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Abstract

Striping data across multiple nodes has been recognized
as an effective technique for delivering high-bandwidth
I/O to applications running on clusters. However the
technique is vulnerable to disk failure. In this paper
we present a novel I/O architecture for clusters called
Reliable Array of Autonomous Controllers (RAAC) that
builds on the technique of RAID style data redundancy.
The RAAC architecture uses a two-tier layout that en-
ables the system to scale in terms of storage capacity
and transfer bandwidth while avoiding the synchroniza-
tion overhead incurred in a distributed RAID system.
We describe our implementation of RAAC in PVFS, and
compare the performance of parity-based redundancy in
RAAC and in a conventional distributed RAID architec-
ture.

1 Introduction

Input/Output has long been identified as the weakest
link for parallel applications, including those running on
clusters [5, 24]. The current shift of high-performance
computing toward data-intensive applications is further
increasing the urgency of developing scalable, high-
bandwidth storage systems that can meet the storage re-
quirements of scientific computing environments. The
need for scalable bandwidth has resulted in a shift from
traditional single-server file systems like NFS to multi-
server cluster file systems like the Parallel Virtual File
System (PVFS) [12]. A similar trend exists in enterprise
data centers, where Storage Area Networks (SANs) and
SAN file systems have been deployed to provide shared
access to large collections of storage devices. We define
a storage cluster as a storage system that is character-
ized by a large number of storage devices and controller
nodes interconnected by a high-bandwidth, low-latency
network.

One of the important issues in any storage system is
dealing with the failure of disks and other components

that can result in loss of critical data. The large num-
ber of components in a storage cluster means that there
is a high probablity that at any given time the cluster
is in a state of partial failure. Traditional techinques
like backup are impractical in these environments be-
cause of the bandwidth they consume and because of
the complexity of administration. We believe efficient
redundancy is crucial in data-intensive computing envi-
ronments dealing with very large data sets. Redundancy
allows storage clusters to deal with partial failures with-
out administrator intervention and with minimal degra-
dation in performance.

High-bandwidth storage systems for clusters pro-
vide scalable capacity and performance by striping data
across multiple nodes, leveraging the high speed com-
munication available on clusters. File striping can natu-
rally be extended to include RAID-like redundancy (Re-
dundant Array of Independent Disks), and previous re-
search results are available on distributed RAID imple-
mentations. One major issue introduced by this kind of
data redundancy is that, in order to ensure consistency,
clients have to synchronize their accesses to the storage
system. In large applications with many clients, this syn-
chronization overhead is a major concern. Earlier work
on distributed RAID [10, 18, 17] has quantified the sig-
nificant performance penalty paid for maintaining con-
sistency.

In this paper, we present a novel architecture for stor-
age clusters that addresses the performance problems of
distributed redundancy schemes. The Reliable Array of
Autonomous Controllers (RAAC) architecture provides
scalable storage by employing multiple controller nodes
acting as the clients of a distributed RAID scheme, but
avoids the synchronization performance penalty by al-
lowing autonomous operation of these controllers. The
key is a novel mapping scheme that grants controllers
exclusive ownership of their portions of the storage.
The RAAC architecture is suitable for cluster file sys-
tems and for network-attached multi-controller storage
boxes. We implement the RAAC architecture in PVFS
and study the tradeoffs of adding an intermediate buffer-
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Figure 1. The RAAC Architecture

ing layer. We compare the RAAC architecture to our
earlier implementation of distributed RAID in PVFS.

The paper is structured as follows. Section 2 de-
scribes the RAAC architecture. Section 3 discusses re-
lated work. Section 4 gives an overview of PVFS, and
describes our implementation of RAAC. Section 5 de-
scribes experimental results. Section 6 provides our con-
clusions.

2 The RAAC Architecture

In the RAAC architecture, the storage system is or-
ganized into two tiers. At the upper tier, clients stripe
data across an array of storage controllers using a
RAID0 scheme (striping without redundancy) as in a
non-redundant striped file system. At the second tier,
the storage controllers write to a set of storage nodes
over a network using a redundancy scheme. The stor-
age nodes form a Redundant Array of Network Disks
(RAND) that is shared by all controllers; in contrast tra-
ditional RAID storage is accessed by a single controller
over a private bus. The storage in the RAND is orga-
nized into stripes, just as in a RAID; however, blocks
of the RAND are mapped to the storage controllers in
a way that each stripe is owned completely by a single
controller.

Figure 1 shows the RAAC architecture. C0, C1 and
C2 are storage controllers. S0, S1, S2 and S3 are the
storage nodes that form the RAND. In this case, the
RAND is organized in a RAID5-style, rotating parity
layout. The data blocks D0, D1, D2 and the parity block
P0 form stripe 0, and are all mapped to C0 i.e. all ac-
cesses to these blocks are made by controller C0. Simi-
larly, C1 and C2 have ownership of stripe 1 and stripe 2,
respectively. In our implementation of RAAC, a storage
controller is a server process running on a machine in the
cluster; a storage node is a server process that stores data
on the local disk of the machine on which it is running.
A single node in the cluster may host both a storage con-

troller and a storage node.
In a traditional RAID system, a single controller

serves accesses to the storage. In a distributed RAID,
each client acts as a controller that shares the storage
with other controllers. The RAAC architecture has a
number of advantages compared to a distributed RAID:

� Redundancy is removed from clients, and hence
they do not need to perform any additional synchro-
nization as required by distributed RAID.

� Since each storage controller owns a portion of the
shared storage, it does not need to synchronize with
other controllers when accessing the shared storage
nodes.

� In the event of failure of a RAAC controller, the
shared storage can be remapped and accessed using
the other controllers. As a result, the architecture
can be used in high-availability environments.

� All the data for a particular stripe on the RAND
are transferred through a single controller. This en-
ables the controller to aggregate writes from differ-
ent clients into larger writes. In the case of RAID5
the aggregation can result in fewer partial-stripe
writes. A distributed RAID does not permit this
optimization.

� Perhaps the most interesting aspect of RAAC is that
it makes it is easy to employ optimizations of the
basic RAID5 scheme. Many such schemes have
been developed for traditional RAID controllers;
examples include parity logging and hot mirroring.
Usually these variations require the controller to
maintain additional metadata; they are difficult to
implement in a distributed RAID architecture be-
cause this metadata would have to be shared by all
the clients. However, in the RAAC architecture,
the controllers do not need to share their metadata
with one another during normal operation; they
only need to ensure that the metadata can be recov-
ered by other controllers in the event of a controller
crash. This key property of the architecture allows
easy and efficient implementation of sophisticated
partial-redundancy schemes.

� The RAAC layer provides a level of indirection that
can be useful in hiding the heterogeneity of storage
devices from clients, and in allowing reorganiza-
tion of storage transparently.

� The RAAC nodes can act as agents for performing
routine data maintenance operations like automated
backup and compression of cold data.
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The main disadvantage of the RAAC architecture is
the extra network hop in the data access path. We be-
lieve the RAAC architecture makes up for this disad-
vantage by allowing efficient implementation of partial-
redundancy schemes like RAID5. The bottleneck in to-
day’s storage systems is not the network but the disk
bandwidth. The RAAC architecture attempts to address
this bottleneck by optimizing disk bandwidth at the ex-
pense of network bandwidth.

The bandwidth disadvantage of RAAC can be re-
duced by pipelining the transfers at the two tiers. Our re-
sults show an implementation of RAAC in PVFS obtain-
ing write bandwidth comparable to unmodified PVFS.
The caching provided by the RAAC controllers can help
reduce the latency disadvantage of RAAC.

3 Related Work

The distributed RAID concept was explored by
Stonebraker and Schloss [22] and Swift/RAID [13]. In
these systems, network bandwidth was the main bottle-
neck. Recent advances in high-speed networking have
resulted in disk bandwidth becoming the performance
bottleneck in cluster environments, and necessitate a re-
evaluation of distributed RAID in these environments.
Petal [11] provides mirroring-based data redundancy in
a distributed block-level storage system, but does not
support partial-redundancy schemes.

Zebra [7], xFS [1] and Swarm [8] combine strip-
ing with log-structured writes to solve the small-write
problem of RAID5. As a result, they suffer from the
garbage collection overhead inherent in a log-structured
systems [20]. The RAID-x architecture [10] is a dis-
tributed RAID scheme that uses a mirroring technique.
To improve performance, RAID-x delays the write of
redundancy, and employs a storage layout that allows
mirrored writes to be batched into large disk accesses.
For applications that need high, sustained bandwidth,
RAID-x suffers from the limitation of mirroring.

Aspects of RAID have been studied extensively in the
context of disk-array controllers [4]. Various optimiza-
tions have been suggested to address the small-write
problem of parity-based redundancy schemes. Exam-
ples include HP AutoRAID [25], parity logging [21] and
data logging [6]. These solutions are difficult to adapt to
a distributed RAID architecture. However, they suggest
optimizations that might be used in the RAAC architec-
ture to address the performance issues with RAID5.

The TickerTAIP architecture [3] uses a cooperat-
ing set of array controller nodes to address the fault-
tolerance and scalability problems of traditional RAID.
TickerTAIP distributes controller functions across nodes
and uses request sequencing to prevent requests with

dependencies from executing concurretly. In contrast,
RAAC uses logical partitioning of storage to permit au-
tonomous operation of controller nodes.

4 Implementation

In this section we give an overview of the PVFS de-
sign and our implementation of RAAC and distributed
RAID.

4.1 PVFS Overview

PVFS is designed as a client-server system with mul-
tiple I/O servers to handle storage of file data. There
is also a manager process that maintains metadata for
PVFS files and handles operations such as file creation.
Each PVFS file is striped across the I/O servers. Ap-
plications can access PVFS files either using the PVFS
library or by mounting the PVFS file system. When an
application on a client opens a PVFS file, the client con-
tacts the manager and obtains a description of the layout
of the file on the I/O servers. To access file data, the
client sends requests directly to the I/O servers storing
the relevant portions of the file. Each I/O server stores
its portion of a PVFS file as a file on its local file system.

4.2 Distributed RAID5 Implementation

The Distributed RAID5 implementation is described
in [17]. In the RAID5 implementation, each I/O server
maintains a local parity file in addition to the local
data file maintained by PVFS. The client PVFS library
has been modified to compute and write parity to the
I/O servers. Clients also synchronize their accesses to
maintain consistency of the parity blocks during partial
stripe updates. The I/O servers provide a simple lock-
ing scheme to serialize conflicting accesses to the same
stripe.

4.3 RAAC Implementation

In our RAAC implementation, clients view the stor-
age system as a normal PVFS filesystem and perform
accesses using an unmodified PVFS library. However,
each I/O server seen by the client is a RAAC storage
controller that, instead of writing to the local file sys-
tem, writes to a second PVFS filesystem. Each storage
controller is a modified PVFS I/O server that is dual-
threaded and maintains a user-level cache. A master
thread receives data from the clients and writes to the
cache. A slave thread flushes data in the cache to the
second PVFS filesystem that forms the RAND storage.
The RAAC controller maintains the buffers allocated to
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a file in a linked list, and also maintains the buffers in an
LRU (Least Recently Used) list. When there are no free
buffers available, buffers are reclaimed from the LRU
list. The LRU list is also used to determine the order in
which the controller performs write-back to the RAND
storage.

On read accesses, the master thread checks whether
the data being requested is in the controller cache. If
it is, the data is sent to the client requesting the read;
if it is not, the slave thread is instructed to read the
requested portion of the file from the RAND storage.
The master thread also initiates readahead for sequential
read accesses. The controller cache is accessed by both
the master and slave threads; they synchronize their ac-
cesses using mutex locks and condition variables.

The RAND storage uses a version of PVFS aug-
mented with parity-based redundancy. The implemen-
tation is derived from the distributed RAID5 system de-
scribed in our earlier work [17]. However, since con-
trollers have exclusive ownership of portions of files, the
RAID5 implementation used for RAND does not have
the synchronization code present in the earlier version.

Our current implementation uses a write-back
scheme: a client is sent an acknowledgement for a write
request when the data in the request has been written
to the controller cache. Writes to the RAND storage
are initiated in the background when the number of
free buffers in the controller cache falls below a thresh-
old. When a close or fdatasync request is received by
a controller, the following steps are taken: (1) the dirty
buffers, if any, for the particular file are flushed to the
RAND storage (2) a close or fdatasync request is sent to
the RAND storage level (3) after the second step is com-
plete, an acknowledgement is sent to the client. Multiple
dirty cache buffers for a file can be flushed to the RAND
storage by a controller in a single write if they form a
contiguous region. We have implemented efficient ver-
sions of pvfs readv and pvfs writev (the scatter/gather
versions of PVFS read/write operations) in order to al-
low multiple controller cache buffers to be read/written
by a single request.

A consequence of using the write-back scheme in the
controllers is that a controller crash can result in loss of
updates that have not been flushed to the storage nodes.
The same is true of PVFS: the post-recovery state fol-
lowing an I/O server crash is guaranteed to include the
effects of all operations prior to the last successful fdata-
sync operation, but not the subsequent write operations.
At this time, our prototype does not mask failures: the
response to a failure is to restart the system. In a high-
availability implementation that masks failures, the cur-
rent write-back scheme will need to be modified to allow
controller failures to be masked. The implementation

described here allows us to evaluate the cost of toler-
ating disk-failures – which are not handled by PVFS.
As described in previous work [23] disk failures are the
most frequent failures in cluster environments.

5 Performance Results

5.1 Experimental Setup

We used two clusters at the Ohio Supercomputer
Center to run our experiments. The first cluster consists
of 124 nodes with dual 1400MHz AMD Athlon proces-
sors, 2GB of RAM, 80GB SCSI disk and a Myrinet 2000
interface card. The second cluster consists of 128 nodes
with dual 900MHz Intel Itanium II processors, 4GB of
RAM, 80GB ultra-wide SCSI hard drive and a Myrinet
2000 interface card. The nodes are also configured with
100Base-T and Gigabit Ethernet interfaces which were
not used in our experiments.

The two clusters are production machines with a
batch and interactive job submission system. For all ex-
periments, we used the interactive mode in which a par-
tition of the machines was assigned for exclusive use. To
run experiments using the PVFS system, we divided the
assigned machines into client nodes and server nodes,
and started up the PVFS I/O servers and metadata man-
ager on the server nodes. The communication between
clients and I/O servers used TCP over Myrinet. Each
PVFS I/O server stored its local files in /tmp which is an
ext2 filesystem. The same procedure was used to setup
the Distributed RAID5 experiments. For the RAAC ex-
periments, servers for the RAND storage were started
first, followed by the metadata manager and controllers
that formed the upper tier of the RAAC storage. The
controller nodes do not use the local file system.

5.2 Microbenchmark Performance

Figure 2 shows the performance of the storage
schemes with a microbenchmark in which a single client
writes and reads 64MB of data to a PVFS filesystem
with 6 I/O servers on the AMD cluster. The data writ-
ten easily fits in the cache at the I/O servers. The storage
schemes have the same read performance for this bench-
mark. The write bandwidth of RAID5 is only about
62% of PVFS because of the overhead of computing
and writing parity. The write bandwidth of RAAC is
about 4% better than PVFS. We saw this behavior in our
experiments with applications that write small amounts
of data that fit into the cache at the RAAC controllers.
The reason is that RAAC receives the data directly into
user-level cache buffers, whereas PVFS has a copy to
the kernel file system cache on the critical path of the
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mance

write. We expect that adding user-level caching to PVFS
would negate the performance advantage of RAAC for
this access pattern.

Figure 3 shows the results for a microbenchmark in
which a single client writes a large amount of data in
fixed-size chunks to a PVFS filesystem. We configured
the benchmark to write 20GB of data and used 6 I/O
servers on the AMD cluster. The total amount of data
written is much larger than the combined cache sizes at
the I/O servers. The RAAC controllers were configured
with 640MB of cache. We report results for two write
sizes: a small chunk size of 64KB and a large chunk
size of 64MB.

We used two different configurations for RAAC: in
one case, each physical server node is shared by one
controller and one storage server; in the other, the con-
trollers and storage servers of RAAC ran on dedicated
nodes. The RAAC-S results in Figure 3 correspond to
the case where the physical node is shared by a con-
troller and a storage server; the RAAC-D numbers cor-
respond to the configuration where each physical node
performs a dedicated function. The RAAC-S configu-
ration uses the same hardware resources as PVFS and
RAID5; the RAAC-D configuration uses additional hard-
ware resources.

For the 64KB write size, the performance of RAAC
is better than PVFS by about 10%. For the 64MB write
size, RAAC-D has about the same performance as PVFS,
whereas RAAC-S is slower by about 10%. The large
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Figure 4. Microbenchmark Read Perfor-
mance

amount of data written by the benchmark means that
the RAAC controllers have to flush data to the storage
nodes. With small write requests, the controllers have
more time in-between requests to flush the data. This
fact combined with the efficient user-level caching on
the controllers results in better performance for RAAC
compared to PVFS for small requests. The results from
Figure 3 show that our dual-threaded implementation of
the RAAC controller is able to effectively overlap the
receiving data from the clients with flushing data to the
storage servers. Note that the RAAC controllers add par-
ity to the data they write to the storage nodes. However,
we noticed that the results were not affected when we
commented out the code for computing and writing par-
ity.

For large write requests the performance of RAID5 is
60% of the performance of PVFS. The slowdown results
from the overhead of computing and writing parity. For
small write requests, the performance of RAID5 is only
40% of the performance of PVFS because of the addi-
tional overhead of reading the old data and parity. Since
there is only one client, there is no synchronization over-
head for RAID5 in this benchmark.

Figure 4 shows the results for the same benchmark
configured for reading from a PVFS filesystem. The
benchmark writes 20GB of data to 6 I/O servers and then
measures the bandwidth when reading back the data se-
quentially. Only the results for RAAC-S and PVFS are
shown. RAID5 has the same layout for the data files
as PVFS, and is expected to have the same performance
as PVFS. Also, the RAAC-D numbers were similar to
RAAC-S. For the 64KB access size, RAAC has about
the same performance as PVFS. For the 64MB access
size, the read bandwidth of RAAC is only about 61%
of PVFS. Large, sequential reads for data not present in
the controller cache is a problematic access pattern for
RAAC that needs to be addressed.
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5.3 BTIO Benchmark

The BTIO benchmark [16] is derived from the BT
benchmark of the NAS parallel benchmark suite, devel-
oped at the NASA Ames Research Center. The BTIO
benchmark performs periodic solution checkpointing in
parallel for the BT benchmark. In our experiments
we used BTIO-full-mpiio – the implementation of the
benchmark that takes advantage of the collective I/O op-
erations in the MPI-IO standard. We report results for
the Class A and Class B versions of the benchmark.
The Class A version of BTIO outputs a total of about
400 MB to a single file; Class B outputs about 1600
MB. The BTIO benchmark accesses PVFS through the
ROMIO [19] implementation of MPI-IO [14]. ROMIO
optimizes small, non-contiguous accesses by merging
them into large requests when possible. As a result, for
the BTIO benchmark, the PVFS layer sees large writes.
The starting offsets of the writes are not usually aligned
with the start of a stripe and each write from the bench-
mark usually results in one or two partial stripe writes.
The BTIO benchmark requires the number of processes
to be a perfect square. We recorded results for 4, 9, 16
and 25 processes.

The results in the following sections were obtained
using the same handware resources for each storage
scheme. That is, the number of I/O servers was kept
the same; for RAAC, the controller and storage node
were co-located on the same machine. Figure 5 shows
the write performance for the Class A benchmark on
the AMD cluster. The performance of RAAC is con-
sistently better than PVFS because of the efficient user-
level caching described above. The figure also shows
the synchronization overhead incurred by distributed
RAID5. The RAID5.nl graph shows the write perfor-
mance of RAID5 with the locking code commented
out. The figure shows that synchronization between the
clients causes significant slowdown with 9 and 25 pro-
cesses.

Figure 6 shows write performance for the BTIO Class
A benchmark on the Itanium cluster. In this case, for 25
processes, RAID5 obtains only 2% of the bandwidth of
PVFS. Commenting out the locking code only results
in a modest improvement in performance for RAID5,
shown by the RAID5.nl graph. The RAID5.nr shows the
performance of RAID5 when the code for reading old
data and parity are also commented out.

The poor performance of RAID5 can be explained
by looking at the access sizes generated by the BTIO
benchmark. The access sizes are shown in Table 1.
These experiments were run with 6 I/O servers, and with
the default PVFS stripe unit size of 64K. With these pa-
rameters, accesses for 4 and 16 processes result in full
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Table 1. Access Sizes for BTIO Class A
Benchmark

Number of Clients Access Size
4 2621440
9 1165085
16 655360
25 419431

stripe writes for RAID5. For 9 and 25 processes, each
access results in two partial stripe writes. These accesses
incur the locking overhead as well as the penalty for
reading old data and parity.

5.4 Application Performance

In this section we present the performance of the var-
ious schemes using representative scientific applications
and application kernels.

The FLASH I/O benchmark [15] contains the I/O
portion of the ASCI FLASH benchmark. It recreates the
primary data structures in FLASH and writes a check-
point file, a plotfile with centered data and a plotfile with
corner data. The benchmark uses the HDF5 parallel li-
brary [9] to write out the data; HDF5 is implemented
on top of MPI-IO, that in our experiments was set to
use the PVFS device interface. At the PVFS level, we
see mostly small and medium size write requests rang-
ing from a few kilobytes to a few hundred kilobytes.

Cactus [2] is an open source modular application de-
signed for scientists and engineers. The name Cactus
comes from the design of a central core (or ”flesh”)
which connects to application modules (or ”thorns”)
through an extensible interface. Thorns can implement
custom developed scientific or engineering applications,
such as computational fluid dynamics. For our experi-
ments we used a thorn called BenchIO, a benchmark ap-
plication that measures the speed at which large amounts
of data (e.g. for checkpointing) can be written using dif-
ferent IO methods. Cactus/BenchIO uses the HDF5 li-
brary to perform I/O.

The results for Cactus, FLASH I/O and BTIO Class
B on the AMD cluster are shown in Figure 7. The per-
formance of RAID5 and RAAC are normalized with re-
spect to PVFS. We ran the FLASH I/O benchmark with
4 clients and recorded the time for outputting the large
checkpoint file. For this configuration, the benchmark
writes about 37 MB of data. We ran the Cactus on eight
nodes and we configured it so that each node was writ-
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Figure 7. Normalized Application Perfor-
mance

ing approximately 400MB of data to a checkpoint file in
chunks of 4MB. The BTIO Class B numbers are for 25
clients. For all applications, RAAC performs better than
RAID5. The slowdown for RAAC compared to PVFS
results from the delay of applying operations to the sec-
ond tier.

6 Conclusions

In this paper we have described RAAC, a new stor-
age architecture for large data centers. RAAC adapts
RAID to a multi-controller architecture that can scale
in bandwidth and capacity, and can serve the storage
needs of large clusters running data-intensive applica-
tions. RAAC uses a novel mapping of storage to con-
trollers to allow autonomous operation of the controllers
and avoids the synchronization overhead seen in dis-
tributed RAID systems.

RAAC can be implemented in a striped file system or
in a distributed block-level storage system, and can sup-
port different redundancy schemes. We have described
an implementation of RAAC in PVFS, a popular striped
file system with a large user base. For a number of
benchmarks and well-known application kernels, RAAC
consistently outperforms a distributed RAID5 imple-
mentation. For the BTIO Class A benchmark, RAAC
performs upto 17% better than PVFS despite the redun-
dancy overhead. These results point to the added benefit
of the user-level buffering at the controllers which is the
elimination of copies to the kernel cache.

This paper has studied the performance of RAAC rel-
ative to a distributed RAID5 implementation in the ab-
sence of failures. Recovery from failures and perfor-
mance in degraded mode have to be studied.
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