parallel matriz computation: The results of the matrix
multiplication algorithm tabulated in Table 4.2 indicate that the best sequential al-
gorithm performs better than the parallel algorithm computed on one host. This is
not surprising and is also reflected in the high algorithmic efficiency Eg‘g shown in
Table 4.3. Although the Tp,—; times are machine dependent, their consistent increase
with matrix size shows the process management overhead of the parallel algorithm
on a single node compared to a single-process in the sequential algorithm.

Discussion of Results of flow simulation: Three flow codes (Algo 1, Algo 2 and
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Validation of Results: Cp vs x/1 for a set of 3 closely spaced NACA0012 Airfoils

L 1 I ) 1 1] 13 ]

—A— Sequential Algo

3 o = Parallel Algo1
N - - Parallel Algo2 B
0.5 . . Parallel Aigo3

Airfoil 2 .
a=5°

3 Airfoils in close proximity .

] ] 1 [ 1 1 1 ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X/l

Figure 4.23: Validation of the 3 parallel algorithms.

Algo 3) were developed using 3 different partitioning techniques. The partitioning
techniques differed in the number of communications and the size of the maximum
block of data communicated as shown in Table 4.6. Overall execution time is affected
by the partitioning technique used and this is reflected in the data of Table 4.7. It is
clear from Table 4.7 that Algo 3 has the minimum number of computations and the
minimum block size of data communicated between nodes. Hence Algo & was used
for determining the overall execution time. The flow results obtained from the three
codes were exactly same (see Figure 4.23).

It can be observed from Table 4.4 and Table 4.5 that the overall execution time
T, is the best on the switched Fast Ethernet cluster followed by the ATM (AALS5)
cluster and then the Ethernet (switched) cluster. Figure 4.22 also shows the variation
of the computation time with the best sequential algorithm (not the parallel algorithm
running on one node). Comparing the Speed-up, S, from Table 4.3 and Table 4.5,

it can be observed that coarse granular problems perform better than fine granular
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Table 4.6: Domain decompositions of the Parallel Flow Simulation code (n is the no.

of airfoils used, m is the dof of each airfoil)

Algorithms No. of Max. size of No. of
(p=4) communications | matrix sent | tasks forked |
Algorithm 1 4n m2n? n
Algorithm 2 2n? +2n m? n?
Algorithm 3 4n m?n n

problems on all the three clusters.

4.4 Performance on Heterogeneous Clusters

Most LAN environments today are heterogeneous due to the commodity nature of
workstations and the phased incorporation of new generation network equipment.
Thus, heterogeneity may be reflected in terms of varying architecture, data formats,
computational speed and machine or network loads. In a workstation cluster environ-
ment, heterogeneity can also be due to the communication capability of workstations,
coexistence of multiple network architectures, and the availability of specialized sup-
port for collective communication and synchronization. Application performance can
be significantly impacted by all such forms of heterogeneity in the cluster environ-
ment.

In this section, the node-heterogeneity of a workstation cluster on unswitched
Ethernet is characterized. This characterization is done in terms of the overhead of
point-to-point communication (e.g. start-up latency) and collective communications
like broadcast and multicast latencies.

The testbed used in this set of experiments consisted of a 22 node SUN work-
station cluster connected using unswitched 10BASE-T Ethernet. There were 8 fast
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Table 4.7: Effect of domain decomposition on overall computation time on the ATM

cluster.
No of Algo 1 | Algo 2 | Algo 3 | Seq. Code
Airfoils n T, T T, T,
1 1.69 2.14 1.48 0.52
2 9.32 5.01 2.95 9.76
3 19.6 11.34 4.76 25.6
4 52.29 | 20.29 | 11.13 71.24
++ With no matrix inversion and with dof = 42

nodes (SUN Ultra 5/270s) and 14 slow nodes (7 SUN Sparc 5/170s, 4 SUN Sparc
5/70s and 3 SUN Sparc 5/85s). Measurements were taken on three different 16-node
configurations with 12.5%, 25% and 50% fast nodes, respectively.

4.4.1 Broadcast Latency

Broadcast latency is defined as the elapsed time between the source node initiating
a message and the last recipient receiving it. It was experimentally measured in the
following way. In a P node system, P — 1 broadcasts were performed by the source
node and after each broadcast operation the source node received P — 1 acknowledg-
ments. At the source node, the time between the initiation of the broadcast operation
and the receipt of the last acknowledgment was taken to be the maximum RTT. This
maximum RTT is the sum of the broadcast latency and half of the round trip latency
between the source and the last recipient node. The RTT latency between the source
node and the last recipient node was measured by sending a message of the same

length to the last recipient node from the source node. The broadcast latency® (on

3Broadcast latency on shared media can be measured using snoop or the Berkeley Snoop Protocol
(refer http://www.cs.berkeley.edu/-hari/thesis/).
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Figure 4.24: Broadcast Latency measurements using PVM/TCP over Ethernet.
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a shared media like Ethernet) was obtained by subtracting half of the RTT from the
maximum RTT reading. For each message size, 100 sample readings were taken and
the minimum broadcast latency reported. Each experiment was repeated by varying
the message size from 4 bytes to 1024 bytes. The graphs for broadcast latencies vs.
message size with different fast and slow node configuration is slown in Figure 4.24
using TCP and in Figure 4.25 using UDP.

Discussion of Results: It can be observed from Figures 4.24 and 4.25 that the
broadcast latencies are appreciably less when the TCP-based direct route is used for
communication than the default route through UDP. The performance improvement
is clearly marked when the set of nodes contains more faster nodes. This improvement
in performance diminishes after a certain message size due to the fact that with in-
creasing message size the transmission time dominates over the start-up latency. The

effect of node heterogeneity could not be clearly observed due to network congestion.

4.4.2 Multicast Latency

The latency of sending a message from a source node to a set of recipients which is
a subset of the set of nodes is termed the multicast latency. The same procedure
for broadcast operations was repeated 100 x (r — 1) times, where r is the number of
recipients. Here the pum_mcast() function was used for multicasting. In Figure 4.26
and Figure 4.27 the multicast latencies using TCP and UDP are respectively shown.

Discussion of Results :Figures 4.26 and 4.27 show the results for multicast laten-
cies. Ideally the performance should improve with an increase in the number of nodes
in the cluster. Again as the message size increases the transmission time dominates
and the performance decreases. It can be observed from Figures 4.26 and 4.27 that
improvement is distinct when TCP based route is used instead of UDP. Some of the

effects of node heterogeneity are, again, lost due to the network congestion.
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Table 4.8: Start-up latency (in psec) on Ethernet for heterogeneous nodes.

Ultra | Ultra | Sparc | Sparc | IBM RS
5/270 | 2/2300 | 5/170 | 2/100 | 6000/590

Ultra 5/270 (UP) 656 | 1374 | 1954 | 5868 2266
Ultra 2/2300 (SMP) 764 | 928 | 1975 1597
Sparc 5/170 (UP) 1041 | 2119 1748
Sparc 2/100 (UP) 3266 2736

IBM RS6000/590 (UP) -

4.4.3 Point-to-Point Communication

The round trip latency between five different pairs of workstations with varying ar-
chitectures, speeds and operating systems were measured. The workstations were
connected through 10-BASE-T Ethernet and were running PVM version 3.3.11 for
point-to-point communication. A 4 byte message was sent between the sender and
receiver nodes and the averages of 100 such RTTs are shown in Table 4.8.
Discussion of Results: It can be observed from Table 4.8 that point-to-point com-
munication is much faster between homogeneous nodes than between heterogeneous
nodes. For instance the SUN Ultra 5/270 takes 8.95 times longer to communicate
with a SUN Sparc 2/100 than with another similar Ultra 5/270 node. It can also be
observed that the communication start-up time in the SUN Ultra 2/100 is around 5
times that of a SUN Ultra 5/270. Hence it can be inferred that heterogeneity of the

nodes may have a significant effect on the communication start-up times.
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4.5 Summary

This chapter concludes with a summary of the experimental results. Latency analy-
sis showed performance gains in all the 4 clusters when TCP/IP was used instead of
UDP/IP as the communication protocol. Switched Fast Ethernet had the best start-
up latency, the worst being on ATM. This is attributed primarily to the overhead of
ATM device drivers. The high NIC and PVM-ATM system overhead resulted in low
application bandwidth (and half performance lengths) of ATM compared to switched
Fast Ethernet which had the maximum throughput although the raw bandwidth of
ATM was higher. The network model used predicted fairly close RTT times com-
pared to the actual times for all the clusters. The overall execution times for the
matrix multiplication problem and the flow simulation problem was the least in Fast
Ethernet followed by ATM, although it showed some speed-up anomalies (superlinear
speed-ups). The Speed-up, S,, factor was found to be more for the coarse grained
problem (matrix multiplication), as expected, than the fine grained problem (flow
simulation). Point-to-point communication was found to be faster (as expected) be-
tween two homogeneous nodes than heterogeneous ones. In a heterogeneous cluster,
as the number of faster nodes was increased, multicast and broadcast performance
improved initially but as the message size increased it diminished since transmission

time became significant.



“When you have eliminated all which ts tmpossible,
then whatever remains, however improbable, must be the truth”.

- Sherlock Holmes by Sir Arthur Conan Doyle.

Chapter 5

Conclusions and Future Work

This Thesis concludes with a summary of the inferences drawn from the work and

an enumeration of possible directions for future work.

5.1 Summary

The observations drawn from this study of the three distributed clusters on high-speed

networks can be summarized as follows:

e Unswitched Ethernet: Unswitched Ethernet was found to have a small start-
up latency (802us) compared to switched Ethernet, since its route involved a
single-hop instead of 4 hops in the latter. However, the maximum achievable
throughput (7,4-) was higher in switched Ethernet, although both the networks
had a raw bandwidth of 10 Mbps. This reflects the impact of having a switch
for internode message transfers. The coarse grained problem showed the highest
overall execution time on this network although it did achieve a speed-up, S,
of 1.45 on 4 processors. From these results it can be concluded that unswitched

Ethernet is suitable only for those distributed applications which involve very
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little message passing (due to low n;/2) or where minimizing the total execution

time would be an alternate goal.

e Switched Ethernet: Switched Ethernet had a start-up time (1506us) which was
lower than ATM (due to less NIC overhead) but much higher than switched
Fast Ethernet (due to the relatively slower data link). Switched Ethernet
however had the highest network bandwidth utilization® (92.4%) compared to
unswitched Ethernet and other networks. Again the impact of the switch can
be seen, reducing the packet collision domain through switching. The execution
time of the coarse grained problem was significantly less than on the unswitched
Ethernet. These results were for virtually silent network load conditions but
with high-network load such performance improvement may not be noticeable.
From these results the same general conclusions as for the unswitched Ethernet

can be drawn.

e ATM: ATM showed the highest start-up latency (2601us), for reasons discussed
in Section 4.2.1. It also resulted in the highest half-performance length and the
lowest network bandwidth utilization (19.6%). In Section 4.2.2 and 4.2.3, the
reasons for this poor performance of ATM for data communication in LANs
was discussed. Compared to Ethernet (both switched and unswitched) a per-
formance gain for coarse granular problems on ATM was observed. This gain
was observed when either of the protocols ATM AAL 3/4 or AAL 5 was used,
the maximum gain being with AAL5. It can be concluded that although ATM
has a very high link bandwidth (155 Mbps), in its present state, ATM is not suit-
able for distributed applications involving frequent, small or even medium size
message transfers because of latency issues. It is however a very good technol-
ogy for backbone networks, WANSs or other applications including multi-media

communications. Thus to effectively use ATM as a cluster interconnect, further

!Network bandwidth utilization is the ratio of the actual bandwidth obtained to the raw available
bandwidth.
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research is needed to fine-tune its performance for LANs.

e Switched Fast Ethernet: The best results on both communication and com-
putation performance were obtained by using the switched Fast Ethernet. A
start-up latency of 174 us, rrme. of 85.95 Mbps, with 85.9% network bandwidth
utilization and an n,/, of 6628 bytes was observed. The coarse grained problem
performed the best on this network, with S, of 4.49 and E.** of 112.25%. These
results clearly indicate the suitability of switched Fast Ethernet as a cluster

interconnect for both coarse and fine granular distributed applications.

e In the context of distributed cluster computing as opposed to traditional paral-
lel computing on MPP systems, it can be concluded, as would be expected, that
the coarse granular problems performed better than the fine granular problems.
On the communication side, TCP/IP based routing was found to be give faster
communication than UDP/IP routing both for homogeneous and heterogeneous
distributed clusters. On the computation side, we observe that algorithmic do-
main decomposition can have a significant impact on the overall execution time.
Since decomposing data onto processors is a difficult (NP-complete) optimiza-

tion problem there is need for a focus on good heuristics.

5.2 Future Directions

Based on the lessons learned from this study several future directions for research can
be suggested. Some of these can be pursued as a logical extension of this work, while

others are problems of a more general nature.

o Reducing the spin-waiting latencies of parallel subtasks: In this thesis the PVM
system used had a default scheduler that scheduled atomic jobs over a predefined
number of nodes using a round-robin scheme. It’s scheduling policy was not

based on the current workload of the nodes. A more dynamic scheduler could
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be developed that would make more informed scheduling decisions based on
the runtime load information of the nodes (like user/system CPU utilization,
average number of jobs in the run queue, etc.). When spawning a task, the PVM
resource manager could select the most lightly-loaded host from the host pool in
order to attempt to balance the compute load. Ideally such a scheduling scheme
would facilitate efficient use of existing computational resources by reducing the
communication latency and response time (due to reduced spin-waiting periods
and context switching latencies) of PVM jobs comprising of parallel subtasks.
In Appendix III the design of one such scheduler is described.

e Latency-hiding using time parallelism in the algorithms: It was noted by an-
alyzing the experiments that in distributed clusters, depending on the cluster
interconnect, the start-up times can be as high as the computation times for
some applications. This results in large communication latencies. There are
two latency hiding techniques that can be used to ameliorate this problem.
One technique is overlapping communication with computation by using non-
blocking routines (send, receive). Thus while a process is waiting for a commu-
nication to be completed it can do some useful computation and thus be kept
busy. The other technique is mapping multiple processes onto a single processor
and using a time-sharing facility to efficiently context-switch from one process
to another. To achieve this parallel slackness?, threads® can be used to minimize

the context switching overhead.

e Faster PVM communzcation on ATM via direct use of ATM API: In this thesis
the PVM implementation over the Fore Systems’ ATM API was used. How-

ever, the Fore Systems’ ATM API library routines provide a connection-oriented

2When an m-process algorithm is implemented on an n-processor machine, the algorithm is said

to have a parallel slackness of m/n for that machine.
3Thread is a light-weigh process which share the same address space and global variables with

other threads unlike processes.
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client and server model. It provides a socket-like portable interface to the ATM
data link layer with support from the underlying device driver. Applications
could be developed using these API routines which would result in better com-

munication performance due to reduction of the protocol overhead [20].

e Incorporating Fault-tolerance in PVM: The PVM system used in this thesis
is not rigorously fault tolerance. It does not provide any primitives for task
check-pointing, migration, suspension, resumption or a combination of these to
support adaptive execution. A discussion of some of the current work in this

area is briefly mentioned in Appendix ITI.

e Load balancing in heterogeneous clusters: Distributed clusters may be hetero-
geneous, varying in their processor speeds, interconnects, communication capa-
bility, available memory, etc. In this research only the collective performance
of heterogeneous clusters were evaluated. However, minimizing execution times
by partitioning data effectively among a set of nodes, based on their proces-
sor speeds and communication cost is an important problem area that can be

explored ({109}, [110]).

o Algorithmic improvement with parallel out-of-core LU decomposition: The flow
simulation problem of this thesis involved the solution of a large linear system
of equations. A parallel Jacobi iteration technique was used, which does not
always converge? or can have exceedingly slow® convergence rate. When the
matrices (which are dense) become larger they may not fit entirely in physical
memory. This calls for new solution techniques. One approach would be to use
the parallel out-of-core factorization routines of ScaLAPACK [108].

o Distributed computing on hybrid clusters: With clusters becoming heteroge-

1t converges only if the matrix is strictly diagonally dominant and the convergence rate depends
on the largest eigen-value in modulus of iteration matrix —D~*(L + U)

51t converges in log(n) steps, the parallel time complexity with n nodes is @(log(n))
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neous in terms of machine architectures (workstations or PCs) that run a vari-
ety of operating systems (Windows 98 /NT, Mac, LINUX etc.), similar research
could be done using a combination of such diverse clusters. The recent version
of PVM (Version 3.4) has the ability to provide message-passing support in such
a hybrid cluster architecture. Assessing the effects of this form of heterogeneity

would be interesting.



“If I have seen further it is by standing on the shoulders of Giants”.
- Sir Isaac Newton
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“Deep in the fundamental heart of mind and Universe,
there is a reason”.

- Slartibartfast.

.1 Appendix I: Matrix Algorithms

.1.1 Basic SUMMA Algorithm

In the SUMMA algorithm, the elements of C are given by

n
cii = 3 amby;
k=1

where a;;,b;; and c;; denote the (%,j) element of the matrices, respectively. Here
the rows of C are computed from rows of A and columns of C are computed from
columns of B. Hence, af = of' and 8f = BP. Here the notation o and 8% are used
to denote respectively, the row and column dimensions of the matrix X. The blocks

of C;; are formed as:

i ( By )

o = (ala| 20w ) |2 1

\ Br-1j )

s

It can be observed that A; is entirely assigned to node row ¢, while E’_,- is entirely

assigned to node column j, hence j.. and Bj can be written as:
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Hence the SUMMA algorithm is a sequence of rank-1 updates (4 < A + azyT).
Using this scheme of data-decomposition and matrix-matrix multiplication, the mod-
ification that was adopted for this thesis concerns the local matrix-matrix multiplica-
tion at each computing node. If the partitioned matrices are square matrices then a
block-matrix multiplication with loop unrolling (to a depth of 4) is used and otherwise
a regular matrix multiplication is used. The idea being that the block algorithms have
the potential for larger amounts of reusable data and improve the computation per-
formance by affecting the data flow between the functional units and the lower levels
of memory. The algorithm for this local n-by-n matrix multiplication (C = A x B)
with IV blocks (block size = n/N) is given as:

for i=1to N
for j=1to N

load C* into fast memory (cache)

for k=1 to N, ctops of 4 (loop unroll)
load A%* into fast memory (cache)
load B*J into fast memory (cache)
O = Cid 4 AVk . Bhi
Cii+l = gid+1 4 gik . gkg+l
Ci+ld = Ci+1d 4 gi+lk, gkd

CitLi+l — oitli+l | gi+lk, ghj+l
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end for
write C*J back to slow (main) memory
end for

end for

This algorithm uses O(n?) memory references (communications) and O(n®) flops

yielding Q = %ﬁ = \/ fast memory size/3. Thus, the larger the fast memory

size, the greater @ and the better the memory utilization.

.1.2 Jacobi Iteration Technique

For a linear system given by, [A]{z} = {b} where the matrix [A] is diagonally
dominant®, the values of {z} can be written as:
(kv1) _ 1 S PG RIIR SN
o == b= YTy — D 6y
Qi i=1 j=t+1
or if [A] is written as [A] = [L] + [D] + [U], where [L], [U], [D] are respectively
strictly lower, upper and diagonal components of [A]. Then the Jacobi iteration can

be written as:
.'Z:(k+1) — _D—l (L + U) m(k} + D—lb

The condition that [A] be diagonally dominant is a sufficient condition and not a
necessary condition for convergence. The Jacobi iterations require a test of conver-
gence of the successive iterates. Two commonly used tests (with € denoting the error

tolerance) are

D) — x| < e

[+ — x®| < elfx®|

®That is, 37,_; laij| < |as| Vi € [1,n]. A matrix may be made diagonally dominant by permuting

its rows and columns, if it is not already diagonally dominant.
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Other termination techniques are: the vector termination technique suggested by
Pacheco [88]:

VE (-t <

=0

and the Bertsekas and Tsitsiklis’ (1989) termination condition given by:

n—1

k
IS ae® — b < e
j=0
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.2 Appendix II: ATM and PVM Architectures

.2.1 ATM Protocols

Application Layer Application Layer Application Layer
TCP UDP ATM PVM Interface
P API ATM API
ATM ATM ATM AT™M ATM AT™M
AAL3/4| AALS AAL3/4| AALS AAL3/4| AAL S
ATM Layer ATM Layer ATM Layer
Physical Layer Physical Layer Physical Layer

Figure 1: Network Protocol hierarchy for ATM LANs

This section briefly reviews the ATM protocol architecture. The layers of the
protocol stack of ATM are shown in Figure 1. The ATM model consists of three
layers: the physical layer, the ATM layer and the ATM Adaption layer (AAL). The
physical layer encodes or decodes the data into suitable electrical/optical waveforms
for transmission and reception on the communication medium. The ATM layer is
responsible for cell relay between ATM-layer entities, cell multiplexing and demul-
tiplexing, cell rate decoupling, flow control access, etc. The AAL provides a link
between the services required by higher network layers and generic ATM cells used
by the ATM layer. ITU-T7 has defined four service classes based on three parameters:

time relation between the source and the destination, constant or variable bit rate,

and connection mode. The classes are,

"International Telecommunication Union Telecommunication Standard Sector.
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Class A. Uses AAL 1 protocol, supports constant bit rate services (such as tradi-
tional voice transmission), time relation exists.

Class B. Uses AAL 2 protocol, supports variable bit rate video and audio infor-
mation, time relation exits.

Class C. Uses either AAL 3/4 or AAL 5 protocol, supports connection oriented
data service and signaling, variable bit rate, no time relation.

Class D. Uses either AAL 3/4 or AAL 5 protocol, supports connectionless service,
variable bit rate, no time relation.

In this thesis work, the AAL 3/4 and AAL 5 protocols were used.

.2.2 The PVM System

The PVM architecture is shown in Figure 2. The PVM daemon process, known as
pvmd, executes on each host. Each pvmd serves as a message router and a controller.
It is also responsible for all application component tasks executing on their host,
exchange of network configuration information and dynamic memory allocation of
packets traveling between distributed tasks. Each host usually has a number of tasks
and a local pvmd.

The communication between tasks in different hosts may occur directly as a task-
task interaction or as a task-pvmd-pvmd-task interaction as illustrated in Figure 2.
Direct task-to-task links in PVM are established using the PvmRouteDirect option
which enables the source task to communicate with the remote task through a TCP
based socket connection. The indirect task-pvmd-pvind-task links are established
using the PvmAllowDirect option where the source task first communicates with its
local pymd through a Unix domain socket. The local pvmd then uses a UDP socket
to communicate with the remote pvmd which finally communicates with its local
task through a Unix domain socket (see Figure 2). The indirect routing (which is
the default routing) guarantees scalability, since it uses connectionless UDP sockets

which, unlike TCP, does not consume file descriptors [50] and hence can communicate
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The PVM configuration
Figure 2: The PVM architecture and its communication routes.

with any number of tasks (remote or local). But it is not efficient as it requires 2
Unix Domain socket connections and a UDP connection for messages to reach their
destinations.

In PVM a console program is used to perform tasks such as configuring the virtual
machine, starting and killing processes, and collecting and checking process status in-
formation. PVM supports dynamic reconfigurability by allowing hosts to enter or
exit the host pool at any point in the execution of a concurrent application. It also
supports the notion of dynamic process groups implying that processes can belong
to multiple named groups and at any time during computation the groups can be
changed. Although automatic recovery procedures are not built into the PVM sys-
tem it can withstand some degree of host and network failures since operations may
continue when any host, aside from the master host fails.

In version 3.3.4 and higher versions of PVM, it is possible to designate a special

task as the resource manager or global scheduler (GS). This resource manager can
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Task Id 1 Task ID 2
( ) ( i —
vin_setopt() ;
P R pel) send buffer .
receive d

pvm_initsend(); & | through the network T H—- - - :

pvm_pkinc( &i, 1, 13; y 4 :
vm_recv(tid_1, msg_tag):;
pvm_pkdouble(d, n., 1); prm_recv(eid 9-ta9
vm_upkint(&i, 1, 1):
pvm_pkstr(s, strlen, 1): pvm_up (
pvm_upkdouble(d, n, 1)
pvme_upkstr{s, strilen, 1l):

pvm_send(cid_2,msg_tag);

Figure 3: The mechanism of message packing, sending and unpacking in PVM.

make policies on task-to-processor allocation for efficient scheduling or load balancing
of multiple parallel applications. Using such a global scheduler makes it convenient
to experiment with different scheduling policies to improve system performance.
PVM programs are usually organized in a master-slave model where the single
master task is first executed and all others are spawned from this master task. Execu-
tion of one or more identical processes (slave tasks) are started using the pvm_spaun()
routine. The task IDs of the slave processes started on the specified hosts are returned
in an array specified in pvm_spawn(). Message passing in PVM is done using the rou-
tines pvm_send() and pvm_recv(). Calls to these routines are embedded into the user
code prior to compilation. All PVM send routines are nonblocking (asynchronous)
while the receive routines can be either blocking (synchronous, pvm_recy()) or non-
blocking (pvm_nrecu(}). Before a send operation is done the default send buffer is
initialized by the source process with pvm_initsend(). If the data to be sent is com-
posed of various data-types then the data has to be packed into the PVM send buffer
prior to sending the data. The basic packing routines are pum_pkint() for integers,
pvm_pkdouble() for doubles, etc. The other routines that are used for a group of pro-
cesses include pym_bcast(), pvm_scatter(), and pum_reduce() for broadcast, scatter and
reduce operations respectively. The PVM message passing mechanism is illustrated

in Figure 3.
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.3 Appendix III: Scheduling in PVM

.3.1 An Experimental PVM Scheduling Model

The abstract goal of scheduling PVM tasks can be stated as follows:
For a given a set of tasks comprising a computation and a set of computers on
which these tasks can be ezecuted, the objective is to map the tasks to processors based

on the processor’s load information at runtime so as to minimize the overall exzecution

time.
pvm send
Slave Node |
=E M
SD o
. TCP [
socket
Master Node wn
~ N
Thread 1 bagrier_wait Thread 1
A e e e N e I - sM
/N( Thread 2 barrier_wait Thread 2 Creat
e
/ :‘R\ ] F=1 « receive data rea
SM Thread > . Thread 3 sorted
N S << = | — ] *pocesdan B
Threadn > o bariec_wait Thread n .
N = ] — ] list
=~ -~ -~
~ -~
L wn N —. to other nodes i J
pvm seand
SM = Master Scheduler exee -
SD = Scheduler Dacmmon SD ™ w
LM = Load Monitor . TCP *
Slave Node n

Figure 4: Use of multithreading in Scheduler master to determine load statistics.

In the PVM system this can be achieved by using the PVM resource manager
(pvm_reg_rm() function) to do the scheduling of slave hosts based on the current
load information of the nodes. Using PVM’s resource manager with a customized

scheduling policy® involves writing an entire scheduler similar to that of PVM's default

SPVM version 3.4 has given example routines like tasker and hoster for customized scheduling.
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round-robin scheduler. This would be a significant undertaking. An easy and less
involved alternative would be to ezplicitly spawn PVM tasks based on the nodes’
current load information rather than doing a default cyclic allocation. This is the
central idea behind the development of the experimental PVM task scheduler.

Figure 5: Scheduling in the PVM configuration. Scheduler tasks and subtasks run
along with the actual problem tasks on each host.

The basic scheduling model consists of a master scheduler (SM), a scheduler slave
or daemon (SD) and a load monitor (LM) running on each node as shown in Figure 5.
The master scheduler forks a number of threads equal to the number of available nodes
in the PVM system. Each thread in turn spawns a PVM task (SD task) in each of the
nodes and executes a barrier. The SD in each node, after a specified polling interval,
invokes the load monitor (LM) to collect (via a socket connection) the processor load

statistics? every 30 seconds, parses them and sends the information to the master

®The Unix top utility was modified and run by the LM to determine the relevant processor load

data including CPU idling percentage, number of processes in the run queue, etc.
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Table 1: Machines (icll, cider, ic18, ouzo) sorted in descending order of CPU load

by the load monitor.

Machine  Time idle-cpu user-cpu load-avgl load-avg2
icll-atm  [11:25:12] 90.90% 1.80% 0.00 1.00
cider-atm [11:25:12] 0.00%  91.80%  1.06 0.00
icl8-atm  [11:25:12] 0.00%  91.80%  1.06 1.04
ouzo-atm [11:25:12] 0.00%  97.10%  1.00 1.04
Machine  Time idle-cpu user-cpu load-avgl load-avg2
icl8-atm  [11:25:19] 91.70% 0.90% 0.02 0.01
icll-atm  [11:25:19] 91.70% 0.90% 0.02 0.01
cider-atm [11:25:19] 91.70% 0.90% 0.02 1.00
ouzo-atm [11:25:19] 0.00%  98.00% 1.00 0.01
Machine  Time idle-cpu user-cpu load-avgl load-avg2
icll-atm [11:25:26] 90.80% 0.00%  0.01 101 |
cider-atm [11:25:26] 0.00%  92.20%  1.09 1.05
ic18-atm  [11:25:26] 0.00%  94.00% 1.11 1.04
ouzo-atm [11:25:25] 0.00% 97.10%  1.02 0.01

before it suspends itself for a specified sleep interval. The master scheduler awakes
the threads to asynchronously receive the load statistics from the slave tasks and
uses a sorting algorithm to order the nodes in a sorted host list. The PVM tasks
comprising the actual computation are then self-scheduled (spawned) based on this
sorted host list, i.e. it maps new tasks to nodes, favoring the idle or least loaded
processor in the host list.

A snap shot of the sorted nodes and their user and system load statistics which

were obtained from the load monitors in each node is shown in Table 1.
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3.2 Related Work on PVM Scheduling and Fault-tolerance

The resource manager interface of PVM is used to separate its scheduling mechanisms
from its scheduling policy. This interface can be conveniently used to test various
scheduling algorithms for use with the PVM system. The job of a resource manager
in PVM is similar to that of a global scheduler. It embodies decision making policies
including such things as task-processor allocation, task spawning and termination,
etc. for efficient scheduling of multiple parallel applications.

Task or process migration implementations, in general, can be at the user-level or
at the operating system-level, the latter involves modification of the OS-kernel. Global
scheduling systems that have been implemented at the user-level include Condor [100],
MPVM [101] (Migratable PVM), UPVM [103], PRM [102], DQS [104], Fail-Save
PVM [105}, DynamicPVM [107], and DOME [106]. Notable examples of system-level
implementations are MOSIX [95], Charlotte [96], V [97], Sprite [98], and Mach [99].

The most popular of the user-level process migration implementations is Condor
[100] which runs on a workstation cluster to harness wasted CPU cycles. Condor’s
scheduling mechanism have been integrated with PVM (through its CARMI interface
[100]) to provide support for process suspension/resumption and process migration
of sequential jobs (via the remote system call facility) but presently PVM/CARMI
does not support PVM task migration. Transparent, asynchronous task migration
between homogeneous nodes is supported by MPVM [101] which has portability
and source code compatibility with PVM. To achieve migration, Condor uses a
checkpoint /roll-back mechanism (offered by its CoCheck [94] interface) which ensures
its fault-tolerance. MPVM is not fault-tolerant but achieves better task migration
speed by transferring the process state of its migrating tasks directly through the
network (using a TCP socket connection). Transparent task migration and restart is
also implemented in Fail-Safe PVM [105] which uses synchronous check-pointing and
explicit message flushing at checkpoint time to independently checkpoint applications.

The Prospero Resource Manager (PRM) [102] is another software environment
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that supports PVM applications through an interface library which translates PVM
APT calls to their library’s API. It’s task migration scheme is similar to Condor’s
and is based on check-pointing involving the creation of core dumps and checkpoint
files. UPVM [103] can also transparently migrate PVM tasks but unlike MPVM,
tasks in UPVM are implemented as User-Level Processes (ULPs) which are thread-
like entities. Unlike threads, however, each ULP has its own data, stack and heap
space. Though ULPs have the potential for achieving faster migration speeds and
better load balance they are restricted to SPMD programs only. Similar to MPVM is
DynamicPVM [107] which supports process migration by adding checkpoint-restart
primitives to the PVM runtime support system. The Distributed Queuing System
(DQS) [104] also supports PVM jobs in addition to supporting load balancing of
batch applications across a heterogeneous network. It creates a new set of PVM
daemons at the start of a PVM job and terminates the daemons at job completion.
This overhead at PVM system initiation, however, adds to the cost of running the job.
DOME [106] is another computing environment that supports application-level check-
pointing (to handle heterogeneity) and dynamic load balancing. It is implemented as
a library of C++ classes and uses PVM for its process control and communication.
Most of the above systems use various techniques for static and dynamic scheduling
in such distributed-memory environments. The most common scheduling policies are
based on either gang scheduling [91], dynamic co-scheduling [92] or proportional-share
scheduling [93].

Support for adaptive execution of PVM tasks on a shared workstation cluster can
also be provided by systems implemented at the operating system level. Although
such systems can handle most of the problems that are associated with user-level
implementations (e.g., total migration transparency, efficient task check-pointing, and
migration) they are not portable and are hardware/OS dependent compared to the

software systems implemented at the user-level.
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.4 Appendix IV: Flow Simulation Problem

This appendix describes the theory behind the surface vorticity boundary integral
method and describes the detailed computational scheme adopted in the solution of

the multi-body airfoil problem.

.4.1 Surface Vorticity Analysis: Mathematical Formulation

The flow past a two-dimensional body in the (z,y) plane (see Figure 6), subjected
to a uniform stream Wiyr inclined at an angle o, ¢ to the = axis is considered. The
potential flow past this body can be modeled by replacing the body surface with a
vortex sheet y(s) of appropriate strength (Figure 6). The potential flow assumption
is valid for such aerodynamic calculations because of the fact that the viscous effects
are small in the flow-field and the flow-field is sub-sonic everywhere. The surface
vortex sheets provide the necessary discontinuity in velocity from zero on the body
to the potential flow velocity at the edge of the flow domain. These vorticity sheets
created under the influence of the surface pressure gradient freely convect and diffuse

downstream. Hence the surface vorticity model is a direct simulation of an ideal

inviscid flow.

inf

inf

Surface vorticity
element y(spds,

Figure 6: Surface vorticity model for a 2-D geometry.
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The Biot-Savart law can be used to represent the velocity dgm, induced at s, (as
shown in Figure 6) due to a small rectilinear vorticity element y(s)ds, located at s,

on the body, by the following equation:

den = L;j:)dsn
Tmn

The (z,y) components of dgn, can be expressed as a function of its geometric

co-ordinates as:

. = YEn)dsn o0 (ym_‘zyﬁ) (5a)dsn

2P mn 27ri,

2T Tmn 2wri .,

AV = Y(sn)dsn COS P = — (:Em_—zﬁ) v(8r)dsy,
r

Using the profile slope Gy, the velocity dgms resolved in the direction parallel to
the body surface s,, is given by,

_ 1 (ym - yn) COSﬂm - (xm - 311) Sin,Bm _
AVymn = 3 { (T — 2.) T (U — 2) } Y(8n)dsn = k(Sm, 5n)Y(Sn)dsn

where k(s,5,) is the coupling co-efficient matrix. For two-dimensional flows the
Dirichlet boundary condition of zero velocity on (and parallel to) the body surface at

Sm can be expressed as:

fk(sm, Sn) Y(8n) dsn — % Y(8m) + (Weo COS sy ) €0S B + (Woo sI 0t ) sin By, = 0

(4.1)

where the last term is the component of W, resolved parallel to s,,. Equation .4.1is a

Fredholm integral equation of the second kind and represents the classical Martensen’s
boundary integral equation for two-dimensional flows.

The numerical modeling of equation .4.1 is done by selecting a finite number M of

pivotal points representative of the surface (see Figure 3.4). When the body surface is

so discretized by M line elements of length As, and the equations for the M pivotal
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points with M unknown values of surface vorticity, v(s;),? = 1, M can be expressed

as a linear system of the form:

M
Z K(sm;sa)7(sn) = W(sm) (4.2)
n=1

W(sm) = —Uecosfn — Vosinfy,

where Uy, and V,, are components of W, parallel to the z and y axes and K(sp,, s,)

are the coupling co-efficients linking elements m and n, which are given by:
K (Sm, Sn) = k(Sm, 80) A8y

In equation .4.2 the term %’y(sm) from equation .4.1 is implicitly absorbed in
K(Sm,8,)- It can be observed that K(sn,s,) is finite but is indeterminate when

m = n. Hence, for the case when m = n, K(sn,, s,) is given by:

1
K(Sm, Sn) = _E +K:nm

where K . is the self-inducing coupling co-efficient given by

A m m -~ In m — 4n i
K= Bm {(y Yn) 008 fim = (2m — 2 )zsmﬁm}
2m Sm—en (mm - zn) + (ym - yn.)

For linear elements K, is assumed to be zero. The expression for the coupling
co-efficients linking the panel m of body p with the panel n of body ¢ in a P body
assembly is given by:

P Mg
Z Z K21 (8gn) = —Ucx €08 By — Vo sin Bpm
g=1n=1
where p € [1, P| and m € [1, M,]. The left hand side of the above equation describes
the contributions from all panels, = € [1, M,] on each of the bodies, (g € [1,P]).
Each of the P bodies may have a different number of panels M, that are required to

represent its geometry.
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4.2 Computational Scheme

This section describes the computational scheme and the steps involved in the solution

of the system of linear algebraic equations obtained by the above method for multi-

body elements.

Step 1. Input data

The M + 1 geometric co-ordinates (X;, Y;) as shown in Figure 3.4 are
specified clockwise around the profile starting from the leading edge such
that point 1 and point M + 1 are coincident points, ensuring the closure
of the profile. For the experiments in this thesis, the NACAO0012 airfoil
data was taken from Abbott, I. H., et al. [85]. This data generates a
crude airfoil profile which needs interpolation for finer discretization. The
X; co-ordinates of the NACAQ012 airfoil are hence interpolated using a
cosine spacing function given by:

% = % [1 —cos{gv;_l)%}] i € [1,N]
The idea behind using this type of distribution is to equally space the
panel node points as shown in Figure 7 so that the panels are of equal
length. The corresponding ordinates (Y;) of the X; values so determined
are found by using a cubic spline interpolation based on the original profile
data.

The spline functions of MATLAB® were used to generate the profile
data. The entire interpolation was done for the top section of the airfoil. A
point which should be noted is that at the leading edge a few points from

the lower section were also used for interpolation in order to smoothen the

10OMATLAB is a product of The Math Works, Inc. It is an integrated technical computing envi-
ronment that combines numeric computation, advanced graphics and visualization, and a high-level

programming language.
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Figure 7: Interpolation of points using the cosine spacing function.

leading edge curvature. For the lower section the co-ordinates were formed
by using the same X; values and negating the Y; values. The same data
was used to generate the other airfoils except in those cases the (X;,Y;)

co-ordinates were translated by a pre-determined amount.

Step 2. Data preparation

Line segments or panels were constructed by joining the successive data
points (X;,Y;). Panel i represents the panel (Figure 8) between nodes ¢

and 7 + 1. The panel length As; is given by,

As; = /[(Xirr — X0)? + (Yer1 - Y2)?]

and the profile slopes in finite-difference form can be written as,

X — X . Y-
cos B; = A sin 8; = A

These values can be used to calculate the profile slopes §;, taking care
of the correct geometric quadrant (from the sign of their cosine and sine
values). The co-ordinates of the pivotal points (z;, y;) that are located at

the mid-point of each panels, are calculated as:

1 1
zi =3 (Xini+X3) w= 3 (Yia + Y3)
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i+l

(a) Panel nomenclature (b) Orientation of unit vectors

Figure 8: The local co-ordinate system for panel nomenclature.

Step 3. Coupling co-efficient matriz, K(s;, s;)

The coupling co-efficient matrix for a single isolated airfoil is calculated
as follows:

Asj {(!Ii-yj)cosﬂi—(z.'—zj)sinﬁ,-

K(s;, 55) = 2 (zi-2;)"+(yi-y;)* } Vi # j
=% = &r (Besr = fim1) Vi=j

When there are P mutually interacting bodies, the coupling co-efficients

representing the induced velocity at the pivotal point 7 of body p due to
pivotal point j of body g are given by the following equation:

ez oy — O (47 — vf) cos AP — (2f — =) sin BF #
i155) = 2 2 D7Fq
U @) )
The global flow equation then takes the form:

(&3] - [K¥] | ] {(shy {W(sh}

[KEY .- [KEP] {7(s)} {w(s)}
Step 4. Right hand sides, W;

For any body p, the right hand side vector is computed as,

W; = —Uq cos 87 — Vo sin 57
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Step 5. Back diagonal correction

Kelvin’s theorem states that the net circulation, AT';, around the pro-
file interior induced by a surface vorticity element, y(s;)As;, should be
zero. When this condition is enforced on the coupling co-efficients K;,

the elements of the column z get modified as follows:

K(se,8:)) = —2L-TMK(sj,:)s; Vi€ [1,k)U(k, M]

As;,

where £ = M + 1 — 7. The back diagonal correction is required to en-
sure that the net circulation around the profile interior implied by the

numerical model is explicitly made zero.

Step 6. Internal circulation correction

The internal circulation correction suggested by Wilkinson needs to be
applied for bodies in close proximity. For airfoil systems where the gap
between points pz and g7 on adjacent bodies p and q are less than the local
elemental lengths As? or Asy numerical errors have to be eliminated. The
circulation induced around the perimeter of body p due to a unit vortex

placed at the center of element 7 of body ¢ is given by the expression:

AT = f k23ds?

L S kg

J =1

where M, is the number of panels in body p. The net circulation AT is
forced to zero by replacing the [** coupling coefficient in column j by the
value:

Kf = A ~a E K7 AsE (4.3)

7
J i=L1,i#l
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where [ is the element row-index of body p that is in the closest proximity
to element j of body ¢g. The row-index [ is found by determining the

largest absolute value in column j of sub-matrix K?9.

Step 7. Implementation of Wilkinson’s Kutta condition

The Kutta condition states that the flow must leave the trailing edge
smoothly which implies that the static pressures and therefore surface
vorticity y(s) at the two trailing edge panels on the upper and lower
surface of the model should be equal in magnitude. Mathematically, this

condition can be expressed as,

Y(ste) = — Y(Ste+1) (-4.4)

The negative sign in equation .4.4 is because of the fact that smooth
fows leaving the trailing edge (s.) must be clockwise and those leaving
Y(5te+1) should be counter-clockwise. When the Kutta condition is applied
to the Martensen's equation (the flow equation) by combining the columns
te and te + 1, the order of the equation set becomes M — 1 (one row and

column are eliminated).

Step 8. Matriz inversion

The coupling coefficient matrix [k;;] is a fully dense matrix of finite
values and has a non-zero diagonal. Also since the matrix is non-singular
it offers no difficulties for matrix inversion. For the sequential flow code
an LU decomposition technique was used to invert the matrix efficiently

while a parallel Jacobi iteration technique was used for the parallel code.
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Step 9. Dertvation of unit solutions, U, = 1.0 and Vo, = 1.0

The vorticity <y(s;) can be expressed in terms of the unit vorticities

Y (5:) and 7,(s;) as follows:

7(3t’) = Uco"yu(si) + Vco'}'u(si)
= W (COS QooYu(8:) + SID 0 Ya (8:)) (.4.5)

Using the principle of superposition of solutions equation .4.2 can be writ-

ten as:

M

> K(si,85)vu(sj) = —cosp;
=1
JM

Z K(s:,5i)7(s5) = —sing;
=1

Solving for the values of v,,(s;) and ,(s;) and using them in equation .4.5
we can determine <y(s;) for any set of W, and o, values.
Step 10. Calculation of Cp and Cy,

The co-efficient of pressure, C, which is a measure of the surface pres-

sure distribution can be expressed as,

P~ Pxo
3PWE,

-3

The lift co-efficient on, Cr on an airfoil is defined by:

C, =

. L
ET lowzl
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where [ is the chord length of the airfoil. Using Magnus Law the lift force,

L generated on a body in the direction normal to W, is given by:
L = pW, T
Thus Cf can be expressed as

or 2 M .

4.3 Results of the Flow Simulation
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In this section the results of the multi-airfoil flow solution problem are presented from

a fluid mechanist’s point of view. For all the problems a symmetric airfoil, NACA0012
(whose profile data was taken from Abbott, I. H. et al. [85]) was used. This data

was discretised using cubic spline interpolation and a total of 276 points were used

to generate the geometry of one NACAQ012 airfoil.

Surface Velocity distribution over a single NACA0012 Airfoil

1.5 L T T T T Y T T T
] 1h ﬁ-
>
S int = 00 it =10 C,=09
3 05 i
3 NACAO0012 Airfoil profile
2 O~ - - - - - - T T T T T I oo oo s s
Q
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>
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Figure 9: Velocity distributions over a NACA0012 using Surface vorticity method.
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Surface Pressure distribution over a single NACA0012 Airfoil

1 L ] T 1 ] T ] I L
N 08} o = 0.0 Uinf =1.0 CI =0.0 7
0.6 i
0.4
0.2H NACAOQ0012 Airfoil profile b

Surface Pressure distribution, C

Figure 10: Surface Pressure distributions over a NACA0012 using Surface vorticity

method.

Single airfoil system: Code Validation

The distributions of surface velocity, y(s) and surface pressure co-efficients, C, over
a single airfoil at zero angle of incidence were calculated using the sequential single
element flow code. These results are presented in Figure 9 and Figure 10 respectively
and are found to be in excellent agreement with those of the published literature ([83],
pp- 429). A fewer number of points could be used to generate these plots but such
a fine discretization (276 points) was used to correct the trailing edge anomaly. It
can be clearly observed from both these plots that the v(s) and C, distributions are
very smooth with no kinks at the trailing edge. However, in both these plots a small
kink at the leading edge can be observed. This is due to the fact that the initial data
used to describe the airfoil had fewer points than the rate at which the curvature was
changing.

A similar analysis was done using an angle of incidence, & = 5° degrees. As
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expected the y(s) and C, distributions (Figure 11 and Figure 12) were in excellent
conformation with those of the standard results ([83], pp 432). Smooth trailing edge
distribution and a steep slope change at the leading edge can again be observed due

to the reasons discussed above.

Surface Velocity distribution over a single NACAQ012 Airfoil
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Figure 11: Velocity distributions over a NACAQ0012 at an angle of attack of 5°.

Multiple airfoil system: Code Validation

For the validation of the multi-element code, the surface pressure distribution, C,
was calculated for two multi-element systems, one with 3 NACAO0012 airfoils and the
other with 5 NACAO012 airfoils. In both cases the airfoils were separated widely by
10 chord lengths both in the vertical and horizontal directions. Theoretically such
airfoils would have no interaction with one another and the results of each airfoil
would be the same as that of the concerned element analyzed is isolation. This fact is
well validated from the plots shown in Figure 13 and Figure 14. A critical observation
of these plots shows that for each of the two multi-element systems, the individual
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Surface Pressure distribution over a single NACA0012 Airfoil
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Surface Pressure distribution, C
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Figure 12: C, distributions over a NACA0Q012 at an angle of attack of 5°.

airfoil C, distributions are virtually indistinguishable from others including that of
the isolated one.

From these plots it can thus be inferred that the multi-element code can be ex-
pected to give results that are in excellent agreement with the theory.

The multi-element code was used to analyze the C, distribution over each airfoil
in two different systems, a 3-airfoil system and a 5-airfoil system and for two different
angle of incidences, @ = 0° and o = 5° degrees. The reason for selecting a 3-airfoil
system as well as a 5-airfoil system was to show that for any arbitrary number of
airfoil system the code gives results that are in conformance with other experimental
results. In both the airfoil systems, the airfoils were in close proximity (1 chord length
apart vertically) thus forming a cascade of airfoils, one over the other. In this system
each airfoil is expected to be affected by the coupling effect of the adjacent airfoils.
The C, distributions of each airfoil are now discussed for the following cases:

1. A 3-element airfoil system in close proximity :
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C 0 vs x/1 for a set of 3 NACA0012 Airfoil combination
1 T T | § T T T I ] 1
—— Multi-Airfoil 1
® —— Multi-Airfoil 2
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Figure 13: C, distribution cf each of the 3 widely spaced (x = 10 ch, y = 10 ch)

airfoils superimposed on the C, of a single airfoil in isolation.
(a) At a =0°.
(b) At a =5°.
2. A 5-element airfoil system in close proximity :
() At a=0°.
(b) At o = 5°.

Case I. A 3-element airfoil system in close proximity: (U, = 1.0, m = 46 x

3, z9 =00, y® =(p-1) x 1, Vp € [1,3]).

(a) At zero angle of incidence: Referring to the graphs in Figure 15, Figure
16, and Figure 17 it can be observed that the C, distribution of the upper
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Cp vs x/l for a set of 5 NACA0012 Airfoil combination
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Figure 14: C, distribution of each of the 5 widely spaced (x = 10 ch, y = 10 ch)

airfoils superimposed on the C, of a single airfoil in isolation.

and lower surface of all the airfoils are not the same as for the isolated
single element. This implies that the flow between the airfoils is affected
by the proximity of the adjacent airfoils, which is reflected in the numer-
ical calculation by the elements of the cross-diagonal coupling co-efficient
matrix being non-zero. It can also be observed that the C, distribution of
the lower surface of each airfoil progressively goes below the isolated airfoil
C, distribution. There seems to be a symmetry in the distributions of the
upper surface of the bottom airfoil and the lower surface of the top airfoil,
for any two adjacent pairs of airfoils. This is another fact in conformance
with the experimental results. However in all 3 graphs it can be observed
that at the trailing edge, the C, distributions take negative values unlike



= Appendix .4 120

that of the single airfoil of Figure 10. This is a numerical error due the
use of fewer points at the trailing edge. It is worth noting that Figure
10 shows the results with 276 points whereas each of the plots above use
only 46 points for each airfoil (that was the minimum number of points

necessary to generate a fairly good result).

(b) At an angle of incidence of 5°: Referring to the graphs in Figure 18,
Figure 19, and Figure 20 it can be observed that the lower surface C,
distribution progressively goes below the isolated C, distribution as we
proceed from airfoil 1 to 3. A similar observation can be made for the
upper surface C, distribution, which also goes below the isolated upper
surface Cp,. However, no symmetry is seen between the C, distribution of
the upper surface of the bottom airfoil and the lower surface of the top
airfoil for any two adjacent airfoil pairs, unlike the system at zero angle of
incidence. The same numerical error due to discretization at the trailing

edge can be observed as in the other cases (compare with Figure 12).

Case II. A 5-element airfoil system in close proximity (U, = 1.0, m = 46 x

5,z = 0.0, 3P = (p— 1) x 1, ¥p € [L, 5]).

(a) At zero angle of incidence: Referring to the graphs in Figure 21, Figure
22, Figure 23, Figure 24, and Figure 25, similar results to that of the 3-
airfoil system at zero angle of incidence can be observed. Observe that
the lower surface C, distribution progressively goes below the isolated C,
distribution and the symmetry between the upper surface of the bottom
airfoil and the lower surface of the top airfoil exists for any two adjacent
pairs of airfoils. However the trailing edge anomaly is still observed due to

the reasons discussed previously.

(b) At an angle of incidence of 5°: Referring to the graphs in Figure 26,
Figure 27, Figure 28, Figure 29, and Figure 30 it can be seen that the
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results for the 5-element airfoil system are not much different from those
of the 3-element airfoil system at the same angle of incidence. As the
airfoils are displaced further away from the first one, similar observations
like the gradual shift in the lower and the upper surface C, distributions
compared to that of the single airfoil in isolation can be made from these
graphs. The same numerical error due to discretization can be observed
for these graphs. Finally it can be inferred that the results of the 3-airfoil
system and the 5-airfoil system are not drastically different.

Summary of Flow Results:

Based on the observations from the above graphs the following conclusions can be

made:

e The single-element code is valid for both zero and any angle of incidence.
® The multi-element code is valid for both zero and any angle of incidence.

e The C, and 7(s) distributions for various combination of airfoils (in close or
wide spacing and with different angle of incidences) are in conformation with

the theoretical results as well as those available in the published literature.
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Cp vs x/ of a set of 3 NACA0012 Airfoils in close proximity

1 ] T 1 ] I 1 1 1 ]
- A — Airfoil 1 upper surface
ﬂ ---8-- Airfoil 1 lower surface
Airfoil 1 in isolation
05 .

Figure 15: (a) G, distribution of Airfoil 1 in a set of 3 airfoils in close proximity (x = 0, y
= 1 chord length, a = 0).

Cp vs x/1 of a set of 3 NACAQ012 Airfoils in close proximity

1 T T T T T ! 1 : -
— A — Airfoil 2 upper surface
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Figure 16: (b) Cp, distribution of Airfoil 2 in a set of 3 airfoils in close proximity (x =0, y
= 1 chord length, o = 0).
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Cp vs x/l for a set of 3 NACAQO012 Airfoils in close proximity
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Figure 17: (c) C, distribution of Airfoil 3 in a set of 3 airfoils in close proximity (x = 0, y
= 1 chord length, a = 0).

Cp vs x/l for a set of 3 closely spaced NACAQ012 Airfoils
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Figure 18: (a) C; distribution of Airfoil 1 in a set of 3 airfoils in close proximity (x = 0, y
= 1 chord length) at a = 5°.
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Cp vs x/l for a set of 3 closely spaced NACA0012 Airfoils
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Figure 19: (b) C, distribution of Airfoil 2 in a set of 3 airfoils in close proximity (x = 0, y
= 1 chord length} at a = 5°.

Cp vs X/ for a set of 3 closely spaced NACAQ012 Airfoils
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Figure 20: (c) C, distribution of Airfoil 3 in a set of 3 airfoils in close proximity (x = 0, y
= 1 chord length) at a = 5°.
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Figure 21: (a) C, distribution of Airfoil 1 in a set of 5 airfoils in close proximity (x =0, y

= 1 chord length, a = 0).

Cp vs X/l for a set of 5 NACAQO12 Airfoils in close proximity
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Figure 22: (b) C, distribution of Airfoil 2 in a set of 5 airfoils in close proximity (x = 0, y

= 1 chord length, a = 0).
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Cp vs x/ for a set of 5 NACAQQ12 Airfoils in close proximity
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Figure 23: (¢) Cp distribution of Airfoil 3 in a set of 5 airfoils in close proximity (x = 0, y

= 1 chord length, a = 0).

Cp vs x/l for a set of 5 NACAQ012 Airfoils in close proximity
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Figure 24: (d) C, distribution of Airfoil 4 in a set of 5 airfoils in close proximity (x =0, y

= 1 chord length, a = 0).
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Cp vs x/1 for a set of 5 NACAQ0012 Airfoils in close proximity
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Figure 25: (e) C, distribution of Airfoil 5 in a set of 5 airfoils in close proximity (x =0, y
= 1 chord length, a = 0).

Cp vs x/I for a set of 5 closely spaced NACAQ012 Airfoils
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Figure 26: (a) C, distribution of Airfoil 1 in a set of 5 airfoils in close proximity (x =0, y
= 1 chord length) at « = 5°.
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Cp vs %/l for a set of 5 closely spaced NACAQ012 Airfoils
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Figure 27: (b) C, distribution of Airfoil 2 in a set of 5 airfoils in close proximity (x = 0, y

= 1 chord length) at o = 5°.

Cp vs X/l for a set of 5 closely spaced NACAQQ12 Airfoils
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Figure 28: (c) C, distribution of Airfoil 3 in a set of 5 airfoils in close proximity (x = 0, y

= 1 chord length) at a = 5°.
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Cp vs x/I for a set of 5 closely spaced NACAQQ12 Airfoils
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Figure 29: (d) C, distribution of Airfoil 4 in a set of 5 airfoils in close proximity (x =0, y
= 1 chord length) at a = 5°.

Cp vs X/l for a set of 5 closely spaced NACAQ012 Airfoils
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Figure 30: (e) C, distribution of Airfoil 5 in a set of 5 airfoils in close proximity (x = 0, y
= 1 chord length) at a = 5°.





