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1 Introduction

Beowulf-class systems or “piles of PCs” are rapidly becoming the most cost-effective way to build
mid-range computing resources. These systems are sometimes referred to as “clusters of workstations”
(COWSs), “networks of workstations” (NOWs), “commodity off the shelf” (COTS). The principle is
that they should use commodity components and cheap widely-available software, e.g. based on GNU
and Linux. enabling mid-range parallel computers to be constructed for a very modest cost.

One of the first projects was started at the NASA Goddard Space Flight Center in the summer
of 1994. An system was built using off-the-shelf 16 DX4 100 MHz 80486 processors with channel-
bonded ethernet for image processing. This was named “Wiglaf” after one of the characters from
the Norse Beowulf saga — see http://beowulf.gsfc.nasa.gov. Commodity clusters using Intel
processors subsequently became known as Beowulf-class clusters, more information is available from
a dedicated Web site http://www.beowulf.org. This page also contains links to many other related
sites worldwide. We shall use the name Beowulf for everything, whether or not it has an Intel processor.

As well as the hardware components, the software (including MPI, Linux, GNU, compilers and batch
schedulers) is evolving rapidly as is the total cost effectiveness. New processors and network compo-
nents are also constantly emerging for evaluation. Understanding systems hardware and the software
necessary for building, administering and using a Beowulf-style system is part of the remit of the
EPSRC-funded DisCo programme, see http://www.cse.clrc.ac.uk/Activity/DisCo.

A Summer School was run by MRCCS and DisCo on 4-15th September 2000 to inform people interested
in building and using such systems on the appropriate hardware and software choices and on system
administration advice. An early version of this report was used as a basis for the School. Building
an actual cluster from scratch was also very helpful in highlighting ways the final report could be
improved.

Cluster computing solutions in the USA are now becoming mainstream and may become the dominant
systems of the future. A 64x2-way Intel 450 MHz Pentium IT system called “Roadrunner” build by
Alta Technology and installed in the Albuquerque High Performance Computing Center (AHPCC) at
the University of New Mexico was accepted into the USA Alliance computational grid in April 1999.
A similar system, the C-Plant, at Sandia National Laboratory (see below) is supported by Compaq
under a 4-year agreement with the DoE and has a Myrinet switch for enhanced communications
performance. This system forms part of the Accelerated Strategic Computing Initiative’s (ASCI)
Path Forward programme.

Some idea of the increasing interest in the commodity cluster approach may be gained from the grant
proposals received by EPSRC as bids to the Joint Research Equipment Initiative (JREI) and Strategic
Equipment Initiative (SEI). In numerical terms, requests for hardware in 1999 were dominated by
SMP machines but by mid-2000 these were matched by applications for clusters of both PCs and
workstations. Two main modes of operation are often envisaged by applicants; the first for high
performance parallel applications and the second for high throughput serial codes, generally in a
specialised area. All other things being equal, therefore, the choice of an appropriate architecture is
dependent upon the use to which the machine is to be put. However the decision, as for so much in
life, is not quite that simple.



4 LIINIRUDUULIUIN <

1.1 Beowulf Architecture

A cluster computer could be built using PCs or workstations on people’s desks which are connected
by a standard network. Software could make use of idle CPU cycles by distributing tasks across such
a cluster. This is very successful in commercial environments and LSF is currently the software of
choice to manage such a system.

In this report we consider a dedicated system which could be used to run a parallel program. A Beowulf
is built from a collection of commodity CPU, memory and disk components, probably purchased as a
PC system unit or workstation minus keyboard, mouse and screen, and connected together via some
kind of private network. To get into the machine, either for system administration or preparing data,
compiling codes and submitting jobs, usually a “master” or “head” node is provided which may, or
may not, be identical to the “worker” nodes and has an additional network interface card (NIC) by
which it is connected to a public network for remote login. The master will also have keyboard, mouse
and screen which could also be plugged into a worker node for testing or connected via a switch. In
addition the master node will have a CD-ROM drive to install software, e.g. Linux and all the nodes
will have a 3.5” floppy drive for software installation. It is worth thinking about the sizes of hard disk
required on the master and worker nodes and how the master node can be backed up to preserve data,
operating system and codes. Finally the entire system will need careful planning in terms of network
configuration, number of switches, wiring etc. and should be mounted in some kind of robust rack.
Careful layout and numbering of the components, perhaps colour coding the cables, will also be useful
for any future maintenance.

With a high rate of change in the field there is a bewildering choice of processor, motherboard,
interconnect, resource management tools etc. and it is vital for potential owners to be well informed
on the pros and cons of individual components and their combinations both in general and for the
envisaged application.

By far the most popular CPU choices are the Pentium and Alpha although the AMD Athlon is
often considered and TA-64 based architectures are in the pipeline. The logic behind using commodity
processors is not hard to see, given their ubiquitous presence in a variety of vendor platforms and their
creditable performance against many proprietary RISC processors in floating point applications (see
for example http://www.cse.clrc.ac.uk/Activity/DISC0+921). When considering an operating
system the overwhelming preference is for some flavour of UNIX, either proprietary or, increasingly,
Linux. Again there is a critical mass forming here, leading to an installed base of tools and devices
which will create a driving force towards an ad hoc standard.

Interconnect subsystems (networks) can be classified as: cheap but slow; or fast but expensive. Fast
(sic) Ethernet is almost universally used for the former but is currently limited in both latency and
bandwidth. This can be quite sufficient if task farming of jobs is envisaged and there is little re-
quirement for inter-processor communication but is woefully slow for high performance, fine-grained
parallel applications. To address this need there are a number of commercial switches available that
make use of dedicated NICs to off load the communication i/o from the CPU. The performance of
such interconnects can approach that found in proprietary supercomputers such as the Cray T3E and
IBM SP. The advent of Gigabit Ethernet enables the creation of high performance networks from
commodity components, although processor and bus limitations currently prevent realisation of its
full potential.
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In order to achieve a “balanced” system it is usual to try to match the deliverable processor perfor-
mance to the network bandwidth, e.g. a 400-500 MHz Pentium delivering 100-200 Mflop/s on typical
applications will work with a 100 Mb/s Fast Ethernet whereas a 667 MHz Alpha typically delivering
over 500 Mflop/s will require something better.

1.2 Exploring the Potential

At CLRC Daresbury and Rutherford Appleton Laboratories, and at EPCC, we are currently exploring
some of these issues using machines based on Pentium and Alpha processors.

It is important for UK scientists to be able to evaluate this kind of equipment for parallel computing,
as noted by EPSRC. Daresbury therefore, as part of the DisCo Programme, has built a 32-processor
Beowulf cluster (Beowulfl) using 450 MHz Pentium IIT processors. Currently the nodes, which are in
the form of off-the-shelf PCs each with independent memory and disk but no keyboard or monitor,
are connected by dual fast Ethernet switches — 2x Extreme Summit48, one network for IP traffic (e.g.
nfs) and the other for MPI message passing. Additional 8-port KVM switches are used to attach a
keyboard and monitor to any one of the nodes for administrative purposes. The whole cluster has a
single master node (with a backup spare) for compilation and resource management. All nodes are
running RedHat Linux v6.0. Two other systems under evaluation are also described below.

Figure 1: Linking one monitor to several nodes using switches

Real codes have been benchmarked on these machines and results of these experiences are made
available in articles in HPCProfile 5, UKHEC News 6 and on the DisCo Web pages. For many scalar
operations, or task farming, the choice is fairly clear-cut — choose a fast processor connected by Fast
Ethernet to get the best price/ performance ratio. Parallel applications have more varied requirements
and, where time-to-solution is less important or there is little inter-processor communication, Ethernet
may still be the way to go, but for more demanding communications and larger numbers of processors
we start to see the onset of scalability issues. The influence of the interconnect becomes more apparent
as the granularity of the code becomes finer.
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It is clearly becoming accepted that, for many applications requiring mid-range compute power, there
is an alternative to expensive SMP boxes. Several vendors are therefore beginning to roll out total
Beowulf solutions, but the specification of components still needs to be chosen by the customer based
on an analysis of cost and performance on the target application. Many systems of this kind will be
available for evaluation and comparison at the annual Daresbury Machine Evaluation Workshop, see
http://www.cse.clrc.ac.uk/Activity/DisCo. Both the DisCo team and the HPCI Centre already
have a great deal of experience in evaluating and using clusters, and further information may be
obtained from the authors via s. .an rews 1l.ac.uk.

C oice 0 rocessor

At Daresbury and Rutherford-Appleton Laboratories we are reviewing systems built from Pentium,
Athlon and Alpha processors. The former are 32-bit whereas the latter are 64-bit, supporting higher
bandwidth to memory and network subsystems. Single, dual or quad processor nodes are an option
from several vendors, with additional effects on bandwidth to shared memory and network depending
on the topology.

In the tables of serial performance we report results provided by SPEC (Systems Performance Eval-
uation Corporation). The SPEC benchmark suite 9 contained non-tuned application-based code to
measure processor speed for both integer (SPECint) and floating point (SPECfp) arithmetic. SPECH-
p95 is derived from the results of ten fp benchmarks compiled with aggressive optimisation and is the
geometric mean of ten normalised ratios (one for each benchmark). SPECin95 is similarly derived from
eight integer benchmarks. SPEC values for the PentiumIII-based processors (650 - 1000 MHz) are
based on measured and/or extrapolated values assuming a VC820 Motherboard. The GAMESS-UK
benchmark is designed to represent the typical range of a o calculations commonly performed by
a quantum chemist. It includes twelve calculations that feature conventional and direct SCF, CASSCF
and MCSCF, CI, MP2 and analytic second derivatives at SCF and MP2 level. Total elapsed times
are reported for GAMESS-UK in Tables 1-3.

2.1 Pentiu

The Intel Pentium processors are ubiquitous in personal computers (PCs). Beowulf clusters can be
easily built from off-the-shelf PCs available — and the highest clock rate is not always necessary. Since
system units can be acquired without screen, keyboard and mouse and connected via a monitor switch,
a very low cost computing solution is available.

Information on current Pentium processors and the recently announced IA-64 series can be found from
the Intel Web pages at http://www.intel.co .

Example 32-processor Pentium with Fast Ethernet Beowulfl

This Pentium IIT based machine, funded by EPSRC at Daresbury, has been used to investigate the
performance of a Pentium platform with channel-bonded Ethernet, Myrinet and, currently, 100BaseT
Fast Ethernet.
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System SPECp95 | SPECint95 | GAMESS-UK | Performance Relative to PIII/300
T(minutes) | SPEC{p95 GAMESS-UK

Pentium II1/1000 32.2 46.8 - 3.50 -
Pentium II1/866 30.1 40.4 - 3.27 -
Pentium II1/800 28.9 38.4 14.9 3.14 2.50
Pentium III/750 28.3 36.5 - 3.08 -
Pentium IT1/733 28.2 35.7 13.0 3.07 2.86
Pentium III/667 27.0 32.8 15.6 2.93 2.39
Pentium I11/650 26.8 32.0 17.4 291 2.14
Pentium III/550 15.1 22.3 19.7 1.73 1.89
Pentium II1/500 14.7 20.6 29.9 1.60 1.24
Pentium II1/450 13.3 18.5 28.9 1.45 1.29
Pentium II1/400 12.8 16.9 36.9 1.39 1.01
Pentium I11/300 9.2 12.9 37.2 1.00 1.00

Estimates assuming VC820 motherboard.

Table 1: Performance of Intel IA-32 Processors

Master Node:

440LX based motherboard with on-board Adaptec Ultra Wide SCSI
Intel Pentium IT 266 MHz CPU

256 MB SDRAM

4 MB AGP Graphics card

2 x PCI Fast Ethernet NIC

4 GB (system) and 9GB (user) Ultra Wide SCSI disk

CD-ROM

17inch monitor, keyboard and mouse

Compute Nodes (x32):

440BX based motherboard

Intel Pentium IIT 450 MHz CPU
256 MB ECC PC100 SDRAM
Minimal AGP Graphics card

2 x PCI Fast Ethernet NIC

10 GB U-DMA (ATA-33) disk

Networking:
2x Extreme Summit48 Fast Ethernet switches

The master node and the compute nodes are attached via 1 network interface card (NIC) to one of
the Summit48 switches. This provides a link for NFS and other IP traffic between the compute nodes
and the master which is isolated from the site network. The master node is connected via its second
NIC to the site network. All the compute nodes are connected via their second NIC to the second
Summit48 switch. This provides a single network link dedicated to parallel communications between
the nodes.
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All 32 compute nodes are connected to a single monitor and keyboard via a set of 8 port KVM
monitorswitches. This provides us with the ability to directly logon to the compute nodes if something
goes wrong whilst avoiding unnecessary cost and using up space.

All the compute nodes are configured the same way, but with a 512 MB swap partition, a 512 MB
system partition with a minimal RedHat 6.0 installation (takes around 120 MB), and approximately
9 GB available as scratch space. User’s home directories are NFS mounted from the master node.

Processor and interconnect performance, as one might expect from a year-old processor, the 450 MHz
Pentium IIT with a SPEC{p95 rating of only 13.3, is considerably inferior to today’s gigahertz TA-32
chips. Nonetheless this emphasises an important feature of the commodity Beowulf approach, namely
that instead of using the latest, fastest chip, previous generations of processors can be harnessed at
much lower cost.

The present scheduling system is provided by PBS (see below) which is designed to operate on net-
worked, multi-platform UNIX environments, including heterogeneous clusters of workstations, super-
computers and massively parallel systems.

Figure 2: The 32-processor Pentium-based cluster at Daresbury (Beowulfl).

2.2 Athlon

The AMD Athlon K7 processor has better floating-point performance than a Pentium with equivalent
clock speed owing to its dual floating-point pipeline. For scientific applications, therefore, this is an
interesting choice.

More information on the Athlon and future 64-bit AMD processors is given on the Web page http:
//www.a .co .
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System SPECp95 | SPECint95 | GAMESS-UK | Performance Relative to K7/500
T(minutes) | SPEC{p95 GAMESS-UK

Athlon K7/1000 29.4 42.9 11.1 1.57 2.42

Athlon K7/850 27.4 36.9 11.5 1.47 2.34

Athlon K7/650 22.6 29.3 14.4 1.21 1.87

Athlon K7/600 21.6 27.2 17.2 1.16 1.56

Athlon K7/500 18.7 22.8 26.9 1.00 1.00

Table 2: Performance of AMD Processors

Example 1 Bo cat at EPCC

EPCC decided to design and construct a small 16-node PC cluster using commodity hardware com-
ponents to develop expertise in the area and provide an in-house computing resource for staff and
TRACS visitors (EPCC’s EC-sponsored visitor programme). The cluster has been named BOBCAT:
“Budget-Optimised Beowulf Cluster using Affordable Technology”. In order to keep the costs low,
it was decided to use an Ethernet-based cluster interconnect and choose a processor with a good
price/performance ratio, rather than the fastest available.

The initial phase of the project was the benchmarking of processors and Fortran compilers. The
Intel Pentium IIT and AMD Athlon processors were compared (both at 500 MHz), as were the Absoft
Pro Fortran and Portland Group PGF77/PGF90 compilers for Linux. After analysis of the results
of several benchmarks and consideration of other factors, the Athlon processor and Portland Group
compilers were selected for use with the Bobcat cluster.

The cluster consists of 16 diskless compute nodes plus one front-end/NFS server system. The cluster
interconnect, like Beowulfl at Daresbury, consists of two 100base-TX Fast Ethernets, one for system
traffic (NFS etc.) and the other for application traffic (e.g. MPI). By having a dedicated network for
parallel applications we aim to reduce contention for resources, for example between MPI messages
and i/o to the front-end.

The compute nodes each comprise a 650 MHz AMD Athlon processor on a Gigabyte GA-7TIX moth-
erboard, with 128 MB of ECC SDRAM and two 3Com 3C905B Fast Ethernet cards. The front-end
system is also Athlon-based. The cluster is housed in 19” rack-mount enclosures mounted in two
re-used Meiko M60E cabinets. The system and application Ethernets employ a 3Com SuperStack 11
hub and switch respectively. All nodes run Red Hat Linux (the diskless compute nodes using the
Etherboot network booting software) and MPICH version 1.2.

Construction of the cluster commenced in February 2000 and it became fully operational in April.
The total cost of the cluster hardware was under 16,000.

Example 2 16-Processor Athlon with Myrinet Wulfgar

A second CLRC machine, Wulfgar, at the Rutherford-Appleton Laboratory is internally funded and
with 16 AMD Athlon K7 processors running at 850 MHz is connected by Myrinet or Fast Ethernet.
This was used for comparison with the Pentium system in Table 4 using a ping-pong test.

More information about Wulfgar can be found on the Web page at URL http://wwwhpc.rl.ac.uk/
colu bus/hw beowulf.sht 1.
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Master Node:

ASUS K7M slot A Motherboard
AMD 650 MHz Athlon

256 MB PC100 ECC SDRAM

4 MB AGP Graphics Card

Intel 10/100 Fast Ethernet NIC

15 GB IBM IDE ATA-66 system disk
36 GB IBM UW SCSI disk

Adaptec 2940 U2W SCSI controller
CD-ROM

15inch Montor, keyboard, mouse

Compute Nodes (x16):

ASUS K7M slot A Motherboard
AMD 850 MHz Athlon

256 MB PC100 ECC SDRAM

4 MB AGP Graphics Card

Intel 10/100 Fast Ethernet NIC

15 GB IBM IDE ATA-66 system disk
Myrinet PCI64 A LAN card

Networking:

A 24 port 3COM SuperStore IT 3300 10/100 switch
A 16 port Myrinet LAN switch

The 100 Mbit/s network is used for sharing the users /home filespace over NFS whilst the Myrinet
network is for MPI. All the nodes are identical running RedHat Linux 6.2 (kernel 2.2.16) with a
512 MB swap partition and a 10 GB /tmp scratch partition. In addition to the GNU compilers the
Portland Group 177, £90, C and C and Fujitsus frt (f90) compilers are installed.

Example 3 Uni ersity of Amsterdam

It was announced on 13th July 2000 that the University of Amsterdam was to install a 120-node
Beowulf cluster based on the 700 MHz AMD Athlon with 100 Mbit/s Ethernet. The machine will run
the Debian Linux software.

The system is constructed as three clusters, each with 38 batch nodes with 256 MByte of memory and
2 interactive nodes with 512 MByte of memory. Each node has 8 GByte of disk.

The machine will be used for computational science applications, primarily in computational chem-
istry. Software includes Portland Group compilers, MPICH, PVM, NAG, ScaLapack with applications
MARC, GAMESS-UK and NWChem.

The Web site gives more information. http://www.sara.nl/beowulf/intro uction.ht 1.
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Figure 3: Beowulf system at Sara

2. Alpha

The Alpha, like the Athlon, has dual fp pipelines and also supports 64-bit arithmetic and addressing.
For applications requiring very high bandwidth to memory and network interconnect therefore, this
is an interesting choice.

Further information on Alpha processors is available from Compaq, IBM and Samsung Web sites.

Compaq (previously Digital) provide a variety of systems housing the A21264 Alpha EV6 CPU. These
include the entry-level 466 MHz Compaq Alpha DS10, the 500 MHz A21264-based machines (the
single CPU Personal Workstation XP1000, dual processor Compaq DS20 and quad processor ES40),
plus the Compaq GS140. The Samsung AlphaPC 264DP-500 is also available with 2 MByte L2 cache.
The newer EV6/7 A21264A CPU clocked at 667 MHz is the most powerful currently tested. The latter
can be obtained in the Linux-based UP2000 dual-processor CPU from Alpha Processors Inc (API),
and in the Compaq PW XP1000, DS10, DS20E and ES40 AlphaServer (with 8 MByte L2 cache).

An analysis of trends in SPEC{p95 ratings up to mid-1998 suggested that the leading CPUs from
each of the key workstation vendors exhibited comparable performance figures. Until July 1998, the
P2SC/160 CPU in the IBM RS/6000-397 exhibited the most impressive SPEC{p95 rating with a value
of 26.6. This picture changed quite drastically with the arrival of the EV6/A21264 from Compaq and
the PA8500 CPU from Hewlett Packard, and more recently the EV67/A21264A from Compaq and
PA8600 from HP. The 667 MHz EV67 exhibits SPECp95 ratings of 83.6 and 82.7 in the Compaq
DS20-E and ES40 6/667, and the lower figure of 65.50 in the Compaq PW XP1000. The 500 MHz
EV6/A21264 show ratings of 58.7 and 57.7 in the Compaq DS20 and Compaq ES40 respectively. The
recent range of leading CPUs from other vendors, notably SUN and Silicon Graphics, are inferior e.g.
43.5 for the 400 MHz R12k in the SGI 2220/R12k, 34.4 for the 300 MHz R12k in the Origin 2000,
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System SPECp95 | SPECint95 | GAMESS-UK
time mins

Compaq Alpha ES40 6/883 100.0 50.0 6.4
API UP2000 6/833 95.6 49.4

Compaq Alpha DS20E 6/667 83.6 40.1 7.7
Compaq Alpha ES40 6/667 82.7 40.0 7.1
Compaq PW XP1000/667 65.5 37.5 9.0
Compaq Alpha DS20/500 58.7 27.7 13.3
Compaq Alpha ES40/500 57.7 27.3 11.2
API UP2000 6/667 54.1 32.0 10.4
Compaq Alpha XP1000/500 52.2 26.9 11.2
Compaq Alpha DS10/466 47.9 24.6

Compaq Alpha 8400/6-575 47.7 30.3 11.1
Compaq Alpha GS140 45.2 27.8 13.1

Table 3: Performance of Alpha Processors

30.1 for the SUN UltraSPARCII in the Enterprise 3500/4500, and 27.90 for the SUN UltraSPARCIIi
in the Ultra80/450. While the arrival of the UltraSPARC3-based systems from Sun (the Sun Blade
1000 series of 900MHz, 750MHz and 600 MHz) machines and the Origin 3000 R12k-based systems
from SGI might be expected to erode the leading position of the Alpha-based systems, Compaq have
now released the 833 MHz-based ES40 machines with a SPEC{p95 rating of 100.0.

The Compaq DS20E and ES40/6-667 lies somewhat ahead of the XP1000 and the HP PA8600-based
systems (the C3600 and J5600). These CPUs outperform the API UP2000/6-667 and other EV6-
based machines (the Compaq Alpha DS20, XP1000/500, ES40/500, DS20/500, Alpha GS140, and
Alpha 8400/6-575).

Finally the performance of the Pentium- and AMD-based hardware described above can be compared
directly to that of the Alpha using the GAMESS-UK benchmark suite. Using the GNU g77 compiler
resulted in an elapsed time of 14.9 mins on the Pentium III/800; the AMD Athlon is more impressive,
with elapsed times of 11.1, 11.5 and 14.4 mins respectively on the K7/1000, K7/850 and K7/650.
While the AMD K7/1000 remains around 1.4 times slower than the Compaq XP1000/6-667, the
SPECfp-based prediction would have led to a much higher factor of 2.8.

Example 1 32-Processor Alpha with SNet Loki

Our internally-funded Alpha machine, Loki, currently contains 17 dual-processor UP2000 boards from
API (see http://www.alpha processor.co /pro ucts/up2 boar .sht 1) including the master
node. The principal interconnect subsystem is QsNet, in which the network interface is based on
QSW’s Elan IIT ASIC (see http://www. ua rics.co /web/ eveloper/tech). A secondary Fast
Ethernet is used for cluster management and a further Ethernet is available for communication traffic
if required, enabling comparison of the two interconnects on the same hardware platform.

The Alpha/ QsNet combination is already well established under the Compaq Tru64 OS and we have
been working closely with QSW to evaluate the port of this to Linux using RedHat 6.1.

Master node:
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Alpha 21264A, 1 GB; 16 GB UW-SCSI user disk
Compute processors (x32):

Alpha EV67 (667 MHz) 21264A, 512 MB ECC SDRAM (1 GB per node), 9 GB SCSI disk , connected
to the master via a Fast Ethernet switch.

2nd Fast Ethernet switch dedicated to the parallel communications traffic.

High Performance Interconnect via QSW Elan IIT NICs.

Linux MPI  Quadrics 16-way switch (QsNet)

In contrast to Beowulf 1, the 667 MHz Alpha EV67 has a SPEC{p95 of 54.1, demonstrating a perfor-
mance approximately twice that of the current fastest Pentium.

Figure 4: The 32 processor Alpha Linux Clustre at Daresbury (Loki).

Example 2 C-Plant

The Computational Plant project at the US Sandia National Laboratory aims to develop a large-scale,
massively parallel computing resource from a cluster of commodity computing and networking com-
ponents. The knowledge and research gained from previous and ongoing commodity cluster projects
is being combined with expertise in designing, developing, using, and maintaining large-scale MPP
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machines. The goal is to provide a commodity-based, large-scale computing resource that meets the
level of compute performance needed by Sandia’s critical applications, including simulation of nuclear
testing and stockpile stewardship.

The C-Plant system, is supported by Compaq under a 4-year agreement with the DoE and is currently
being used with a Myrinet high-performance switch. This system forms part of the ASCI Path Forward
programme.

The compute partition of the Phase-2 C-Plant is composed of 592 Compaq XP1000 workstations, each
of which contains:

500 MHz 21264 microprocessor
256 MB ECC SDRAM

4 MB L3 cache
10/100BaseTx-integrated ethernet

The compute nodes are connected with Myricom’s Myrinet gigabit networking hardware. Each node
contains a 64-bit, 33 MHz Myrinet LANai-7 network interface card connected to a 16-port SAN/LAN
switch The machine is integrated into 72 cabinets, each of which contains the following:

8 nodes

1 terminal server

1 power controller

1 ethernet switch

1 16-port Myrinet switch

The system was purchased from Compaq in 1999 and runs Red Hat Linux 6.0 with version 2.2.10 of
the Alpha Linux kernel. See http://www.cs.san ia.gov/cplant

2. inux clu ter of Apple

Black Lab Linux offers the ability to connect a half dozen to over 1000 Apple G4s in parallel with the
Myrinet networking subsystem.

The recent support of AirPort offers increased flexibility for system administrators to monitor serial
and parallel systems outside of the traditional server environment.

Terra, Soft Solutions, Inc. first introduced Black Lab Linux to MacWorld conference attendees in
New ork 1999 with three G3 systems. Following the success of the 4-node system demonstrated
throughout the Apple Science and Technology Roadshow, an 8-node, 500 MHz G4 cluster has been
produced.

2. ulti proce or o e

PCs and Alpha workstations are now available in multi-processor shared-memory form, two or four
processors per system unit being common. It is however not clear how well the memory bus, operating
system and associated services can make use of such multi-processor nodes on a Beowulf. There is
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also the problem of having less connections to the network than there are processors in the system.
Clearly buying a dual-processor box is cheaper than two single processor boxes because of sharing the
case, disk etc. They may therefore be suitable for task-farming applications, especially those requiring
large amounts of memory in a node.

C usters o or st tions

Parallel computers can also be constructed by linking together standard workstations, the Alpha
clusters mentioned above and, indeed, the IBM SP system are specialised examples of this. Whilst
the operating system is likely to be a proprietary version of UNIX rather than Linux, the full choice
of network interconnect is available and MPI may be installed.

.1 Exa ple Ber ele an 2 Pro ect

Network of Workstations (NOW) is a research system which started around 1995 and was designed
as a dedicated high-performance platform. It consists principally of Sun UltraSparc workstations
linked by Myrinet. Key software includes GLUnix (middleware for queuing, gang scheduling and
other resource management), xF'S (scaleable parallel file system) and Active Messages (low-latency
communications layer based on Thinking Machines CM-5 software and achieving 10 s latency and
40 MB/s bandwidth).

NOW-2 extends the original project to provide multi-user access. A software framework WebOS is
being constructed which will provide incrementally scaleable, geographically aware Web service. HP
Workstations and PCs running NT are also integrated into the system.

In the NOW and NOW-2 projects active messages are used for fast communication. An asynchronous
communication mechanism is provided which uses a user-defined message handler invoked via an
interrupt mechanism. This is very similar to the mechanism provided by Intel in their NX/2 operating
system. This is implemented as GAM (Generic Active Messages), see below.

For further information see Web URL http://now.cs.berkeley.e u. See also Hwang and Xu 7 for
an introduction to the project and comparison with other systems.

C oice o et or

A comparison of the interconnects on the Daresbury machines shows that MPI communications on
the Fast Ethernet are effectively independent of the processor speed using the ping-pong benchmarks
available from Pallas (http://www.pallas.co /pages/p b .ht ). Some improvement is seen using
the LAM implementation rather than MPICH but for high performance parallel applications the
proprietary QsNet solution has a huge advantage.
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System software Latency | Bandwidth
s MB/s
Beowulfl: Ethernet MPICH 1.2.0 135 10
Beowulfl: Ethernet LAM 6.3.1 83 10.5
Beowulfl: 2x Ethernet | LAM 6.3.1 84 21.9
Loki: Ethernet MPICH 140 11
Loki: QsNet MPICH 5 200
Waulfgar: Ethernet LAM 73 12
Wulfgar: Myrinet MPICH 1.2.3 11 40
UP2000: Myrinet MPICH 18 87.6

Table 4: Comparison of MPI Message-passing Parameters

1 a t Ethernet

Conventional 10 Mb/s or Fast 100 Mb/s Ethernet uses a series of switches or hubs (analogue repeaters)
to propagate signals. The simple difference between a hub and a switch is that the former share this
bandwidth between all connected machines whereas the latter sets up dedicated links between pairs
offering each pair the same peak bandwidth. This takes a little longer to do (higher latency) but
that is usually masked by additional software latencies in setting up the data and communication call,
around 100 s is a typical latency seen from an MPI application. Switches have come down in price
and size recently, so they are likely to be the best choice.

Channel bonding can be used to double the network bandwidth with two network interface cards
(NICs) in each PC and two network switches, one for each channel to form virtual LANs. This works
well for applications which depend on bandwidth rather than latency, but requires a modification
to the Linux kernel to drive the cards. Information on channel bonding is available from http:
//wwu .beowulf .org/software/software.ht 1 and in the Beowulf Administrator’s HOWTO 3.

2 iga it Ethernet

Gigabit Ethernet is becoming available in commodity form and the price is likely to drop in the
foreseeable future, possibly to near the current cost of Fast Ethernet. Latencies are similar, but
Gigabit bandwidth is of the order of 1 Gb/s, hence the name. There are also issues of scalability
for large systems since current Gigabit switches do not provide full point to point bandwidth to all
connections simultaneously.

A variety of Gigabit Ethernet products are currently available, including:

1. Switches:

3Com;
Acclaim Communications, Inc.;
Alteon Networks, Inc.;

Bay Networks, Inc.;
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Cabletron Systems, Inc.;
Compaqg Computer Corporation;
Extreme Networks;
Foundry Networks;
GigaLabs, Inc.;
Hewlett-Packard Company;
Hitachi Cable, Ltd.;

IBM Corporation;

Intel Corporation;
LANNET;

Lucent Technologies;
NetVantage, Inc.;

ODS Networks, Inc.;
Performance Technologies;
Plaintree Systems;
Samsung Networks Div.;

Siemens Business Communication Systems;

XLNT, Inc.
2. Network Interface Cards (NICs):

3Com;
Alteon Networks, Inc.;
Cabletron Systems, Inc.;
Essential Communications;
Hewlett-Packard Company;
Intel Corporation;
Jato Technologies;
Packet Engines Incorporated;
Silicon Graphics Computer Systems;
Solidum Systems Corp;
Sun Microsystems;
XaQti Corporation;

N X Corporation.
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Acti e e age an a a A

Active Messages represent a RISC approach to communication, providing simple library primitives,
rather than a full API, which expose the full hardware performance to higher layers. Active Messages
are intended to serve as a substrate for building libraries that provide higher-level communication
abstractions and for generating communication code from a parallel-language compiler, rather than
for direct use by programmers. It is currently in use at UC Berkeley by the Fast Communication
layers (sockets, RPC and MPI), the xF'S parallel file system, the Split-C and Id compilers, as well as
in other libraries like ScalLAPACK.

The Berkeley project investigates Active Messages on a broad range of hardware, including a dedicated
message processor per node (Intel Paragon and Myrinet) an FDDI interface at the graphics bus of
a high end workstation (HP 735 with Medusa), and a conventional interface to the next generation
LAN (Sparc 10 with Sahi-1 ATM). The project aims to demonstrate concepts by implementation
and evaluation on real programs on real machines. The result will be a clearer understanding of the
communication architecture and trade-offs in the hardware organisation of the network interface.

The Genoa Active Message MAchine (GAMMA) is an experimental system for inter-process commu-
nication. GAMMA runs on clusters of PCs connected by Fast Ethernet or Gigabit Ethernet. The core
of GAMMA is a custom device driver under Linux, which operates the Network Interface Card (NIC).
The GAMMA driver delivers very low latency, high bandwidth communications using Active Ports,
a mechanism derived from Active Messages. Both point-to-point and broadcast communications are
provided. Broadcast communication exploits the Ethernet broadcast directly.

The GAMMA driver is able to manage standard IP traffic in addition to GAMMA fast communica-
tions. This means that using GAMMA on a Fast Ethernet LAN will not stop the standard UNIX
network services.

The current version of GAMMA has been tested with a number of Fast Ethernet NICs (DEC 21143
chipset, 3COM 3¢905) and Gigabit Ethernet NICs (Packet Engines GNIC-II, Alteon TIGON-II chipset).
A port of MPI has also been completed.

See http://www. isi.unige.it/pro ect/ga a

rinet

Myrinet is a product of Myricom Inc., see http://www. yri.co . It provides 1.28 Gb/s full duplex
bandwidth. Myrinet is an American National Standard — ANSI/VITA 26-1998. The link and routing
specifications are public, published, and open http://www. yri.co /open specs/in e .

Myricom supplies:

Myrinet interfaces, such as Myrinet/PCI interfaces;

Myrinet switches, up to 16-port crossbar switches, and Myrinet “Network in a Box” components,
up to 128 hosts with a single, full-bisection, network component, and up to tens of thousands of
hosts by combining these components;
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Myrinet-link cables or fiber;

Myrinet software support for most common hosts and operating systems. The software is sup-
plied open source and other Myrinet software is available from third parties.

Benchmarks of Myricom’s GM message-passing system and application-programming interface (API)
show sustained, one-way, data rates up to 1.8 Gb/s between UNIX user processes in different hosts,
short-message latencies of 9 s, and very low host CPU utilisation. The GM system provides protected
user-level access to the Myrinet (secure in multi-user, multiprogramming environments); reliable,
ordered delivery of messages; network mapping and route computation; and other features that support
robust and error-free communication. Other software interfaces such as MPI, VIA, and TCP/IP are
layered efficiently over GM, and are available from Myricom and from third parties.

Customer benchmarks using TCP/IP or UDP/IP software interfaces show sustained, one-way, data
rates in the range from 250 to 1765 Mb/s. These rates are determined largely by the operating
system’s IP protocol stack rather than by the network interfaces or links, and are accordingly highly
variable between different hosts and operating systems. This TCP /IP performance is often more than
sufficient for existing distributed-computing applications built on these standard software interfaces.

The Myricom-supported GM message-passing system is currently distributed for:

FreeBSD on Pentiums;

Irix on O200s;

Linux on Alphas, Pentiums, PowerPCs, and UltraSPARCs;
NT4 and Win2000 on Pentiums;

Solaris on Pentiums and UltraSPARCs;

Tru64 on Alphas;

VxWorks on PowerPCs.

et

QsNet, from Quadrics Supercomputers World Ltd. (based at the former Meiko premises in Bristol)
is a high bandwidth, ultra low latency network interconnect. QsNet is constructed from two QSW-
designed sub-systems: a network interface comprising one or more network adapters in each node and
a high performance multi-rail data network that connects the nodes together. QsNet features include:

Network bandwidth of 340 Mb/s/rail peak, 210 Mb/s/rail sustained process to process in Al-
phaServer ES40;

Ultra low latency. Switch latency 35 ns per hop. Process to process 2.5 s for remote write
operations and 5 s for MPI messages;
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Full scalability. Bi-sectional bandwidth scales with the number of nodes. Bandwidth scales with
the number of rails;

Inherent Fault Tolerance. Full automatic error detection and recovery.

The network interface is based on QSW’s third generation Elan ASIC which started in the Meiko CS2
computer. Elan IIT integrates a dedicated i/o processor to off load messaging tasks from the main
CPU, a 66 MHz 64-bit PCI interface, a QSW data link (a 400 MHz byte wide, full duplex link), MMU,
cache and local memory interface.

The data network is constructed from an 8-way cross-point switch component — the Elite ITT ASIC.
Switches are connected to form a fat tree network. Two products are available: a standalone 16-
way network; and a scalable switch chassis providing up to 128 ports. A 256-way switch is under
development as is the infrastructure for customised networks of 1000s of nodes. QsNet combines high
network performance with the flexibility to support a wide range of parallel programming models.

Quadrics is working with Compaq to develop the system accepted for the ASCI PathForward Pro-
gramme, see http://www. sw.co .

Scalable Coherent Interconnect (SCI, IEEE standard 1596) in principle provides the best performance
at 4 Gb/s but is more expensive than Myrinet. Network interconnect cards are available from Dolphin
and Scali. The University of Paderborn have ported drivers for both these cards to Linux, see http:
//www.uni pa erborn. e/fachbereich/A /heiss/ar inius.

See the home Web page http://www.sci 1l.co . A very comprehensive Web page on SCI and related
things can be found at http://h uller.ho e.cern.ch/h uller/sci.ht .

A

The Cluster Area Network, cLAN, high-performance hardware from Giganet www.giganet.co imple-
ments the Virtual Interface Architecture (VIA) standard. This offers similar bandwidth and latency
to Myrinet for a similar cost. It is likely that other VIA-based products will become available in the
foreseeable future and the cost will drop.

e or 1S O er u Coo in etc

Important choices have to be made about the type and amount of local memory and disk in each
node of the Beowulf. With a large system designed for heavy use it may be worth considering error-
correcting memory, although this is often overlooked. Disk systems are also available in PCs as EIDE
or SCSI, the latter are faster for shared access but more expensive and less easily available. EIDE
is satisfactory for most Beowulf installations where only one job is typically run at any one time on
the worker nodes. SCSI is worth considering for the master node which acts as a file server (NFS)
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with multiple simultaneous requests for data from the compute nodes. In our systems we have used
a separate Ethernet for NFS traffic to avoid this becoming a bottleneck and separate it from parallel
communications traffic. This can be done by installing two NIC’s per node and configuring two private
networks through two sets of switches. As mentioned above it is then possible to experiment with
channel bonding for applications that may benefit from it.

It is in fact possible to build a Beowulf system with diskless compute nodes that boot over the network,
and this may be reasonable for certain applications that do not require local data store. We note also
that a local disk is required for virtual memory if this is to be used under Linux, however this would
result in a substantial drop in performance so is to be discouraged.

PCs and workstations today usually have switched-mode power supplies. These are relatively efficient
but, nevertheless, a collection of 32 PCs in one rack can require special provision. It is also important
not to power up all nodes simultaneously as that will put high peak loads on circuit breakers. Heat
produced can be a problem and special cooling facilities may be required for a large system.

ste Inte r tion

An example of parts to buy for a 16-node system plus a master node is shown in Table 6. For each
node we have chosen a 450 MHz Pentium II processor, 256 MB RAM, a 10 GB disk drive, a 100 Mb/s
network adapter and one SVGA adapter.

Motherboard 17
400 MHz Pentium II 17
PC cases 17
128 MB SDRAM SIMMs 34
10 GB disks 17
1.44 MB Floppy drive 17
SVGA adapter 17
CD-ROM 1
Keyboard 1
177 Multisync Monitor 1
Monitor /keyboard 4 way switch boxes | 5
keyboard extension cables 16
video extension cables 16
24-port network switch 1
100 Mb/s ethernet adapters 18
6’ twisted pair network cables 18
6-Outlet Surge protectors 3

Table 5: Shopping list to build a small Beowulf sysem (master plus 16 nodes)

It is worth considering security implications if the Beowulf is to be connected to the outside world.
Usually only the master node is connected and the others are on a private internal network e.g. using
192.168.0.0...n thus minimising any risk from incomplete installation of the o/s. Any insecure services
should be switched off on the computer nodes and the most recent release with full security patches
should be used. Web pages and many books available on Linux will give more information.
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Setting up your front-end machine to do “IP masquerading” will let you open graphics output from
a compute node to your workstation. IP Masquerade is a developing networking function in Linux.
If a Linux host is connected to the Internet with IP Masquerade enabled, then computers connecting
to it either on the same LAN or connected with modems can reach the Internet as well, even though
they have no official assigned IP addresses. For more documentation on masquerading, see http:
//atlantic2 .co /ip as /in e .ht 1.

A number of commercial companies are now offering packaged solutions with rack-mounted systems
and software. Just a few are listed below as the number is growing fast. Note that many systems are
designed as units which fit into standard 19” racking. The form factor of a unit is specified in U, a
2U module being 3.5” in height.

Alpha Processors Inc. API is dedicated to the development and marketing of Alpha-related tech-
nologies. As an independent Alpha architecture licensee, API engineers microprocessors, Alpha
platforms, and leading-edge system logic. The company is committed to ”delivering the indus-
try’s best price and performance, open-standard platform solutions”. API are partners with
Compag, Samsung and Red Hat, see http://www.alpha processor.co .

Alta echnology Corp. See http://www.altatech.co and http://www.linu networ .co .
CompuSys — See http://www.co pusys.co .

Massi eParallel provides turn-key Cluster Computers for scientific, engineering and technical ap-
plications. Web pages provide benchmarks to demonstrate the performance of their systems
http://www. assiveparallel.co .

Paralline provides Beowulf supercomputers (tower/rackmount), High speed networks (Myrinet/gigabit),
and Parallelism consulting and courses. See http://www.paralline.co

Paralogic configures, builds, and supports turn-key Beowulf Clusters. They offer ”a comprehensive
solution for academic, government, and commercial sites”. See http://www. tre e achine.
co .

SAL - A commercial hardware vendor in Germany http://www.suse. e.

SCALI — Scali AS develops, markets and supports ”truly scalable high performance Linux and Solaris
based cluster computer systems to both end users and OEMs. Scali systems are built entirely
from industry standard COTS hardware and ranges from high performance clustering kits -
Wulfkits (the Beowulf supercharger) to turn-key supercomputer systems”. Scali builds systems
based on SCI communications. Further information is on http://www.scali.co .

Streamline Computers Ltd. A new company, which is a “spin off” from the University of Warwick,
UK is aiming to ”bring robust Beowulf-class technology to the scientific and technical market.
The founders have a wide range of experience of hardware integration and knowledge of computer
science and computational science applications”.

Sy randt Open Systems provides a commercial Beowulf solution http://www.sybran t.co .
Par ec supports the ParaStation project and sells clusters and services http://www.par tec.co

Linux Networ Inc. — See also Alta Technology Corp.
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WorkstationsUK - Current product is the MIMCluster II. Tt is designed as a highly resilient server
with Intel, Alpha, and SPARC CPUs using a "Redundant Power System”. See http://www.
workstationsuk.co .

See also the comprehensive NASA hotlist Web site mentioned above.

d1 B

IBM recently re-launched their entire product range as the e-Server series and have fully embraced
Linux as their future development platform in addition to ATX.

IBM are producing Linux Beowulf systems using their Netfinity 4500 or 5500 range of Pentium-based
servers. All base units are ECC memory corrected and hot-swappable. Rack-mounted systems of 8
to 64 processors are available with the Myrinet switch and supporting software which includes the
Portland Group compilers, ScaLAPACK, MPICH, PBS and a limited version of the Etnus TotalView
debugger (see http://www.etnus.co ).

For commercial reasons the systems are shipped without Linux pre-installed (this also applies to SGI
systems and other US integrators). As an alternative to Myrinet, Ethernet switches from Extreme
Networks can be used. Equinox terminal servers are used to switch screen and keyboard between
nodes for management purposes.

Example IBM Net nity Clusters at Uni ersity of New Mexico

IBM and the University of New Mexico (UNM) announced a joint research project in late 1999 to
integrate leading-edge IBM RS/6000 SP technology running AIX into a Linux supercluster.

An IBM Shared University Research (SUR) grant was awarded to the University of New Mexico
High Performance Computing, Education, and Research Center (HPCERC) to develop hypercluster
hardware and software. This will include an AIX-based symmetric multi-processor IBM RS/6000 SP
system and 512-processor Linux-based symmetric multi-processor IBM Netfinity cluster, as well as an
advanced networking infrastructure, parallel data storage, and a prototype Scalable Graphics Engine
from IBM for use in visualisation research.

The LosLobos supercluster will form part of the National Science Foundation’s National Compu-
tational Science Alliance (Alliance) computational Grid alongside the large, DoD-funded IBM SP
configuration at the Maui High Performance Computing Center (MHPCC).

The configuration of the 32-processor Vista Azul is:

8x Netfinity 5500 servers;

each with 4x Intel Xeon processors;

each with 2 GB memory;

each with 18 GB disk;

Gigabit Ethernet;

auxilliary RS/6000 H70 server with 360 GB disk.

The configuration of the 512-processor LosLobos is:
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256x Netfinity 4500 servers;
each with 2x Pentium IIT 733 MHz processors;
Myrinet 2000.

Two other intermediate systems are “Black Bear”, with 16 x 2-way Pentium IIT 550 MHz with Myrinet
and “Road Runner”, with 64 x 2-way Pentium IT 450 MHz with Myrinet. All systems run a customised
Red Hat SMP Linux kernel 2.2.12-20 with performance monitoring patches to interface to PAPI and
Perf. Both PBS and the Maui-modified scheduling algorithm in LoadLeveller are used for batch
scheduling.

Building these systems required the development of advanced networking sub-systems, new program-
ming techniques for hybrid computational systems and integrated concurrent visualisation software.
Vista Azul will also include the hardware and software necessary to support data-intensive applications
effectively, such as the data mining of very large scientific and commercial databases. Finally, UNM’s
existing Alliance “Road Runner” cluster was integrated with Vista Azul to demonstrate complete
software inter-operability

SGI are producing Linux Beowulf systems using IA-32 and soon TA-64 processors. Current system-
s available include the 1200 Server and 1450 Server. The former is designed mainly for Internet
applications, with each 2U module capable of supporting up to two Pentium III processors.

1200 node specification (1-2 CPUs):

Pentium III 550, 700 or 800 MHz;

Red Hat 6.1 or SuSe 6.3 Linux or Windows NT 4.0;

up to 2 GB SDRAM ECC memory 800 MB/s access;

32x ATAPI CD-ROM and 1.44 MB floppy;

133 MB/s i/o bandwidth 4x Ultra2 SCSI internal drive bays;
10 and 100 Mb/s Ethernet port.

1450 node specification (1-4 CPUs):

Pentium IIT 700 MHz Xeon;

Red Hat 6.2, Suse 6.2 Linux or Windows NT 4.0 or Windows 2000;

up to 4 GB SDRAM ECC memory 1.066 GB/s access;

24x ATAPI CD-ROM and 1.44 MB floppy;

933 MB/s aggregate 64-bit i/o bandwidth and several PCI and SCSI slots;
10 and 100 Mb/s Ethernet port.

SGI clusters are installed and managed using the ACE software suite, see Section 7.4.6, which has
SGI-specific enhancements to Linux. For USA commercial reasons the systems are shipped without
Linux pre-installed.

Myrinet is also supported on these platforms via the MPICH-GM driver in the ACE suite.
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SUN too are producing a Beowulf-class system, using their highly-respected UltraSparc processors
and Solaris operating system. Whilst not exactly commodity, it is in other respects similar in design
to the Compag-alpha based systems with QSW switch, e.g. as available from API.

New HPC products from SUN include Serengeti, a range of small to large SMP platforms, and Ultra-
Grid, a range of rack-mounted Beowulf-class systems. The aim of the latter is to provide a system at

500 per Gflop/s by 2002. The UltraGrid evolved from a development by Blackstone (USA) using
UltraSparc processors with ethernet. More recently SUN have developed the WildCat interconnect
technology, with performance comparable to the Quadrics switch and similarly aimed at the ASCI
mission. It is likely that WildCat will be used in future UltraGrid systems.

UltraGrid systems available now are built from SUN U80 4-way systems based on UltraSparcll pro-
cessors. A 16-processor system uses four U80s in a rack. These are connected using Myrinet 2000
and run the Solaris 8 O/S and LSF for parallel resource management (the latter may be replaced
by Codine in the future as SUN have recently acquired GridWare who developed this and the GRD
product). Standard SUN compilers and the PRISM parallel environment may be included. In the
future UltraGrid products will include UltraSparcIIl and MAJC processors, the latter enabling a
high-performance Java server as well as good floating point performance.

A few large UltraGrid systems have been ordered so far, with several thousand processors each.

C uster er tin ste s inu

Possible operating systems for clusters include Linux, Solaris, FreeBSD, Digital Unix and Win-
dows/NT. We will only consider Linux here.

Other software is being added to the public domain on a daily basis, see for instance ” The Beowulf
Underground” URL http://www.beowulf un ergroun .org.

.1 ree an pen ource oftware

It is important to know that GNU/ Linux (below) is only the tip of an iceberg called ”Free Software”
(http://www.fsf.org) or Open Source (http://www.opensource.org/os .ht 1).

The particular characteristics of Open Source Software are, (a) it may be re-distributed at will and
without cost, (b) the source code is available, and (c) it is modifiable by anyone. This concept is used
principally by General Public License (GPL) systems. Apart from GNU/ Linux, a gem of Open Source
Software is called Apache, (see http://www.apache.org), which is an Internet Web server program
now representing 50 of the market share in its sector. Indeed the majority of software which serves
to make the Internet work (at all levels) is Open Source Software.
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The GNU Project started in 1984 to develop a complete UNIX-like operating system which is free:
now known as the GNU system. (GNU is a recursive acronym for “GNU’s Not Unix”.) Variants of
the GNU operating system, which use the Linux kernel, are now widely used; though these systems
are often referred to as “Linux”, they are more accurately called GNU/ Linux systems.

Many computer users indeed run a modified version of the GNU system every day, without realising
it. Through a peculiar turn of events, the version of GNU which is now widely used is simply known
as “Linux”, and many users are not aware of the extent of its connection with the GNU Project. The
true Linux is an O/S kernel, but is un-usable in isolation. A kernel is useful only as part of a whole
operating system. Linux is normally used in a combination with the GNU system.

When Linus Torvalds finished writing the Linux kernel and looked around for other free software what
he found was the GNU system. The available free software then added up to a complete operating
system because the GNU Project had been working since 1984 to make one. The GNU Manifesto had
set forth the goal of developing a free Unix-like system, called GNU. The Initial Announcement of the
GNU Project also outlines some of the original plans for the GNU system. By the time Linux was
written, the system was almost finished.

Most free software projects have the goal of developing a particular program. For example, Linus
Torvalds set out to write a Unix-like kernel (Linux); Donald Knuth set out to write a text formatter
(TeX); and Bob Scheifler set out to develop a window system (X Windows). The GNU Project however
is not a project to develop specific software packages. It was not a project to develop a C compiler,
although there is one. It was not a project to develop a text editor, although there is one. The aim
of the GNU Project was to develop a complete Unix-like system which could be distributed for free.

Many people have made major contributions to the system, and they all deserve credit. At the outset a
list of the programs needed to make a complete free system was made, and contributors to the project
systematically found, wrote, or found people to write everything on the list. Essential but unexciting
major components, such as the assembler and linker were written, because they were required in the
system. A complete system needs more than just programming tools; the Bourne Again SHell, the
PostScript interpreter Ghostscript, and the GNU C library are also important components.

By the early 1990s GNU had put together the whole system aside from the kernel (and they were also
working on a kernel, the GNU Hurd, which runs on top of Mach). Developing this kernel has been a
lot harder than was expected, and they are still working to finish it.

However Linus Torvalds wrote Linux, he filled the last major gap to providing a fully working system.
People could then put Linux together with the GNU system to make a complete free system: a Linux-
based GNU system (or GNU/ Linux system, for short). This was however not a trivial job. The
GNU C library (called glibe for short, and one of the most important components) needed substantial
changes. Integrating a complete system as a distribution that would work “out of the box” was also a
big job. It required addressing the issues of how to install and boot the system — a problem which had
not been tackled before. The people who developed the various system distributions therefore made
a substantial contribution.

Aside from GNU, one other project has independently produced a free Unix-like operating system.
This system is known as BSD, and it was developed at UC Berkeley. The BSD developers were
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inspired to make their work freely available following the example of the GNU Project, and occasionally
encouraged by GNU activists. Their actual work had little overlap with GNU although BSD systems
today use some GNU software, just as the GNU system and its variants use some BSD software.
Taken as wholes, they are two different systems which evolved separately. A free operating system
that exists today is almost certainly either a variant of the GNU system, or a kind of BSD system.

The GNU Project supports GNU/ Linux systems as well as the GNU. It was funded to re-write the
Linux-related extensions to the GNU C library, so that now they are well integrated, and the newest

GNU/ Linux systems use the current library release with no changes. It also funded an early stage of
the development of Debian GNU/ Linux.

inux

Linus Torvalds first distributed Linux as an open source operating system in 1991. Torvalds was a
student at the Univerity of Helsinki in Finland at the time and created Linux for his own needs to
run on the Intel 80386 used in PCs. Linux is now a multi-user and multi-tasking Freeware version of
the UNIX kernel, available for many platforms. PCs with x86 processors (Intel, AMD, Cyrix) are the
most commonly used platforms.

Linux corresponds largely to the POSIX standard and interacts well with existing operating systems
from Microsoft, Novell and Apple as well as the Internet. The name Linux refers only to the operating
system kernel, but it is often used to describe the complete system, including the applications. The
Linux environment today is made up of the following components:

1. System software;
2. Applications;

3. Development teams all over the world, who continuously extend and improve Linux, making it
available for new platforms.

Hundreds of thousands of enthusiastic users, from students and interested individuals to companies
which use Linux as a cheap and flexible Internet server, and even to large corporations such as the car
rental specialist Budget/Sixt or IKEA, the Swedish furniture retailer with outlets all over the world,
where business critical applications are based on Linux.

inux 1 tri ution

Conveniently prepared versions of Gnu/ Linux such as Red Hat or SuSE, can be purchased for very
little money. The biggest advantage however, is the free availability of its source code. It is entirely
due to this unlimited access that such a large number of interested, competent and expert users all
over the world contribute actively to developing Gnu/ Linux, bringing it to the level at which it stands
today. This freedom also means that users are not tied to one supplier when it comes to service and
support. On the contrary — they can pick the most attractive company on the market.



C volLbi U Liv 11N O o465 O LINU

Extensive O/S environments such as Red Hat or SuSE open up the advantages of GNU/ Linux to a
broad audience. Distributions have been prepared in such a way that even less experienced users and
newcomers to UNIX can cope with installations. Furthermore, the packages often contain extensive
utilities, programs and demos. Comprehensive manuals are also provided which should give the
answers to all queries, be they from novices or experienced users. The main suppliers detailed below
also provide support services at a nominal cost.

7.4.1 Corel

Corel Corporation’s mission is to offer customers performance, compatibility and power, while contin-
ually incorporating new technologies, such as Linux, into its corporate strategy.

Corel aims to eliminate the current barriers of Linux, such as the complexity, lack of drivers, and
general lack of applications and standard components. Corel Linux OS aims to provide an easy-to-use
operating system and as a result, offer Linux to a wide variety of users who would not have considered
it a viable alternative in the past. See http://linu .corel.co .

7.4.2 De ian

The Debian Project started in 1993 and is a collection of software written by volunteers who en-
deavour to produce the Debian GNU/Linux distribution, a version of Linux currently available for
Intel and Motorola 68000 machines. Sparc, UltraSparc, MIPS, and PowerPC distributions are under
development, and support for the Alpha architecture was added in the current 2.1 release. Debian is
the major thrust of Software In The Public Interest, Inc., a New ork-based non-profit organisation
dedicated to distributing free software (also called ”Open Source Software”).

The current version of Debian is v2.1 (Slink). This release contains about 2250 packages on two official
CDs, and included apt, the new package management interface. See http://www. ebian.co .

7.4.3 Mandrake

Mandrake is a fully GUI based tool which ties together many of the tools already included in a
GNU/Linux distribution to automate and simplify the process of installing new hardware. Some
items will be detected, others can be selected from a drop down list. The various i/o, IRQ and such
X86 annoyance settings can be adjusted from within this interface.

The current version of Linux-Mandrake is v7.1. See http://www. an rake.co .

7.4.4 ed Hat

Founded in 1994, Red Hat, is a leading provider of open source Internet infrastructure solutions,
ranging from small embedded devices to high availability clusters and Web serving. Red Hat ”applies
its technological leadership to create open source solutions for Internet infrastructure and post-PC
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environments, offers services backed by the best understanding of open source and the most compre-
hensive resources, delivers the brand of a widely trusted open source leader and corporate partner,
..... ”. Red Hat is based in Durham, N.C. and has offices worldwide.

Red Hat shares all of its software innovations freely with the open source community under the GNU
General Public License (GPL). The Official Red Hat Linux OS and related services are available
directly from the company and through its partner, distributor and reseller programs, which include
top PC and server manufacturers such as Compagq, Dell, Gateway, IBM, Hewlett-Packard and Silicon
Graphics.

Red Hat and the Official Red Hat Linux OS have received industry praise. Recent accolades include:
Red Herring’s Top 100 Companies of the Electronic Economy, Upside’s Hot 100 Companies, Network
World’s 10 Companies to Watch, Federal Computer Week’s Government Best Buy, Software Develop-
ment’s Jolt Award and InfoWorld’s Product of the ear for three years in a row. Red Hat was also
voted a “LinuxWorld Favorite” by the attendees of the two most recent LinuxWorld Expos, winning
Best Server Distribution at the August show.

The current version of Red Hat Linux is v7, but many people are staying with v6.2 because v7 contains
some features not fully supported by GNU. See http://www.re hat.co .

7.4.5 SuSE

SuSE (pronounced soo’-zuh) was founded in 1992 by four German software engineers Roland Dyroff,
Thomas Fehr, Hubert Mantel and Burchard Steinbild and is the oldest major Linux solutions provider.
Since then, the company’s commitment to the highest standards in open source software development
has helped the award-winning SuSE Linux Operating System become one of the most widely-used
Linux distributions in the world.

Today, SuSE has an international presence, with offices in Germany, the United Kingdom, Italy,
Eastern Europe, and the United States. Established in Oakland, California in 1997, SuSE Inc.,
the company’s North American subsidiary, provides solutions, technical support, Premier Partner
programs, and sales support to customers, resellers, and distributors. SuSE Inc. increased earnings
by over 350 for 1999.

SuSE’s mission is two-fold, (i) to manage the continuous changes in Linux by bundling and issuing
its version changes using ”lead-quality engineering and technology”, and (ii) provide ”world-class
consulting and services”.

SuSE Linux 6.4, the most recent release of the company’s flagship product, combines a ”remarkably
simple installation process with a collection of over 1,500 applications — the most comprehensive and
user-friendly Linux distribution available”. Targeted at the server market, this encyclopedic library
of tools also includes resources for software developers, Linux users, network administrators, and
businesses, such as:

The ”impressive” performance, networking, and advances in multi-media hardware support of
the latest Linux kernel, v2.2.14.

Customizable, user-friendly KDE and GNOME desktop environments.
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Informix SE, MySQL, and PostgresSql databases.

SuSE Holding AG (based in Nuremberg, Germany) and SuSE Inc. are privately held companies. The
current version of SuSE Linux is v7.0 and the Web site is at http://www.suse.co .

7.4.6 S I Ad anced Cluster En ironment ACE

The SGI Linux Advanced Cluster Environment provides a software package for compute-intensive
environments. ACE leverages technologies by integrating various open-source and vendor-developed
components, eliminating the process of identifying, downloading, and integrating clustering software
from the Internet. The ACE package has been tested in SGI’s cluster engineering labs to ensure the
interoperability and functionality of the whole package. For more information visit the SGI Linux
Advanced Cluster Environment site at http://www.sgi.co /software/ace/linu .ht 1.

ACE includes tools to facilitate distributed software installation and the management of server farms
via a management node which can issue remote resets and configure software components on other
nodes via its console. SGI has also contributed performance-analysis tools including kernel profiling,
lock monitoring and kernel event tracing to the Linux development.

ACE also includes a programming environment to run applications across multiple server nodes. This
uses MPI and optimised drivers for the library on selected hardware. Parallel development tools and
debuggers will be included in the future. A resource management system and batch scheduler are also
provided which can accommodate a heterogeneous architecture. Performance of the cluster can be
monitored, using the Co-Pilot tool which has the ability to record and visualise tasks running on the
system.

In summary the components of ACE are currently:

Lconsole serial console;

Portable Batch System (PBS 2.8);

Performance Co-Pilot (PCP 2.0);

Myricom GM driver v1.1.3 http://www. yri.co ;

Myricom enhanced MPICH v1.1.2;

MPICH for Ethernet v1.2.0;

VA Cluster Manager (VACM 2.0);

Drivers for EtherLite 16 (EL16) serial multiplexer from Digi www. igi.co ;

Evaluation software.

The ACE Web home site is at http://oss.sgi.co /pro ects/ace. Open-source components of the
ACE 1.0 release and the ACE 1.2 release are now available for download.
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Inst in inu on e0o u

We consider installation of the latest release of Red Hat Linux v6.2 initially on the master node. Red
Hat is available very cheaply from several Web sites on CD-ROM from which a boot floppy can be
made on a live system. The CD-ROM and boot floppy should then be inserted in the master and the
power turned on. Installation is a simple matter of following the choices on the menus. Important
points to note are:

1. Configuring the disc — if there is a previously formatted partition containing, e.g. Windows or
NT, it is best removed. A swap partition of 2 x the physical memory size can then be installed
and the partition which can be allowed to grow to fill the disk.

2. Linux will attempt to test the video card in the system. It is best to make a note of the
recommended default setting at this point in case things go wrong. A test screen will be produced
to verify if messages are visible.

3. The default installation, including formatting the disk, will take a time depending on the speed
of the machine, say up to 1 hour.

It is now best to make a new boot floppy from your completed installation.

To make the Beowulf system as easy as possible to maintain, we recommend making all compute
nodes identical, i.e. the same hardware, same partition sizes, same software and same configuration
files. This makes the software much easier to install and maintain and is especially important on larger
systems. It is then possible to carry out one complete installation followed by a straightforward cloning
process. For partition sizes, 128 MB is useful for root and 2 x memory size for the swap partition.
Swapping on the compute nodes should however be discouraged as this slows down computation so,
the choice of real memory size depends on what jobs are to be run. For the /usr partition it really
depends on the number of packages you are planning to install; about 800 MB should go a long way
for most systems running Linux.

For a basic installation of Red Hat or Mandrake Linux we suggest:

Basic System Software, including networking software;
Kernel Sources;

C,C , gl7 compilers and libraries;

X11 with development libraries;

xntp or another time synchronizer;

autofs;

rsync.
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Note that Fortran 90 does not appear in the above list because there is no free F90 currently shipping
with Linux. Available compilers are described in a separate section below.

To install these packages, follow the standard instructions that come with the Linux distribution you
have chosen. On Red Hat v6.2 everything is automatic and the system will prompt for choices. There
are a few files that will probably need to be edited before cloning the system:

/etc/hosts
/etc/hosts.e uiv
/etc/shosts.e uiv
/etc/fstab
/etc/pa . /rlogin
/etc/ntp.conf
/etc/lilo.conf
/etc/e ports
/etc/auto. aster
/etc/auto.beowulf

For the hosts file, you need to list all the names, with aliases, for each node. All nodes need to
be listed in hosts.e uiv and shosts.e uiv to let users use rsh commands without creating their
own .rhosts and .shosts files. In your /etc/pa . /rlogin file, you want to make sure you do
not require secure tty when logging into the nodes. To fix this, change the order of the modules
pa _securetty.so and pa _rhosts_auth.so, to obtain the following:

auth sufficient /lib/security/pa rhosts auth.so

auth re uire /1lib/security/pa securetty.so

auth re uire /lib/security/pa pw b.so sha ow nullok

auth re uire /1lib/security/pa mnologin.so

account re uire /lib/security/pa pw b.so

passwor re uire /lib/security/pa cracklib.so

passwor re uire /lib/security/pa pw b.so sha ow nullok use authtok
session re uire /1ib/security/pa pw b.so

When setting up the clock synchronisation daemon ntp, have the master node synchronise with the
outside world and broadcast the time to the private network. The nodes will then be configured to
sync their time to the front-end machine.

It is a good idea to have a good backup kernel that lilo (the Linux boot manager) can find in case you
install a new kernel that does not work. A typical 1ilo.conf file might looks like:

boot / ev/h a

ap /boot/ ap
install /boot/boot.b
pro t

ti eout 2
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rea only

root / ev/h al

i age /boot/v linu

label linu

i age /boot/v linu .ol
label linu .ol

i age /boot/v linu .clone
label linu .clone

i age /boot/v linu .save
label linu .save

If it is decided to export scratch partitions from all nodes and use autofs to mount these from any
node upon request, an e ports file might looks like:

/scratch bw . l.ac.uk rw no root s uash

The no_root_squash option lets root on one node operate as root on any of the mounted files systems.

To set up autofs, add a line like:

/ ata /etc/auto.beowulf ti eout

to the file /etc/auto. aster and create /etc/auto.beowulf with entries like:

bw fstype nfs bw :/scratch
bw 1 fstype nfs bw 1:/scratch
bw 2 fstype nfs bw 2:/scratch
bw fstype nfs bw :/scratch

On the nodes, you will also want to automatically mount home directories from the front-end machine,
so you’ll need to have:

ho e fstype nfs eowulfl:/ho e

added to the /etc/auto.beowulf file as well.

The /usr/local directory can be used for all software installations which are not default parts of
the operating system, e.g. software packages like MPICH or PVM which can be installed under
/usr/local/ pich or /usr/local/pv on the master. On the nodes /usr/local can be an NFS
mounted file system from the master if it is required. This means that packages only have to be
maintained in one place.
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1 he loning Proce

There are different ways to clone your first system. One way is to physically connect a drive to an
already configured system and then copy the content from one drive to another. Another, maybe more
elegant method, is to boot the nodes as diskless clients the first time and let setup scripts partition
and copy the system from tar files or from an already running system.

The first method is simpler, but it requires a lot of reboots and power shutdowns. This is the only
way to do it if you don’t have a floppy drive in every system.

When copying from one drive to another there are two simple ways:

1) Use on the entire drive. If your configured drive is h a and the unconfigured is on h b, you
would do if / ev/h a of / ev/h b. This will take care of partitions as well as the boot sector
and files.

2) If you don’t use the same type of drives in your nodes, create tar files of the root and usr partition
of the configured system that you set up as follows:

k ir /usr/i ages
tar cvfl /usr/i ages/root.tar.g /
tar vfl /usr/i ages/usr.tar.g /usr e clu e /usr/i ages

The 1 flag is important when doing the tar, to only archive files within the partition. ou can now
connect drives that will go into the other nodes one by one. Remember to power off the system before
connecting and disconnecting drives. Partition and format the drives as you did with the first system.

ou will need to reboot after partitioning to make sure the drive gets reset properly with the new
partitioning tables. After creating the file systems e.g. kfs t e t2 / ev/h cl, you can extract
the file systems for the root and usr partition. ou are now ready to initialise lilo to update the boot
sector. To do this, you need to have your cloned disk seen as the first disk (/ ev/h a for IDE or
/ ev/s afor SCSI). When booting from floppy, at the boot prompt type 1inu root / ev/h al for
IDE drives and 1linu root / ev/s al for SCSI drives. When the system is running, log in as root
and type lilo. This is also a good time to edit the network configuration files listed below.

After creating each clone, they need to be given their own identity. For Red Hat and Mandrake Linux,
you will have to edit the files:

/etc/ 0S A
/etc/sysconfig/network
/etc/sysconfig/network scripts/ifcfg eth

When booting as a diskless system to clone the nodes, you need to use bootp or dhcp. Information
about how to set up bootp can be found at http://beowulf.gsfc.nasa.gov. The NodeCloner
package, will help you setting up NFS root on the master. When adding a new node, all we now
have to do is add the node to the o eDatabase file under the NFS-root tree and add the hardware
address for its ethernet adapter to /etc/bootptab, send a hangup signal to the bootpd, that should
be running on the master, and we should be ready to boot the new node diskless. As soon as the
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new node has finished booting from the floppy, an init script, found in the sbin directory under the
NFS-root tree, is run and does the whole cloning process. This script finally reboots the machine
when the process is done and the node should be ready to compute.

ter ot re

.1 inux an icro oft in ow

It is possible to install Linux and Windows 98 Windows 2000 or NT on the same machine. It is
necessary to partition the main disc to do this. The preferred steps are to set up using Linux but use
the Disk Druid or fdisk to configure something as follows:

Disk / ev/h a: 2 hea s sectors cylin ers
nits cylin ers of 1 12 12 bytes
Device oot Start n locks I  Syste
/ ev/h al 1 2 1 22 + A1
/ ev/h a2 2 1 2 inu
/ ev/h a 9 1 2 inu swap

Note that we have put the FAT16 partition to be used by NT at the base and the Linux swap partition
at the top. The Lilo boot manager should be installed to boot in the “master boot record” and can
be configured to boot Linux by default or “dos” if desired.

.2 o piler

Compilers for Linux systems include: gcc family, Portland Group, KAI, Fujitsu, Absoft, Salford,
PentiumGCC, NAG. Compaq have beta tested Alphalinux compilers which are reputedly excellent,
and some people already compile their applications under Digital Unix and run them on AlphaLinux.

A soft Corp. - FORTRANTY7 (f77) and Fortran 90 (f90). See http://www.absoft.co .

he Portland roup - High Performance Fortran (pghpf), FORTRAN77 (pgf77), FORTRAN90
(pgf90), C and C (pgce). See http://www.pgroup.co .

Numerical Algorithms roup - Fortran 90 (f90), Fortran 95 (f95). See http://www.nag.co .
NU CC eges —free FORTRANT7, C, Pascal, and C compilers. See http://egcs.cygnus.co .

Pentium gcc P CC - from the Pentium Compiler Group uses Pentium-specific optimisations to
produce 5 -30 speedups from regular Gee. See http://goof.co /pcg.

Lahey Fu itsu — LF95 Linux Express v5.6 is a fully optimising ISO Fortran 95 compiler. There is
also a source syntax checking tool which can be down-loaded for free, although the compiler and
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costs around 250. Winteractor v3.0 is a GUI front end from ISS Ltd. for Windows and Linux.
There is also the Fujitsu scientific subroutine library and a profiling package similar to Xprofiler.
See www.lahey.co .

BE 77 — described as ”an automatic and efficient Fortran paralleliser”. See http://www.plogic.
co /bert.ht 1.

Salford Compilers — Salford Software provide a full ISO Fortran 95 compiler, but untfortunately
only to run on Microsoft Windows. See http://www.salfor software.co.uk.

u erical 1 rarie
9.3.1 ScaLAPACK etc.

In this section we consider installation of public domain linear-algebra software from the NetLib
repository http://www.netlib.org. The main packages of interest are BLAS and LAPACK for single-
processor routines and ScaLAPACK for parallel. The latter also requires the installation of PBLAS

and BLACS. PBLAS comes packaged with ScaLAPACK, but BLACS must be installed separately.
The installation procedure is as follows:

1. Access the NetLib Web page and click “browse”. The BLAS, BLACS, LAPACK and SCALA-
PACK have separate entries. ou will also see alternatives such as LAPACK  (for C ) and
LAPACK90 (with Fortran 90 interfaces and modules).

From the BLAS page the file blas.tgz can be down loaded.

From the BLACS page the files mpiblacs.tgz or pvmblacs.tgz can be down loaded. We will
assume we are using MPL.

From the LAPACK page the file lapack.tgz can be down loaded.
From the SCALAPACK page a number of software components can be accessed:

SCALAPACK - dense and band matrix software (ScaLAPACK)
PARPACK and ARPACK - large sparse eigenvalue software
CAPSS and MFACT - sparse direct systems software

ParPre — preconditioners for large sparse iterative solvers

Clicking on the appropriate name gives further information and access to pre-compiled versions,
but not for Beowulf systems.

Further down the ScaLAPACK page the file scalapack.tg can be down loaded. There are
also example programs available.

2. The down-loaded files can be gunzipped and untarred and will expand to produce directories
BLAS, BLACS, LAPACK and SCALAPACK.

3. Compilation is reasonably straightforward but a few simple tips are useful as follows:

The BLAS library may simply be compiled by hand with suitable options, e.g.

pgf9 ¢ fast noieee Dalign .f
ar ¢ libblas.a .o
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The LAPACK library may be compiled in a similar way.

The BLACS and SCALAPACK are slightly more complex and come with example makefiles.
We consider the BLACS first.

Copy an example makefile header from ACS/ A Sinto ake.incandfromSCA A AC /S A
into S ake.inc,suchas ake. I I

In the directory I S A , after appropriate editing, type make xintface. This will create an
executable in the sub-directory. If this was compiled using the Portland compiler, running
this executable on a Pentium Linux system will produce:

beowulfl. l.ac.uk intface
or this platfor set tt I AC DA
0 A SO

A few things will now need to be changed in the ake.inc and S ake.inc. Lines requiring
changes are typically the definitions of

A
IDI
ID
S I D sing pi lacs
I AC

AS
ccC
CC A S
I DI
AS I

The include files contain extensive comments which should be read carefully. Once editing is

complete type ake piand ake tester to build the BLACS and then ake to build ScalLA-
PACK.

9.3.2 A LAS

The Automatically Tuned Linear Algebra Software (ATLAS) BLAS by Clint Whaley and Jack Don-
garra is a self-optimising library freely available from NetLib http://www.netlib.org. Part of the
installation procedure includes a test and feedback cycle which optimises internal parameters to give
the best performance depending on the processor architecture, memory, and cache. It is very likely
to exceed or at lease equal the performance from a propriatory library and is therefore very useful for
commodity systems.

9.3.3 ASCI Option ed software

BLAS, fast-fourier transform, hardware performance-monitoring utilities, extended-precision math
primitives all available free for Intel processors under restrictive licenses from http://www.cs.utk.
e u/ ghenry/ istrib/archive.ht .
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9.3.4 Intel Maths Kernel Li rary

A fast maths library, MKL v5.0, is a collection of BLAS and LAPACK routines available from Intel,
but currently only for Windows. A Linux version is likely to be available mid 2001.

9.3.5 Fast math li rary and Free Fast Math li rary

These libraries make standard mathematical functions much faster http://people.frankfurt.netsurf.
e/ oachi . esner/www.lsc group.phys.uw .e u/ www/ ocs/beowulf/os up ates/fast ath.ht 1.

9.3.6 NA Parallel Li rary

A version of the commercial NAG library tuned for Beowulf systems is available http://www.nag.
co.uk.

9.3.7 Fu itsu Scienti ¢ Su routine Li rary

This is available with the LF95 compiler from Lahey /Fujitsu described above. It is basically the same
library which runs on Fujitsu vector systems.

e age Pa ing

A number of message passing libraries are available for Beowulf systems, including:

MPICH - Argonne National Laboratory’s implementation of MPT http://www uni . cs.anl.gov/
pi/ pich.

Myricom M MPICH - http://www. yri.co .

LAM MPI - Local Area Multicomputer MPI, developed at the Ohio Supercomputer Center and
housed at Univ. of Notre Dame — see http://www. pi.n .e u/la .

P M Parallel irtual Machine - see http://www.ep .ornl.gov/pv /pv  ho e.ht 1.

lo us — Metacomputing Environment — see http://www.globus.org/ IC .

e ource anage ent

The provision of robust resource management software with the required functionality continues to be
one of the key requirements for extending the cost-effectiveness of commodity-based hardware into the
proprietary-based server marketplace. The variety of products is increasing rapidly, with a number of
public domain and commercial offerings now available. These include the following:
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B IEW - Monitoring software. See http://w2 2.gsfc.nasa.gov/ u aya/ ublic/software/bview/
bview.ht 1

Watch — GUI monitoring software. It displays load averages, memory, swap, number of processes
and users for all nodes. See http://wuw.sci.us .e u.au/staff/ acek/b atch

BP OC - Making processes visible across nodes. This aims to make a cluster appear as a single
virtual system allowing
(i) fork()s to happen across nodes;
(ii) process migration; and
(iii) kill()s to work across nodes, currently pre-alpha release. See http://www.beowulf.org/
software/bproc.ht 1.

Cluster patches for procps — Lets you compile /proc-based programs like ps so they report on
all processes on the cluster, not just the ones on the machine you're logged into. See http:
//www.sc.cs.tu bs. e/pare/results/procps.ht 1.

ClusterWork - From LinuxNetworkx (see below) provides a comprehensive, architecture indepen-
dent cluster management system. It provides administrators with a powerful set of management
tools, including;

remote power monitoring for individual nodes;

temperature monitoring of individual processors;

power sequencing on startup to prevent possible power spiking;

remote power down and reset of system and nodes;

serial access to nodes;

front-end GUT tools or backup keypad and LCD;

100 architecture-independent with support for any standard ATX or XATX motherboard.

Codine — Commercial resource management software from GridWare Inc., previously known as
Genias Software. GridWare has recently been acquired by SUN Microsystems. See http:
//www.gri ware.co .

Computing Centre Software — Cluster management software v4.0 developed by the Paderborn
Center for Parallel Computing. The related cluster monitor (Clusmon) allows supervision of
the usage and status of the clusters. Whenever there are problems, it notifies automatically the
system administrator. See http://www.uni pa erborn. e/pc2/pro ects/ccs.

Condor — From the University of Wisconsin. A sophisticated queuing and scheduling system de-
signed to “steal” idle cycles in a pool of workstations. It offers a high degree of flexibility and
customisation of policies for users, queues and resources. See http://www.cs.wisc.e u/con or.

D S Distri uted ueueing System - A free batch queuing system from Florida State Univer-
sity. See http://www.scri.fsu.e u/ pasko/ s.ht 1.

Lo os - Queuing system from NIH, Bethesda, USA. See http://www.lobos.nih.gov.

LSF — A commercial Load Sharing Facility from Platform Computing. See http://www.platfor .
co .
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MOSI - Scalable cluster computing project for Linux from the Hebrew University of Jerusalem.
See http://www. osi .cs.hu i.ac.il.

Parallel irtual Filesystem — LD_PRELOAD-based filesystem modification to let you transpar-
ently stripe big files across many disks. Allows high-performance access to big datasets. See
http://ece.cle son.e u/parl/pvfs.

PBS - Portable Batch System developed at NASA Ames Research Center now commercially available
from MR.J Inc. Two versions of PBS are available, one free and the other, PBS Pro, a licensed
product with support services from Veridian Systems Inc. See http://pbs. r .co , http:
//www.pbspro.co and http://www.nas.nasa.gov/Software/ S.

SW MS - See http://www. ua rics.co /web/support/online ocs/ht 1.

SMILE Cluster Management System CMS - Run commands on all nodes, shut down and
re-boot individual nodes and sets of nodes, monitor health of nodes. Makes clusters easier to
administer. See http://s ile.cpe.ku.ac.th/software/sc s.

Scripts for con guring clone worker nodes — Makes adding nodes to a Beowulf ”painless”.
See ftp://ftp.sci.us .e u.au/pub/ acek/beowulf utils/ isk less.

Scripts for doing arious things on a cluster — Backups, shutdowns, reboots, running a com-
mand on every node. See ftp://ftp.sci.us .e u.au/pub/ acek/beowulf utils/ isc scripts.

irtual Pri ate Ser er — New software infrastructure for scalable internet services and enterprise
services from Sychron Ltd. Oxford. See http://www.sychron.co .

1 eror nce nd Cost

Currently applications, such as GAMESS-UK, DL_POL , ANGUS, CR STAL, POL-ERSEM, RE-
ALC and CASTEP are being ported to the Beowulf systems for evaluation. Results across a very
wide range of platforms showing their performance are posted on the DisCo Web site as they be-
come available, see http://www.cse.clrc.ac.uk/Activity/DisCo. Many of these systems will be
available for evaluation and comparison at the annual Daresbury Machine Evaluation Workshop, see
http://www.cse.clrc.ac.uk/Activity/DisCo. Both the DisCo team and the HPCI Centre already
have a great deal of experience in porting codes to cluster systems and further information may be
obtained from the authors via s. .an rews 1l.ac.uk.

EPCC compared the performance of their Bobcat Beowulf cluster with one other machine, the Cray
T3E. EPCC has recently taken delivery of an 18-CPU Sun HPC6500 shared memory system, and will
soon be installing a 16-CPU SGI Linux cluster with dual-processor nodes and Myrinet interconnect
(as opposed to the cheaper but slower switched Ethernet on Bobcat). They also have access to a 16-
CPU Compagq system comprising four ES40 SMPs, each with four EV6 CPUs, connected by memory
channel. The Beowulf and T3E comparison will be presented in a full paper available from the UKHEC
Web site http://ww.ukhec.ac.uk.

These results, combined with those from the SMP Sun system, the SGI Linux cluster amd memory-
connected Compaq cluster, will allow for an interesting evaluation of the most cost-effective platform
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on which to run typical science and engineering codes. The very different parallel behaviour of the
codes that we have observed to date suggests that no single machine will be the best for all applications.

We have mainly discussed technical issues around building and running a Beowulf-class computer
using suitable parallel programming software. We have referred the reader to sources of information
about benchmark performance so that a view may be formed of the efficiency of the solution in a
variety of application areas. However one other important aspect to consider is that of cost. Whilst
Beowulf systems are built from commodity components they are likely to be cheap (for a given level
of performance) compared with proprietory systems, e.g. SMP workstations, however prices vary and
it may be found, in some cases, that the cheapest solution offers good performance, but not in every
case. One must weigh the cost against expected performance for a particular application.

Costs of components are varying very rapidly and it is impossible to give accurate details. We therefore
provide a snapshot of what might be expected to be the outlay for components of a typical 32-node
Beowulf. Please check with a variety of suppliers and integrators for the best deals. Amount and type
of memory and disk size and type will also affect the cost, On top of this one must add the cost of
software licenses as required and computer officer support. The latter depends on system size, but
may typically take 5 or more of someone’s time for system administration.

Table 6: Approximate cost per node of components of a 32-node Beowulf

item cost VAT
single PIIT 933 MHz 1000
single PIII 750 MHz 750
single Athlon 1000 MHz 1000
dual Alpha EV67 667 MHz | 10000 to 14000
Fast Ethernet 100
Gigabit Ethernet 1000
Myrinet 1000
QsNet 1750
SCI 1000

Information taken in part from IEEE White Paper on Cluster Computing
http://www. cs.port.ac.uk/ ab/tfcc/ hite aper/final paper.p f.

Prices are quoted from the latest Web pages (see for instance http://www.netbuyer. co/uk) assuming
a specification of 256 MB RAM and 20GB HDD per processor for Athlon and Pentium. We are also
assuming that memory costs around 1 per MB. In general a dual processor node will cost somewhat
less than two singles of the same specification, but bear in mind that there may be memory and
network access contention.

Note that it is possible to get “end of line” special offers at greatly reduced prices, e.g. 667 MHz PIII.
ou should therefore always contact a number of vendors and discuss your requirements.

11 urt er In or tion

A useful starting point for all things Beowulf is http://www.beowulf.org. Another source is " The
Beowulf Underground” at http://www.beowulf un ergroun .org.
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Specialist support for EPSRC’s grant activity is provided at Daresbury through the EPSRC Distribut-
ed Computing Programme (DisCo). In the rapidly changing landscape of computational infrastructure
the DisCo team is able to provide data and advice to grant holders, both current and aspiring, not

just on distributed matters but also on aspects of operating systems, tools and machine performance.
We do this through:

Comprehensive benchmarking of machines with real parallel applications;

Workshops and courses including the Linux Summer School and annual Machine Evaluation Work-
shop;

An archive providing a software on demand service to the research community;

Technical developments through our in-house evaluation of different cluster architectures;

ad hoc contact with any member of the team below:

Dr Martyn Guest ( .f.guest 1.ac.uk)
Dr Steve Andrews (s. .an rews 1l.ac.uk)
Dr Barry Searle (b.g.searle 1.ac.uk)

Furthermore, the team works closely with the HPCI Centre at Daresbury to port and optimise the
performance of applications on Beowulf systems. The DisCo Web site is at www.cse.clrc.ac.uk/
Activity/DisCo.

Mark Baker at the University of Portsmouth has assembled a comprehensive Web page and set of links
to other information on cluster computing. This is at URL http://www. cs.port.ac.uk/ ab. Of
particular interest will be the White Paper on Cluster Computing produced for the IEEE Task Force
on Cluster Computing. It has a number of eminent contributing authors and provides a snapshot of
the technology in year 2000.

See Hwang and Xu 7 for an introduction to parallel computer systems in general and Buyya 8 for
Cluster Computing. A published guide to the implementation and application of PC clusters 1 and
Web tutorials 2, 3, 4 can be consulted. A number of other useful introductory materials can also be
found on the Web e.g. 10.

Other important sources for Linux and free software are

O’Reilly Linux Web site — www.linu .co

Linux Online — www.linu .org

Free Software Foundation — www.fsf.org

Open Source information — www.opensource.org

Linux links at A co

Linux Start at h co

Kernelnotes.org at h 0o o

The Linux HOWTO Index at h c d d

RAID Solutions for Linux at A a o adh

Linux security at & a a o had ¢ d h
Linux Software for Scientists at A d a ah
Scientific Applications on Linux at A ach a ch

Linux Gazette at h a co

Linux Journal’s Linux Resources at & c co
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A number of Beowulf news and e-mail discussion groups exist. Our own is at eowulf 1l.ac.uk.

1 c no ed e ents

The investigations reported here were partly funded by EPSRC through grant GR/N09688 to the
UKHEC Collaboration at Daresbury Laboratory and the Universities of Edinburgh and Manchester.
They were also partly funded by the Service Level Agreement between EPSRC and the CSE Depart-
ment for the Distributed Computing Support Programme DisCo. The Loki and Wulfgar systems were
purchased using a CLRC Internal R D Fund.
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