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Abstract

This paper describes our experience of designing and
building Pink, a 1024-node (2048 processor) Myrinet-based
single-system image Linux cluster that was installed in Jan-
uary 2003 at the Los Alamos National Laboratory. At the
time of its installation, Pink was the largest single-system
image Linux cluster in the world, and was based entirely
on open-source software - from the BIOS up. Pink was
the proof-of-concept prototype for Lightning, a production
1408-node (2816 processor) cluster that will begin opera-
tion at LANL later this year. Lightning is currently number
6 on the Top500 list.

In this paper we will examine the issues that were en-
countered and the problems that needed to be overcome in
order to scale a cluster to this size. We will also present
some performance numbers that demonstrate the scalabil-
ity and manageability of the cluster software suite.

1. Introduction

In the past five years, Linux has gone from running on
only a few small clusters to being the operating system of
choice for the next-generation of high performance com-
puting (HPC) systems at the Department of Energy (DOE)
labs. The strong growth of Linux in the commercial sector,
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combined with the unique requirements of the HPC envi-
ronment, has convinced DOE to invest in both the develop-
ment of HPC software and the development of expertise in
Linux and other open source software.

As part of this effort, Los Alamos National Laboratory
(LANL) has been undertaking a research project funded
by the Mathematical Information and Computer Sciences
(MICS) Program of the DOE Office of Science to design a
fundamentally new clustering technology, known as Clus-
termatic. The aim of this project is to develop a complete
cluster management system with the primary goal of mak-
ing clusters easier to maintain and use at virtually any scale.
The 1024-node Pink cluster is the first milestone in the re-
alization of this research project, which is ultimately aimed
at developing a 100 Teraflops Linux cluster. Pink is also
the proof-of-concept for Lightning, a 1408-node production
cluster that is currently number 6 on the November 2003
Top500 [6] list.

At the time of it’s installation, Pink was the hallmark of a
number of important achievements in clustering technology
for a machine of this size, including:

e The machine was the largest single-system im-
age Linux cluster in the world.

e The vendor (Linux Networx) provided all the hard-
ware, but almost none of the system software.

e The entire software suite, including the BIOS, operat-
ing system, clustering software, and other system tools
were all open-source projects based at LANL and other
sites.

e The system did not require a second management net-
work, instead the Myrinet interconnect was used for
both system booting and monitoring purposes, as well
as a traditional HPC application interconnect.
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e The hardware installation was completed in 3 days,
and the system was operational the same day. Final ac-
ceptance was less than 4 weeks later.

The remainder of the paper is organized as follows. In
Section 2, we lay out the architectural design goals that were
set for Pink. In Section 3, we describe the resulting hard-
ware and software implementation that realized our goals,
and present some performance numbers that demonstrate
the scalability of the system. In Section 4, we detail our
plans for future areas of research. Finally, in Section 5, we
provide some concluding remarks.

2. Design Goals for Pink

In the last few years, cluster computing has been push-
ing the limits of performance that can be extracted from
traditional clustering techniques. A number of research or-
ganizations have demonstrated that clusters compris-
ing over 1000 compute nodes can be successfully built and
used to achieve significant increases in application perfor-
mance [3] [2] [1].

However, these performance improvements can come at
a cost. Growing the number of compute nodes dramati-
cally expands the size and complexity of the machine. From
a hardware perspective, as component counts increase, so
does the likelihood of a major hardware failure, as does the
difficulty in locating and fixing problems. The result is that
additional staff are needed to maintain and repair the ma-
chine in order keep it in an operational state. From a soft-
ware standpoint, scaling issues can also have a negative im-
pact on the operation of the cluster, both in terms of the cost
of managing the system and on the performance of applica-
tions running on the machine.

Experience has shown that, unless great care is taken to
mitigate these issues, the result can be a substantial increase
in the cost of maintaining and operating the machine com-
bined with a reduction in the actual application performance
attained. The end result is that the price performance advan-
tages of cluster computing can be significantly reduced.

2.1. Software goals

The primary goal is to develop a software suite that will
turn commodity hardware into purpose-built cluster nodes.
However, in order to scale to very large numbers of nodes at
the same time as continuing to achieve acceptable levels of
performance, a number of other factors must also be consid-
ered. These include reducing complexity, increasing relia-
bility, and improving the maintainability of the system. The
following series of software-related goals are key to achiev-
ing these outcomes.

Behave like a singe system. This frees users from details of
how the cluster operates, and simplifies the task of manag-
ing the system. Traditional cluster systems do this by pro-
viding scripts that attempt to hide the architecture details.
However these scripts tend to be slow, cuambersome, highly
sensitive to software changes, and are obviously different
from commands that are familiar to users. Instead, Clus-
termatic employs an asymmetric single-system image archi-
tecture in which all processes on the system are able to be
viewed and controlled from a central point.

Replace software components. Traditional approaches to
clustering have predominantly involved layering software
infrastructure on top of an existing operating system to cre-
ate the illusion of a single coherent system. Such an ap-
proach is an very effective way of establishing a small to
medium size cluster, as is reflected by the success of sys-
tems such as OSCAR [13] and NPACI Rocks [7]. However,
by simply adding extra software layers to a stand-alone sys-
tem, the level of complexity is increased significantly, and
as the machine size increases, scaling problems in one soft-
ware component can easily swamp the entire system. In
contrast, Clustermatic relies on eliminating software that is
not required, and replacing or enhancing existing software
with that needed to achieve the level of scalability and per-
formance required for very large clusters.

Avoid legacy software. Legacy software can be a signifi-
cant factor in reducing the reliability of clusters, so ensur-
ing this software functions correctly is an important goal.
One component of commodity systems that is often over-
looked, but that has a significant impact on the manageabil-
ity of large clusters, is the PC BIOS. Our experience is that
the standard BIOS often mis-configures hardware, and can
be unreliable in operation. In addition, the BIOS has be de-
signed to require user intervention, and although capable of
unattended booting, there are many situations where a key-
board and monitor will need to be connected to the node.
This is just not practical when there are thousands of nodes.

Use only open-source system software. The entire sys-
tem software suite, including software provided by hard-
ware vendors (e.g., firmware, device drivers, etc.) should
be open-source. Open-source software allows admin-
istrators to more quickly find and fix problems, and
removes reliance from vendors. In our experience the qual-
ity and reliability of open-source software can also be
equivalent to, or even better than, that supplied by ven-
dors.

2.2. Hardware goals

While the physical properties of a 1024-node cluster are
daunting, installing, managing, and maintaining a system
of this scale is even more daunting. Therefore our primary
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goal is to reduce the parts list, which in turn will lead to in-
creased reliability and make it easier to diagnose and fix
problems.

Minimize the number of wires per node. Most cluster sys-
tems that employ a high performance network such as
Myrinet or Quadrics Elan usually include an Ethernet or se-
rial network (or sometimes both) for system management
and monitoring, and sometimes also require a network ded-
icated for I/O purposes. Each additional network requires
more space both under the floor and in the racks, which can
contribute to reduced air flow. More connectors and cables
means less reliability, and makes the task of locating, re-
placing, and re-routing a faulty cable all the more difficult.
Ideally there should only be two wires running from each
node, one for power and the other for the interconnect net-
work.

No moving parts on the node. Other than the power sup-
ply and CPU fans, no other moving parts (e.g., disk, floppy,
CD-ROM) should be required for a cluster node to operate.
Moving parts are much more prone to failure than solid state
devices, so eliminating reliance on them means the nodes
are more resilient. This does not preclude the use of a disk
or other device for local storage once the node is opera-
tional.

Reduce reliance on legacy components. In addition to
moving parts, other components such as Ethernet de-
vices, UARTSs, keyboard and mouse controllers, and
video hardware should not be required for node opera-
tion. Again, reducing reliance on these parts increases the
resilience of nodes to component failure.

3. Pink

The purchase of Pink was atypical of most large system
acquisitions because the vendor was required to supply only
the node hardware and network interconnect portion of the
system. Key features of the system include:

e 1024 power cables

1024 Myrinet network cards

2048 fiber cables (approximately 15 miles)
3072 Myrinet switch ports

4096 SDRAM memory modules

e 5120 fans

e | hard disk

e | CDROM drive

All the system software is provided by the Clustermatic
software suite. The budget for the purchase of system hard-
ware was $6M and the successful vendor, Linux Networx
(LNXTI), supplied and installed the entire machine for this
amount.

Figure 1. Pink - 1024 Nodes

3.1. Node Hardware

The Pink node hardware is comprised of 1024 dual 2.4
GHz Intel Xeon processor nodes, making it theoretically a
9.6 Teraflops machine, with a nominal price/performance
of $0.625 per Megaflop. Each node has 2GB of memory,
a 16MB IDE-FLASH and LinuxBIOS pre-installed in sys-
tem FLASH by the vendor. Mainboards are suppled by Su-
per Micro Computer, Inc., and use the Intel E7500 chipset.

Physically, the machine occupies three rows of nine 19-
inch racks, where each rack is 50U tall (1U is approxi-
mately 1.75 inches), for a total of twenty seven racks. The
racks contain five 8U chassis, and each chassis can house
ten 0.8U nodes, five 1.6U nodes or two 4U nodes. All three
different sizes of nodes are mounted vertically in a chassis.
The special enclosure and chassis, designed by LNXI, leads
to a much higher density than previously achievable using
commodity mainboards (typically no smaller than 1U), and
nicely combines commodity hardware with cluster-specific
technology. Figure 1 shows the layout of Pink at its current
location.

The 1024 nodes of Pink consist of a mix of the three
sizes of nodes. The bulk of the nodes are exclusively for use
as compute resources, and are the small form-factor 0.8U
type. For each group of 16 compute nodes, there is one of
the larger 1.6U form-factor nodes. These nodes are intended
for use as an I/O testbed. The breakdown of node types is
as follows:

e 959 0.8U nodes
e 64 1.6U nodes (for an I/O testbed)

e one 4U node for the front-end

The node hardware has proved remarkably reliable. Ta-
ble 1 shows the node failures that occurred in the first 12
months of operation.
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Number | Cause of Failure

1 hard disk
10 cooling fan
2 IDE flash
5 unknown

Table 1. Node Hardware Failures

There has been a total of only 18 hardware failures (ex-
cluding network issues) that were serious enough to pre-
vented the nodes from operating. Note that the only disk
in the system (used by the front-end) had failed on deliv-
ery. This represents a node failure rate of 0.15% per month.

3.2. Network Hardware

The Pink network is Myrinet 2000, the 3rd generation
network technology from Myricom, Inc. Myrinet supports
a maximum of 2Gb/s on each link. According to benchmark
results [12] this provides a sustained one-way data rate for
large messages of 243Mb/s, and a short message latency of
7.6 us. The network hardware comprises:

e 1024 Myrinet 2000 M3F-PCI64C network cards (one
in each node)

e 16 M3-E128 switch enclosures containing 8§ M3-
SW16-8F line blades and 8 M3-SPINE-8F spine
blades

e 8 M3-E128 switch enclosures containing 16 M3-
SPINE-8F spine blades

The switch enclosures provide slots for up to 16 blades
and contain an active backplane comprising 8 16-port
Myrinet crossbar (XBar16) switches arranged as a Clos
spreader network. Each line blade contains one XBarl6,
which provides 8 ports for connecting to nodes and 8 ports
connecting to the enclosure backplane switches. Each spine
blade provides 8 ports for connecting to spine blades in an-
other switch. The switch enclosures also contains an M3-M
maintenance blade that provides monitoring and mainte-
nance capability.

Figure 2 shows the arrangement of switches and nodes
in the Pink network (not all switches and network connec-
tions are included for clarity). Each node connects to a port
on a line blade in one of the 16 Clos switch enclosures (8
ports x 8 blades x 16 switches = 1024 nodes). The remain-
ing spine blades are used to connect the 16 Clos switch
enclosures to the spine switch enclosures. This configura-
tion provides a full bisection network with a diameter of
five switches. A typical route, marked in black, shows that a
packet must traverse five switches in order to reach its des-
tination. Such a network provides excellent scaling prop-
erties as well as significant path redundancy, full bisection
and low latency [11].

8 spine switches
. —_—
rt switches) [ A

—

16 Clos switches
(16 x 64-host Clos networks)

1024 hosts

O tine blade

D network card

O spine blade

Figure 2. Pink Network Configuration

The Myrinet network topology is a full-bisection band-
width Clos [8] network providing low latency as well as
significant path redundancy for reliable point-to-point links
between nodes. Myrinet 2000 is a fiber-based technology
making the physical cabling issues, such as space for ca-
bles and cable weight, much more reasonable for a cluster
of this size. Recall that there are 2048 fiber cables in Pink,
making the weight and reliability of each cable significant.
All network traffic is source-routed, resulting in very sim-
ple, and in our experience, much more reliable switches.

In contrast to the node hardware, the network hardware
proved particularly unreliable. Table 2 shows the network
hardware failures that occurred in the first 9 months of op-
eration.

Number ‘ Cause of Failure

4 network card
15 spine blade
7 line blade

Table 2. Network Hardware Failures

This high failure rate (especially of the spine and line
blades) prompted an investigation by the vendor, and it was
subsequently determined that the failures were likely caused
by a manufacturing defect. As a result, all spine and line
blades have now been replaced. Also at around the same
time, the network cards were replaced with the new genera-
tion Lanai XP cards.

3.3. Booting Pink

The nodes in Pink have no disks, so they must network
boot in order to obtain an operating system, and then load
the complete set of software that is needed for node oper-
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CMOS

Boot Type
Last Boot

FLASH (512KB) IDE-FLASH (16MB)

Fallback
LinuxBIOS

Fallback Phase-1
Linux kernel + initrd

Normal Phase-1
Linux kernel + initrd

Normal
LinuxBIOS

Figure 3. FLASH layout

ation. The boot process for the cluster as a whole involves
the following steps:

e the front-end boots Linux normally from an attached
disk

o the 1023 nodes simultaneously perform a network boot

e once booted, each node loads the appropriate applica-
tion libraries and other software across the network

o the nodes wait for processes to be dispatched from the
front-end control node

3.3.1. Initial Power-On LinuxBIOS is used for the initial
hardware/firmware configuration that is performed when a
node is first powered on. LinuxBIOS is an open-source,
multi-platform, multi-architecture BIOS that replaces the
standard BIOS used on most PCs [10]. It is a small hardware
startup program which turns on the CPU, memory, and I/O
hardware and then loads a program, called the payload, into
memory. This payload can be anything that is required to
suit the particular application, such as a boot loader or even
a small Linux kernel. The main limitation being the size of
the FLASH available to store the payload. On Pink, which
has a relatively small 512 KB system FLASH, the payload
is a boot loader called Etherboot, which loads a Linux ker-
nel and initial RAM disk image from a much larger sec-
ondary FLASH device that is attached to the IDE bus.

As there are no disks, floppies, or CDROMs that could
be used to recover if the boot sequence fails, LinuxBIOS has
to be at least as, if not more, reliable than a standard BIOS
for booting the machine. In addition, updating the FLASH
on 1024 nodes is risky business, as having to replace the
FLASH chips on all nodes would take several weeks. So
Pink must be able to survive a FLASH upgrade that installs
a damaged LinuxBIOS or kernel image, while still booting
to full capability with no manual intervention.

For its LinuxBIOS-based Evolicity series of systems,
LNXI developed a FLASH layout and recovery technique
which has been extended to take the IDE-FLASH into ac-
count. The components of the boot system are shown in Fig-
ure 3.

The three components are the CMOS battery-backed
memory, the system FLASH, and the IDE-FLASH. The

CMOS holds parameters that determine which image to use
at startup. The system FLASH holds two copies of Lin-
uxBIOS and Etherboot: the fallback and normal copies.
The IDE-FLASH also holds a fallback and normal copy of
the kernel and initial RAM disk image combination. Us-
ing a combination of checksums and the boot parameters
in CMOS, it is possible to determine precisely which im-
age is correct for booting the system. This provides such a
robust fallback boot strategy that it can survive almost any
kind of failed FLASH update. The strategy is so robust that
the FLASH on all 1024 nodes can be updated at once, and
if the reflash fails, the cluster will still boot.

3.3.2. Two-Phase Boot The first phase of the boot pro-
cess occurs when LinuxBIOS loads a Linux kernel from the
IDE-FLASH. This kernel, known as the phase-1 image, has
just enough hardware support in order to load and config-
ure the Myrinet network hardware on the node. The phase-
1 image then uses RARP to configure the network inter-
face and download an operational kernel and initial RAM
disk, known as the phase-2 image, from the front-end. This
download uses an efficient multi-cast protocol in order to
distribute a boot image to large numbers of nodes. This is
essential if the system is going to be able to support 1023
nodes booting simultaneously.

The new kernel that is obtained from the front-end, is ex-
ecuted using a technique known as the two kernel monte.
Two kernel monte loads the new Linux kernel into mem-
ory, overwriting the one that is currently running. This al-
lows the phase-1 image to load the new kernel without writ-
ing it to some non-volatile storage or needing to reset the
hardware.

Once loaded, the operational kernel repeats the RARP
step that was performed by the phase-1 kernel. After the net-
work is configured, a special control daemon that is located
in the RAM disk image begins execution on the node. At
this point, the node is running a kernel and the control dae-
mon, but has no other software loaded. The control daemon
notifies the front-end that it is ready to complete the rest of
the node setup process. The following actions are then per-
formed to complete the node setup:

o Mounting file systems. This includes procfs as well
as other local and network filesystems.

e Copying files and creating device nodes. The nodes re-
quire a small number of system files to operated cor-
rectly.

e Copy shared libraries. A subset of the shared libraries
on the front-end are copied over at boot time so that
they don’t have to be copied every time a process mi-
grates to a node.

e Copy application specific information. Some applica-
tions require access to libraries or other shared infor-
mation that is copied onto the node at this time.
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Figure 4. Pink Boot Time

3.3.3. Boot Characteristics Figure 4 shows the time re-
quired for Pink nodes to boot. This is the time from when
power is first switched on to when the system is ready to ac-
cept jobs. As can been seen, the boot time of the machine
scales well, ensuring the whole machine is able to boot in
under three minutes.

Using Linux as a boot strap also offers a number of ad-
vantages over using traditional boot ROMs or PXE to boot
the nodes. The most significant is that the boot process is
able to operate with any network hardware that Linux sup-
ports. This is essential for Pink, which only has Myrinet
available, and there are no boot ROMs available which sup-
port this type of network.

With no attached disk, Pink nodes are unable to retain
any state across boot cycles. This leads to some useful prop-
erties for the system. If there is no software permanently
installed on the nodes, there is nothing which can be mis-
configured and prevent the system from operating. A nor-
mal Linux machine requires a large amount of software to
be installed and configured correctly before it is able to
communicate with other machines. With no local software,
there is no possibility of version skew in such software caus-
ing problems. On Pink, a new node install, a reboot, and a
software upgrade are all identical operations.

Finally, although it would be possible to place the oper-
ational kernel in FLASH, this isn’t done for two reasons.
Some systems don’t have a large enough FLASH to hold
both the BIOS and a full Linux kernel simultaneously. Also,
if the operational kernel were stored in the system FLASH,
kernel updates would become a much more complex pro-
cess. Instead, using the two-phase system, only a single ker-
nel image needs to be updated on the front-end system.

3.4. Network Configuration

Pink’s network is a 1024-port full bisection Myrinet net-
work [11]. Myrinet was chosen for Pink due to its low

latency, good bandwidth and ability to scale to 1024
nodes. Myrinet is a source routed network with very sim-
ple switches.

In a source-routed network every node has a list of routes
to every other node. These routes are normally created with
a program (provided by Myricom) called the mapper. On a
network this large, the mapper requires a significant amount
to time to explore the network, calculate routes and load
them into every node. For Pink, the time required to gener-
ate a set of routes for all 1024 nodes is about 4 minutes.

Pink’s nodes need to have their routing tables loaded
twice during boot up, once for the phase-1 kernel to locate
and load the phase-2 image, and again when the phase 2 ker-
nel has booted. This is because Pink nodes do not use local
storage to retain routing information across the two-phase
boot sequence. The need to update the routing tables twice
makes route table computation and important factor in the
boot times that can be achieved on Pink.

There are number of possible methods to reduce the im-
pact of this problem, including:

e maintain the routing table in flash

e improve route computation time of the Myrinet map-
per

e improve route loading mechanism

e use NVRAM to store route to front-end node

While maintaining a routing table in flash memory is
possible, it is not considered practical due to the difficulty in
updating the flash image and the finite number of write cy-
cles inherent in flash memory. The solution used on Pink
is to store a single route to the front-end node in NVRAM.
This provides enough information for a node to load the
phase-2 image, and then obtain a complete set of routes
from the front-end. The result is a very significant improve-
ment in node boot times, and the time to boot the entire ma-
chine.

3.5. System Operation

Once booted, Pink employs BProc to provide single-
system image and process migration facilities for the clus-
ter. BProc, which has been described in detail elsewhere [9],
is a set of kernel modifications and utility programs that en-
able the cluster to be operated, and used, as if it is a sin-
gle machine. All interaction with the cluster is controlled
through the front-end node. Processes to be executed on
the cluster nodes are first created on the front-end, then mi-
grated to the nodes on which they will run. At the same time,
the process space of the entire machine is visible from the
front-end. This allows the normal UNIX commands, such
as ps and kill, to be used to manage and control pro-
cesses that are running anywhere on the cluster.
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Figure 5. MPI Startup Time For Different Exe-
cutable Sizes

Apart from the obvious advantage of making the cluster
easier to use and manage, the process migration feature pro-
vides a fast and scalable mechanism for starting jobs on the
nodes. It does this by employing an ad-hoc tree spawn tech-
nique for efficiently migrating processes to a large number
of nodes. The result is a reduction in the job startup over-
head, which ultimately reduces overall job run times. Fig-
ure 5 shows startup times for various sizes of MPI job. The
graph clearly shows that the startup time scales well for the
range of executable sizes and number of nodes likely to be
encountered on Pink.
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Figure 6. BJS Scheduling Overhead

Clustermatic also provides a light-weight batch sched-
uler known as the BProc Job Scheduler (BJS). BJS utilizes
the capabilities provided by BProc to control access to clus-
ter nodes, and extends this to support typical scheduling ac-
tivities, such as job queueing, resource allocation, back fill-
ing, etc. By default, BJS only provides basic scheduling ser-

vices, but it is designed to be extensible through the creation
of policy modules which can define arbitrary rules for allo-
cating jobs to nodes. Since BJS exploits a range of existing
BProc services, it is extremely light-weight, fast, and scal-
able. Unlike traditional job schedulers which require sub-
stantial infrastructure on each node (daemons, control files,
etc.), BJS runs entirely on the control node, resulting in very
simple deployment and minimal interference with execut-
ing jobs.

Figure 6 shows the overhead imposed by the job sched-
uler for different allocation requests. The overhead is mea-
sured from when the job is submitted until it is completed,
less the actual execution time of the job. The lower line
shows the overhead when 100 jobs are submitted simulta-
neously, while the upper line is for 1000 jobs submitted si-
multaneously. As can be seen, the overhead required when
scheduling 100 jobs is virtually independent of the num-
ber of nodes requested per job. This becomes more of an is-
sue when scheduling 1000 jobs, but still requires less than
two minutes to complete the scheduling activity.

4. Future Work

Pink is a systems research platform for a 100 Teraflops
machine. The purpose of reaching the current milestone is
to identify those areas of the Clustermatic architecture that
are likely to cause problems when scaling to machines of
this size. As hoped, the installation of Pink has highlighted
a number of areas that require additional research if we are
to ultimately achieve our goal.

Really only two wires. One goal that we did not meet with
Pink was that of having only two wires per node. In addition
to power and network, the nodes in each chassis are con-
nected to a Linux Networx ICE Box that provides cluster
management functions, such as power control, temperature
monitoring and serial console access. The additional fea-
tures proved valuable during the initial bring-up and trou-
bleshooting of the machine, but we would like to eventu-
ally remove the ICE Boxes because the added complexity
is already causing problems. In particular, the ICE Boxes
have proved unreliable after a power failure, and often fail
to restart. This in turn causes some nodes to fail to boot au-
tomatically, requiring user intervention for the machine to
become fully operational.

Multiple front-end nodes. Though a single front-end node
performs very well for 1024 nodes, it is still a single point
of failure. If the front-end node fails for any reason, then
the compute nodes will eventually reboot even if they are
currently running jobs. While the Clustermatic system al-
ready permits nodes to accept processes from more than one
front-end, we plan to make multiple front-ends share the en-
tire process space. This will ensure that when one front-end
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fails, another will be able take over jobs that were submit-
ted from the failed node.

Improvements in route loading. The current route loading
scheme requires that the mapper be re-run when a node is
replaced, or when the network topology changes. On Pink,
the failure rate of nodes is very low (less than two per
month), but on larger systems the mapper run times will
eventually become unacceptably long. We also hope to al-
ter the route loading scheme to be location specific, rather
than physical device (i.e., MAC address) specific, in order
to simplify the replacement of nodes.

Parallel file systems. The provision of a high-performance
distributed file system is essential for machines the size of
Pink. There are a number of project currently underway that
aim to address the needs of distributed file system support
for cluster environments. The two most promising technolo-
gies are the Panasas ActiveScale File System [5] and the
Lustre Cluster Filesystem [4], however it is too early in
the development process to determine which, if any, will
meet the needs of very large clusters. We are currently in-
stalling an 80-node, 40 Terabyte Panasas system for test-
ing with Pink. We will also be equipping the 64 I/O nodes
with multi-terabyte RAID arrays to test as Lustre servers,
with the other 959 compute nodes running as clients. In both
cases the Myrinet network will be used as the file server net-
work.

5. Conclusion

The motivation for designing and building Pink, a 1024-
node cluster, is to demonstrate that the Clustermatic archi-
tecture is a suitable platform for research into developing
Terascale clusters. The basic premise of Clustermatic is that
by removing the dependency on unneeded hardware, replac-
ing rather than adding software, and avoiding legacy soft-
ware, it is possible to achieve the level of reliability required
for systems of this scale.

The result of this strategy is that Pink nodes are more re-
liable than expected. In twelve months, we have seen only
a small number of complete node failures. In contrast, we
have seen a significant number of network component fail-
ures, including Myrinet adapter cards and switch blades.
The majority of failures in the network infrastructure has
highlighted the need for better mechanisms for dealing with
network related problems.

The software provided by the Clustermatic suite has
made Pink significantly easier to manage and use than
smaller clusters employing traditional clustering systems.
Both firmware and operating systems updates are performed
reliably and quickly over the network. We believe that such
an increase in reliability and decrease in management effort
will be the only reasonable way to build and operate Teras-
cale clusters in the future.
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