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Abstract

In this paper we attempt to parallelise a commodit y
database for OLAP on a cluster of commodit y PCs
by using a distributed high-performancestoragesub-
system. By parallelising the underlying storagearchi-
tecture we eliminate the needto make any changesto
the databasesoftware. We look at two options that
di®er in their complexity and features: Distributed
devicesand distributed ¯le systems. The former ag-
gregatesseveral single disks within the cluster into
a RAID device across the network. The latter of-
fers all the features of a real ¯le system at the price
of a considerably increasedcomplexity. We con¯g-
ured a Linux version of ORACLE to run on various
distributed devicesor distributed ¯le systems,respec-
tiv ely, and ran a TPC-D benchmark on our cluster of
commodit y PCs interconnected by a Gigabit Ether-
net. While distributed devices achieve at least the
performance of local disks, they o®er the bene¯t of
using all surplus storagein a cluster. The distributed
¯le systemsseemto run into performance problems
due to their increased complexity. We explain the
experimental results with an analytic model of the
cluster architecture and include a comparison of the
sameworkload on an architecture that distributes the
TPC-D queries at a higher level (and not just the
underlying storage system). We conclude with sug-
gestionsfor higher performancesin future clusters of
commodit y PCs.

1 In tro duction

Modern clusters of commodit y PCs are no longer
composedof rack-mounted PCs in the basements of
compute centres, but comprise the PC nodes on the
employees' desks, interconnected by a built-in high-
speedcommodit y network like Gigabit Ethernet. The
employees' PC nodes form a more °exible type of a
cluster|i.e. a multi-use cluster|and are at the bor-
der to the even more distributed computational grids.
A typical PC node nowadays contains a large and
cheap hard-disk drive which often only storesthe op-
erating system(OS) and probably a few applications,
while the users' important data is traditionally stored
on expensive and centrally-managed specialised ¯le
servers. The rest of the disk drives' storagecapacity
remainslargely unused. This unusedstoragecapacity
will even increasein the future, as illustrated in Fig-
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ure 11. This distributed storage capacity is cheaply
available and comeswith every node of a multi-use
cluster of commodit y PCs. Adding hard-disk drives
to the nodesof the cluster costsnear to nothing, i.e.
we can get by with the $1/GByte pure disk costsand
pay almost no infrastructure cost, in particular since
the Gigabit Ethernet provided in the cluster can also
function asa SAN to carry storagetra±c. Given this
simple, obvious system architecture, we addressthe
question of how such storage facilities can be used
with existing applications.
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Figure 1: Development of EIDE hard-disk sizesand
a full SuSELinux installation 1998{2003.

The °exibilit y of multi-use clusters as described
in (Rauch 2003) allows to usethe free storagecapac-
ities according to di®erent usagemodes: The excess
storagecan be usedduring nights and weekendswith
no other load on the cluster nodes. This usagemode
greatly enhancesthe utilisation of desktop machines
and enableslarge-scaledata mining at almost no addi-
tional cost. Alternativ ely, the storagecanalsobeused
while the userswork on the cluster nodes,sincemany
typical o±ce and desktopapplications haveonly mod-
est resourcerequirements.

As one possibleuseof the surplus storage, we at-
tempt to parallelisea commodit y databasefor OLAP
by using a distributed high-performancestoragesub-
system. By parallelising the storage subsystem, we
do not have to make any changes to the database
software. We simply distribute the database'sdata
¯les acrossthe hard-disk drives of the PC nodes in
the cluster, thereby increasing their utilisation at no
extra cost. Using many disks in parallel also has the
potential advantage of using the aggregatedthrough-
put of all the drives,which is especially signi¯cant for
large ¯le readsand should therefore help signi¯cantly
to speed up large table scans. A small drawback is
the slightly increasedlatency due to crossingthe net-
work, which is only signi¯cant for small reads. In

1 The hard-disk sizes were extracted from performance-test re-
sults of more then 100 consumer disks published by the German
consumer magazine \c't Magazin fÄur Computertec hnik", issues
1998(14), 2000(16) and 2003(05).



this paper we compareand evaluate di®erent typesof
distributed storage systemsfor clusters of commod-
it y PCs as transparent parallelisation techniques for
databasesrunning OLAP applications.

The rest of this paper is structured as follows: In
Section2 we discussrelated work. In Section3 we de-
scribe distributed storagearchitectures for clustersof
PCs and distinguish betweendistributed devicesand
distributed ¯le systemsas two options implementing
the distribution at di®erent layers in the OS. In Sec-
tion 4 we discussour evaluation criteria, describe a
simple microbenchmark and reasonabout our choice
of TPC-D asapplication benchmark. In Section5 we
present our performancemeasurements. The results
are then analysed in Section 6, which also contains
suggestionsfor future high-speed databaseson clus-
ters of PCs. Finally, in Section 7 we conclude.

2 Related W ork

There is much related work in the area of high-
performance storage systemsfor clusters. Other ar-
chitectures with distributed devices are Petal (Lee
& Thekkath 1996) or the Linux network block de-
vice (NBD). Petal puts an emphasison dynamic and
transparent recon¯guration as well as load balanc-
ing. Both have no special hardware-supported opti-
misations for higher performance. The Myrinet Dis-
tributed Device System MDDS (Rauch 2003) is an-
other protot ype system with hardware-assistedop-
timisations that we developed. It is built with
Myrinet gigabit networking technology and usesthe
programmableNIC and its multiple DMA enginesfor
highly-optimised data transport, but doesnot satisfy
our demandfor commodit y components like standard
Gigabit Ethernet does.

Our speci¯c scenarioof using a single o®-the-shelf
DBMS (lik e ORACLE) is in sharp contrast to the
broader research areaof high-performancecomputing
and parallel I/O, wherethe most interesting aspect of
a (parallel) I/O system is the aggregateperformance
of all nodes running the same parallel application.
The exact accesspattern dependson the parallel ap-
plication and can be ¯ne grained or coarsegrained
and predictable or random. Scienti¯c-computing ap-
plications often accessdata in well de¯ned phases
and compute between the I/O phases. More de-
tails about recent research results in the area of par-
allel I/O can be found in (May 2001). According
to (May 2001), distributed ¯le systems manage ac-
cessesto ¯les from multiple processes,but concurrent
accessesare treated as unusual events. On the other
hand, parallel ¯le systems used in parallel I/O for
high-performance computing are superior and much
more scalable. They addressseveral problems far be-
yond the capabilities of general distributed ¯le sys-
tems. In this paper we will focus on the specialised
caseof a standard DBMS using the parallel I/O fa-
cilities of a cluster.

A landmark cluster of commodit y PCs with an un-
precedented highly attractiv e cost/performanceratio
was built by the Beowulf project (Becker, Sterling,
Savarese,Dorband, Ranawake & Packer 1995).

Storage area networks (SANs) provide accessto
many additional disksover a dedicatedadditional net-
work for one or more CPUs (Preston 2002). In con-
trast, distributed devicesand distributed ¯le systems
for multi-use clusters of commodit y PCs use the ex-
cessstoragecapacity of existing disksaswell asthe al-
ready installed commodit y high-speeddata network.

Other related work includesnetwork-attached (se-
cure) disks (NA(S)D) and network attached storage
(NAS). NASDs, described in more detail in (Gibson,
Nagle, Amiri, Chang, Feinberg, Gobio®, Lee, Ozceri,

Riedel & Rochberg 1996), are drives that support
independent client accessto drive-provided object
services. They contain a CPU and a small OS to
provide client authentication, access-control enforce-
ment, data privacy and data integrit y. NAS (Preston
2002) is a device dedicated to sharing ¯les via com-
mon network-¯le{system protocols like NFS or SMB.
These systems contain only a minimal CPU to re-
duce costs,while the nodesof a multi-use cluster are
powerful enough to provide the functions o®eredby
NA(S)D and NAS. The multi-use cluster nodeseven
have enoughspareresourcesfor sharedusewith other
applications. Both NA(S)D and NAS require the
installation of additional hardware in the network.
Our own architecture provides similar services,but
usesthe economicallyinteresting excessstorageof the
disks attached to the nodes in the cluster.

Conventional RAIDs (redundant arrays of inex-
pensive disks, see(Patterson, Chen, Gibson & Katz
1989, Patterson, Gibson & Katz 1988)) are con-
structed by attaching many similar disks to a server
and storing the data strip ed over the disks including
someredundant information (except for RAID level 0
where data is strip ed without redundant information
simply to get highest throughput). The data redun-
dancy allows to reconstruct the data in casea disk
fails. In this paper we will not usemultiple disks in-
side a node, but we connect the disks of somenodes
together in a \net work RAID". Sinceour focus is on
performance and the understanding thereof, we will
only use RAID level 0 which allows to combine the
throughputs of multiple (remote) disksat the expense
of redundancy|our system does not yet provide re-
dundancy for fault tolerance and is therefore missing
on the \R" in classicalRAID. But as RAID 0 infras-
tructure can be extended into RAID 1 and RAID 5,
redundancy can be added to our system in exactly
the sameway without lossof the performancegains.

An emergingtechnique to storevery largeamounts
of data are Internet storageand grid storagesolutions.
In these systems, data is stored on servers that are
widely distributed over di®erent administrativ e do-
mains on the Internet. Research in this area encoun-
ters other problems such as latency tolerance, ensur-
ing the reliabilit y of data or multi-path data access.
An example for a project in this research domain is
\Ocean Store" (Kubiato wicz, Bindel, Chen, Czerwin-
ski, Eaton, Geels, Gummadi, Rhea, Weatherspoon,
Weimer, Wells & Zhao 2000) with its protot ype
\P ond" (Rhea, Eaton, Geels, Weatherspoon, Zhao
& Kubiatowicz 2003). FARSITE (Adya, Bolosky,
Castro, Cermak, Chaiken, Douceur, Howell, Lorch,
Theimer & Wattenhofer 2002) is a smaller-scalestor-
age grid targeted towards desktop machines in aca-
demic and corporate department settings. It assumes
no mutual trust among the client computers and its
focusis on availabilit y, reliabilit y and security. In con-
trast, we focuson performanceand the understanding
thereof.

3 Distributed Storage Arc hitectures for
Clusters of PCs

A transparent distributed storage architecture for
clusters of PCs can be implemented at di®erent con-
ceptual layerswithin the OS. Implementations within
theselayersdi®er in their transparency and complex-
it y. At the highest layer, the application implements
the distribution mechanism itself, which allows to
adapt the data distribution to the application, but has
the drawback that the application needsto be rewrit-
ten or at least adapted. For someclassesof applica-
tions, like many commercial commodit y databases,
source codes are not available and this method is
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Figure 2: Remote disk accessin our two distributed storage architectures for clusters of PCs: Fast Network
Block Device (FNBD) and Parallel Virtual File System (PVFS), as well as accessto a local disk.

therefore not possible in our scenario. On the next
lower layer, the distributed storage is implemented
in a dynamically-link ed library . The library trans-
parently intercepts the application's system calls to
provide its own implementation of data accesses.In
the next lower level, the OS kernel provides a special
type of ¯le system. The ¯le system behaves like any
other ¯le system, but all ¯le accessesare redirected
to someremote servers, which then accesstheir own
local ¯le systemsto satisfy the data accesses.On the
lowest level, below to ¯le-oriented ¯le-system layer,
the OS kernel contains a special block-device driver.
That driver pretendsto o®eraccessto the disk blocks
of a local hard-disk drive, but instead maps all disk-
block accessesto a remote server which then accesses
the respective disk blocks on its own hard-disk drive.

The next subsections brie°y discuss the dis-
tributed storagearchitectures usedin our experiments
and explain their embedding in the OS. More details
about the di®erent architectures are in (Rauch 2003).
Figure 2 illustrates two architectures as well as a lo-
cal ¯le accessby an application. In the latter case
(illustrated by a long-dashed line in Figure 2), the
application invokesa system call to the OS kernel to
read some¯le data. The ¯le-system layer then trans-
lates the ¯le accessto oneor moredisk-block accesses,
which are in turn handled by the hard-disk driver.
The driver readsthe blocks from the disk and passes
the data back to the ¯le-system layer, which possibly
keepsa copy of the data in its bu®ercache and copies
the data back to to application.

3.1 Fast Net work Blo ck Device (FNBD)

Our own implementation of a distributed-devices sys-
tem is the Fast Network Block Device (FNBD) which
is described in more detail in (Widmer 2001). It
transparently maps the blocks of a hard-disk drive's
partition over the high-speednetwork to another ma-
chine. It is implemented astwo kernelmodulesfor the
Linux kernel. One resideson the client and acts as
a block device. It translates any block-requestsfrom
higher layers into a request for the server-sidekernel
module and sendsit over the network to one of the
corresponding servers. The server part receives the
requests and translates it back into a block-request
for the server's disk driver. After the disk read the
block, the data travels the samepath back to the ap-
plication on the client.

FNBD is superior to the standard network block
device in Linux, as it usesa feature of the commod-
it y Gigabit Ethernet cards to implement automatic
defragmentation of incoming packets, thereby elim-
inating a data-copy operation between the network

stack and the bu®er cache. Lesscopy operations re-
duce the load on the CPU and the memory subsys-
tem. The defragmentation technique is similar to the
one described in (Kurmann, Rauch & Stricker 2001)
and can be implemented with many current network-
interface cards.

The client has multiple instances of the
distributed-device driver, which each map a hard-
disk partition of a di®erent server to a local virtual
partition. Thesevirtual partitions are then combined
with standard OS features into a RAID-0{lik e array
of networked disks. The RAID subsystemstrip esthe
disk blocks on that virtual partition in a round-robin
manner over the distributed devices. A ¯le system
installed on such a virtual RAID partition therefore
sees the aggregated throughput of all the remote
disks of the distributed-device system working in
parallel.

3.2 Parallel Virtual File System (PVFS)

As a distributed ¯le system for clusters we chose
the Parallel Virtual File System (PVFS). PVFS is
a project in distributed{¯le-systems research that
evolved into a widely usedsystemfor PC clustersand
is described in more detail in (Ligon & Ross1999). It
providesa distributed ¯le systemthat canbeaccessed
by any participating node of the cluster. It is imple-
mented asa library which is dynamically linked to ap-
plications on startup. The library intercepts standard
POSIX system calls and translates the requests to
PVFS commands. These commandsare then trans-
mitted over the network by using TCP. The server
part is a daemonrunning in user space,which trans-
lates the commandsto regular ¯le-system accessesto
the server's local ¯le system.

PVFS is a full-featured ¯le system and thus more
complex than a distributed device. It doesnot handle
raw disk blocks, but manages¯les instead. Every
¯le that is stored on PVFS is strip ed acrossmultiple
server nodes. The server nodes store the ¯le-parts
as ¯les within a special directory in their local ¯le
system. Data is therefore also distributed similar to
a RAID 0 system,but managedas ¯les on the server
nodes'disks insteadasraw blocks. Applications using
the ¯le system should thus ideally be able to seethe
aggregatedthroughput of the server nodes' disks.

3.3 In tegration with Database

Sinceboth storagearchitectures described in the pre-
vious two subsectionsare transparent and look like
a regular ¯le system to applications, their integra-
tion with a commodit y databaseis straight forward:



When installing the database,its data ¯les are simply
createdon the distributed storagesystemof the clus-
ter instead of the local disk. For existing databases,
the data ¯les can even be copiedonto the distributed
storage. When the databasesystemboots, it will not
see any di®erenceto a ¯le system installed locally
on the hard-disk drives. For databasesthat support
only raw disk accesses,only FNBD can be usedsince
it o®ersdirect accessto a virtual distributed disk par-
tition, while PVFS works directly at the ¯le system
layer and doesnot o®eraccessto a device.

There are mostly three potential di®erencesa
database might notice when it is installed on top
of such a distributed storage architecture, as com-
pared to a databasewith its data ¯les on local hard-
disk drives: (a) A higher throughput for large data
reads becauseof the aggregatedthroughput of mul-
tiple combined hard disks working in parallel in the
cluster, (b) a higher latency due to the network over-
head,and (c) a larger, distributed cache for data ¯les,
becausethe bu®er caches of multiple machines are
used.

4 Evaluation Criteria

Our scenario is speci¯cally targeted at OLAP work-
loads, which need to read large amounts of data at
a high throughput and which do not require any
¯ne-grained write accessor ¯ne-grained locking. As
benchmarks in our evaluation we use two di®erent
workloads: The simplistic micro-benchmark Speed
and TPC-D as more realistic application benchmark
executingin a softwaresystemincluding a commercial
Relational DatabaseManagement System(RDBMS).

4.1 Microb enchmark

A micro-benchmark for our distributed storagearchi-
tecturesmust bescalableto largedata sets,it must of-
fer read-only experiments, and it must be I/O bound
to thoroughly stressthe underlying I/O system. Speed
is such a very simple benchmark developed and used
by our masters students. It measuresthroughputs
and block latenciesfor continuousread or write oper-
ations with di®erent user-level block sizes. Latency
numbers for continuous read or writes are not so
useful in general, becausemodern systems do read
aheadand the latency therefore measuresmostly the
system-call time. However, in some circumstances
the latency numbershelped to ¯nd problemswith the
bu®er cache. Since Speed ful¯ls all requirements for
a micro-benchmark and was developed in our own
laboratory, we use it for the micro-benchmark mea-
surements.

There is a number of other benchmarks for ¯le sys-
tems or I/O subsystems.However, they are targeted
at NFS servers like SFS97R1 (SPEC 2001), test not
only the ¯le system but also other OS functionalit y
like Lmbench (McVoy & Staelin 1996), usetoo small
working sets for todays data sizes like the Andrew
benchmark (Howard, Kazar, Menees,Nichols, Satya-
narayanan, Sidebotham & West 1988), o®er a very-
high scalability like the self-scalingbenchmarks (Chen
& Patterson 1993) or are focusing on ¯le-system op-
erations on many mostly small ¯les like the Postmark
benchmark (Katcher 1997). Finally, Iozone (Norcott
& Capps 2003) is a ¯le-system benchmark tool that
generatesand measuresa variety of ¯le operations like
e.g. read, write, re-read, re-write, read strided, ran-
dom read and random write. Since we do not need
the additional features,we usethe Speedbenchmark.

4.2 TPC-D on ORA CLE as Application
Benc hmark

There are a number of widely-accepted benchmarks
for databaseapplications standardisedby the Trans-
action ProcessingPerformance Council (TPC 2003).
Special benchmarks for OLAP applications are the
TPC-D, TPC-H and TPC-R (Poess& Floyd 2000).
Of these, TPC-D is outdated and has been replaced
by TPC-H and TPC-R which both also include up-
dates. Nevertheless we use TPC-D as workload,
mostly for historical reasons. We could also use
TPC-H or TPC-R without changing the qualitativ e
results of comparing the di®erent storage architec-
tures. Since we are interested in read-only analyses,
the older TPC-D will su±ce.

TPC-D represents a broad range of decision-
support applications that require complex, long run-
ning ad-hoc queriesagainst large complex data struc-
tures. It determines two metrics: Power, which is
a statement about the system's capability for a sin-
gle user,and throughput that measuresthe maximum
capability for multiple users. TPC-D consists of 17
di®erent queries. In (Taufer, Stricker & Weber 2002),
Taufer et al. describe that somequeriesof TPC-D in
a parallel setup are strictly disk bound, whereasoth-
ers are CPU or network bound. In this study about
the bene¯ts of using distributed storage on clusters
of commodit y PCs we will put a special emphasison
the queries that are bound by large sequential disk
accesses.

5 Performance Measuremen ts

The experimental testbed for our performance mea-
surements consists of a 16-node multi-use cluster of
PCs called \CoPs". Each node is equipped with two
1 GHz PentiumI I I CPUs, 512 MByte of 133 MHz
ECC SDRAM and two 10'000 rpm DDYS-T09170M
hard-disk drives from IBM with 9.1 GByte storage.
As a testbed for high-speednetworking the nodescon-
tain two Gigabit Ethernet NICs: A Packet EnginesG-
NIC I I with ¯b er cablesto a Cabletron Smart Switch
Router 8600and an ASANT ¶E FriendlyNet (basedon
the DP83820chip) with copper cablesto a CiscoCat-
alyst 4000switch. As OSweusea slightly adapted in-
stallation of SuSELinux 7.1with a 2.4.3Linux kernel,
and as commodit y database an ORACLE RDBMS
version 8.0.5.0.02. Unfortunately, the DP83820 chip
is badly designed and o®ersa performance that is
much below the full potential of a Gigabit Ethernet
network.

5.1 Microb enchmarks

As ¯rst trivial benchmark we use Speed to measure
the throughput of a local ¯le system on a single lo-
cal disk. The resulting throughput for a machine in
our CoPs cluster is 33 MByte/s and is independent
of the user-level block size becausethe bu®er cache
of the ¯le system implements a read-aheadoptimi-
sation. The performance of the distributed-devices
system(FNBD) initially dependedmuch on the user-
level block sizeof the requests,but increasingthe un-
derlying kernel-level requestsizeof the burst-transfer
protocol to 32 KByte reducesthe the number of net-
work requests and thus the overhead. FNBD now
achieves a throughput of 35.7 MByte/s for large-¯le
readsfrom three serverswith a widely-useduser-level
block size of 4 KByte. For the tests with PVFS we
usea standard installation with the PVFS library dy-
namically linked to the benchmark application. Due

2 We use this somewhat older version of ORA CLE to allo w direct
comparabilit y of our results with (T aufer et al. 2002).
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Figure 3: Performanceof TPC-D benchmark querieswith execution times (left) and speedups(right, relative
to a single local disk). All experiments were done on our CoPs cluster comprising cluster nodes with 1 GHz
CPUs, Gigabit Ethernet and fast SCSI hard-disk drives.

System name User-level block size
4 KByte 32 KByte 256 KByte

Local disk 32.7 32.4 31.4
FNBD 35.7 37.0 43.1
PVFS 9.8 29.6 36.6

Table 1: Throughput of di®erent storagesubsystems
according to Speed micro-benchmark in MByte/s.
The three tested systemshad an Ext2 ¯le system on
top of the underlying storagearchitecture. The nodes
have 1 GHz CPUs and are interconnectedby Gigabit
Ethernet.

to storageconstraints with the larger distributed data
sets of TPC-D at the time of the measurements, we
used six PVFS servers, which bears the possibility
of improving the throughput for the client because
of higher parallelisation, but should not be a disad-
vantage. The throughput of PVFS largely depends
on the user-level block size. For the typical 4-KByte
user-level blocks|whic h is also the default block size
for our ORCALE RDBMS|PVFS reads sequential
data with about 9.8 MByte/s and reaches its maxi-
mum of 37.1 MByte/s with much larger 128-KByte
blocks. The results of the microbenchmarks are sum-
marised in Table 1.

5.2 Application Benc hmarks with TPC-D

The application benchmarks with TPC-D are exe-
cuted on all examinedarchitectures and their results
are shown in Figure 3 (TP-Lite is intro ducedand dis-
cussedin Section 6). The ¯gure shows the perfor-
mancefor 10 out of 17 TPC-D querieswith absolute
execution times (left) and speedup numbers relative
to a run on a single local disk (right). Queries miss-
ing in the ¯gure did not complete on all systems.
The results indicate that PVFS has the lowest per-
formance in 9 queriesbecauseof its low performance
for small user-level block sizes. FNBD surpassesthe
local-disk system only in query 2 and has otherwise
a slightly higher execution time. In the caseof query
11 (not shown) FNBD is much faster than the local
disk becauseof the larger distributed bu®ercache on
FNBD's servers and thus a reduced number of disk
accesses.Contrary to the results of the microbench-

marks, where the large-read throughput of FNBD is
higher than a local disk's, FNBD is slightly slower in
almost all queries.
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Figure 4: Execution times for disk-limited TPC-D
query number four on all examined systems with
the ORACLE RDBMS. The nodesare equipped with
1 GHz CPUs and Gigabit Ethernet.

Taufer et al. describe in (Taufer et al. 2002) that
the performanceof TPC-D query number four is disk
bound. Since this study is emphasisingsystemsfor
large contiguous read operations, we show the results
of the di®erent systemsfor this speci¯c query sepa-
rately in Figure 4 (\FNBD raw" is discussedin Sec-
tion 6). The ¯gure indicates that FNBD is able to
uphold the performance of OLAP on a single local
disk, but PVFS cuts the parallel e±ciency in half re-
sulting in a doubled execution time.

It is especially interesting to note that the perfor-
manceof the TPC-D queriesis not higher on FNBD
than on a local disk|despite the higher raw read per-
formance of FNBD as measuredin the microbench-
marks. The reasonsfor this paradox are not certain,
but we suspect a slightly higher latency for FNBD
read operations becauseof the network and the more
involved layerson client and servers. In the next Sec-
tion we analysethe results in more detail.

6 Analysis of Results

To better understand the results from the previous
section, we now describe our systems with an ana-
lytical model. The model is based on data streams



which °ow through the subsystemsof a PC node. The
model's focus is solely on large data streams in clus-
ters and the strength of the model is its simplicit y.
Simpler models result in shorter turn-around times
and more guidanceduring the designof new systems
at the potential disadvantage of a slightly reducedac-
curacy. Despite its simple structure, our model cor-
rectly predicts performancetrends for di®erent archi-
tectures in a data-stream environment, like e.g. large-
scaledata distribution for partition cloning to install
OSs in a cluster. Since large table scan operations
also require the transfer of large data streams, we
presumethe model's applicabilit y to our workloads.
The model is described in moredetail in (Rauch, Kur-
mann & Stricker 2002). We summarisethe most im-
portant aspects below and discussits applicabilit y to
the workloads described in this paper.

6.1 A Data-Stream{Based Analytic Mo del

The analytic model for all data streams in a cluster
considersthe streams in the high-speed interconnect
of a cluster including the cables, switches (passive
nodes) and the PC nodes actively involved in han-
dling the data streams (active nodes). The solution
of the model's equations evaluates several resource
constraints. We assumereliable data streams (e.g.
controlled by a higher-level transport protocol) and
that there is a fair sharing of resourcesbetween the
data streamsthat °ow through a system.

The throughput capacity of an active node is mod-
elled by the two network-related limits and four ad-
ditional resourcelimits within the active node. The
limits of the network are the link capacity (which is
taken from the physical speci¯cations of the network
technology, e.g.125MByte/s for Gigabit Ethernet or
12.5 MByte/s for Fast Ethernet) and the switch ca-
pacity of passive nodes (the capacity of the passive
nodes is taken from the physical speci¯cations of the
network hardware, e.g. the switch(es) of a cluster).

The resource limits of an active node are listed
below. The examplesof corresponding hardware are
basedon the CoPs cluster described at the beginning
of Section 5.

Disk system The maximum throughput of the
node's hard-disk drive (e.g. 33 MByte/s for a
IBM DDYS-T09170M 10'000 rpm disk).

I/O-bus capacit y The sumof data streamstravers-
ing the I/O bus must be less than its capacity
(e.g. 264 MByte/s on 32-bit 66-MHz PCI-bus{
basedPC cluster nodes).

Memory-system capacit y The sum of the data
streams to and from the memory system must
be lessthan the memory system's capacity (e.g.
420 MByte/s on systemswith the ServerWorks
ServerSet I I I LE chipset).

CPU utilisation The processing power required
for the data streams at the di®erent stages.
For each operation the fraction coe±cient
1=a1; 1=a2; 1=a3; : : : indicates the maximal speed
of the stream with exclusive use of 100% CPU.
The denominators a1; a2; a3; : : : correspond to
the real throughputs of the respectivesubsystems
asobserved in practice. The sum of the fractions
of CPU use must be < 1 (= 100%) (Through-
puts considered: 160 MByte/s SCSI transfer,
210 MByte/s internal copy memory to memory,
60 MByte/s send or receive over Gigabit Ether-
net with the ASANT ¶E network interface cards).

Limitations on these four resources result in
constraint inequalities for the maximal throughput

achievable through an active node. The minimal
throughput resulting from the inequalities is the max-
imal throughput for the overall data stream.

For example,sendinga large amount of data from
a typical ¯le server comprises concurrently reading
data from the local disk, copying it from the kernel
space to a user-spacedaemon and back, and send-
ing it over the network interface to the client. We
assumea one-copy TCP/IP protocol stack as pro-
vided by a standard Linux kernel. The correspond-
ing inequalities for the throughput b of the data
stream in this example are then b < 33 MByte/s
for the hard disk, 2b < 264 MByte/s for the IO bus
and 6b < 420 MByte/s for the memory. For the
CPU, the inequality considersoneSCSI transfer, two
memory-copy operations and one network transfer:
(1=160+ 2=210+ 1=100)b < 1. The resulting max-
imal data-stream throughput is 38.9 MByte/s with
the CPU as bottleneck.

A related and widely popular performancemodel
for parallel and distributed systemsis LogP (Culler,
Karp, Patterson, Sahay, Schauser, Santos, Subramo-
nian & von Eicken 1993). As a model for paral-
lel machines and parallel computations it assumesa
machine as a collection of essentially complete com-
puters and puts a focus on network congestion or
overhead handling messagesof NUMA accessesand
does not deal properly with accessesto the memory
and the I/O bus for auxiliary copies in the system
software. The model used in this paper resembles
more to the original ideasof the copy-transfer model
for communication-system performance (Stricker &
Gross1995).

6.2 Mo delling OLAP as a Blac k Box

For the analytic model described in the preceding
subsection it is important to know and understand
the performanceof all involved parts and subsystems,
which are partially hardware (CPU, memory, I/O
subsystemincluding NIC and disk), partially OS soft-
ware (driv ers for network interfacesand disks, proto-
col stacks) and of coursethe application software (e.g.
the ORACLE RDBMS). It will be especially tric ky to
model the performanceof a \black box application"|
an application with no sourcecode available and little
knowledgeabout its detailed and complexinner work-
ings.

For ORACLE we usetwo di®erent casesto model
the performanceof the application layer: A good case
and a bad case,which are deliberately not the best
and worst case. The best casein an RDBMS might
be a simple index-basedlookup of a value and it cer-
tainly does not involve a data stream. The worst
case on the other hand can be very complex and
combine di®erent full table scans, join and sort op-
erations. Thus, as good and bad casethat can still
be understood, we chose the following two simple
queriesthat are executedon the data set of the TPC-
D benchmark: (a) SELECTMAX(cacctbal) FROM
customer and (b) SELECTc acctbal FROMcustom-
er ORDERBY c acctbal . Query (a) requires a full
table scan of a large fact table to ¯nd a maximum
value. It thereforehasto reada largedata stream,but
the CPU hasotherwisenot much to do with the data
besides¯nding the maximum value. Query (b) also
hasto read a large amount of data, but it additionally
hasto sort the data, thereby not only readingbut also
touching and/or copying the data around more often.
To ¯nd out the throughput of ORACLE alone for
thesetwo queries|i.e. without involving many other
subsystems|w e chose the table customer that ¯ts
into the bu®er cache of the machine running OR-
ACLE. Tests revealed that the system has to read
278.8 MBytes and 280.0 MBytes respectively from



disk3 during the execution of the above two queries
with a cold bu®er cache. With a hot bu®er cache
the execution of the two queriestook 2.01 and 36.14
secondsrespectively, thus resulting in a throughput
of 140 MByte/s and 7.75 MByte/s respectively for
ORACLE. We will use these numbers in the follow-
ing paragraphs to model the overall performance of
OLAP on top of the di®erent storagesubsystems.

When modelling OLAP|esp ecially with a dis-
tributed database in a cluster of PCs|one has to
take into account that the RDBMS might ¯lter (or
pre-select) the data and pass only the parts to the
client application which are relevant to the ¯nal re-
sult. The size of the relevant data parts depends on
the query and can be signi¯cantly smaller than the
data that is originally read from the disks. This data
reduction can be modelled as a data compressionin
our model. To ¯nd out the \compression factor" c of
di®erent TPC-D queries,we analysedsomequeriesas
shown in Table 2. The queriesare limited by di®erent
subsystemslike CPU, network, disk or middleware as
described by Taufer et al. (Taufer et al. 2002). The
results indicate that the RDBMS middleware layer
\compresses" data by factors that vary by four or-
ders of magnitude. Even the smallest compression
factor encountered is larger than 200,which indicates
that we have to handle di®erent typesof data streams
in our model, depending on their position in the data
°ow|b eforeor after the ¯ltering by the RDBMS. The
amount of data transferedis de¯nitely di®erent before
and after the ¯ltering.

The modelling of the rest of the systemis possible
becausethe other layers comprise known parts that
either haveknown throughput characteristics for data
streams or which can be measuredindividually (e.g.
the SCSI disk, the PCI I/O bus, the memory and the
CPU).

6.3 Quan titativ e Performance According to
our Mo del

As a ¯rst case we model the performance of an
RDBMS executing OLAP queries on a local disk-
based¯le system. The architecture is depicted in Fig-
ure 5. The 4GL application sqlplus reads queries
from the user (or the shell) and then contacts the
RDBMS through pipes, which involve at least one
copy operation. The RDBMS has to read the data
of the database from the ¯le system's bu®er cache,
which involvesanother copy from the kernel spaceto
the user space.The ¯le system|or precisely the un-
derlying disk driver|receiv esthe data by DMA from
the SCSI interface of the disk.

File system

Pipe
(reduced copy)

Disk driver

RDBMS
4GL

DMA

Application(s)

Operating system Copy

Figure 5: Architecture of OLAP with singlelocal disk.

When inserting the numbers from Subsection6.1
into the adapted equations of the model, the model
predicts a throughput of 33 MByte/s for a triv-
ial large-data read from the local disk. For the
slightly more complex caseswith the RDBMS we get
33 MByte/s for the good case (trivially limited by
the disk) and an overall throughput of 7.1 MByte/s

3 These values are tak en from the /proc/stat ¯le.

for the bad case(limited by the CPU). For the disk-
bound TPC-D query number four these numbers
translate into execution times of 351 and 1631 sec-
onds respectively for the two cases.The rather large
di®erenceof a factor of ¯v e comesfrom the very dif-
ferent queriesassumedfor the good and bad example
cases. As you will see in the next paragraphs, the
lower and higher numbers still allow to compare the
modelled performancesof the di®erent architectures.

Operating
system

4GL
RDBMS

Pipe
(reduced copy)

Server side Client side

(client part)
FNBD driver

NIC driver
Special

File system

Application(s)

DMA

Copy

Application(s)

NIC driver
SpecialFNBD driver

(server part)

Operating system

Disk driver

DMA

Gigabit/s network

DMA

Figure 6: Architectural model of OLAP on the Fast
Network Block Device (FNBD).

As a next architecture we model an OLAP sys-
tem on top of the distributed-devices system FNBD
(Figure 64). FNBD is strongly optimised for high-
performancedata streamsand therefore doesnot in-
volve any unnecessarydata copieson the servers|the
only data transfers are done by DMA transfers from
the SCSI adapter and to the NIC. While the client is
alsooptimised by using special protocolsand running
completely in kernel space,there is still one last data
copy to crossthe protection boundary betweenkernel
and user space.

The predicted maximum throughput for a triv-
ial application reading raw sequential data from a
FNBD-based¯le systemis predicted at 46.7MByte/s.
With the RDBMS system we get a maximum
throughput of 35.0MByte/s and 6.7 MByte/s for the
good and the bad caserespectively. The correspond-
ing executiontimes for the TPC-D query number four
are 331 and 1729seconds(limited by the CPU of the
client in both cases).

NIC
driver

RDBMS
4GLPVFS Daemon

NIC
driver

PVFS Library

DMA

TCP/IPFile system

Disk driver

Server nodes

Application(s)

Client node

Application(s)

Copy

TCP/IP Copy

Copy

Pipe (reduced copy)

DMA

Gigabit/s network

DMA

OS kernel
OS kernel

Figure 7: Architectural model of OLAP on the par-
allel virtual ¯le system (PVFS).

Modelling an OLAP system on top of PVFS is
quite similar to FNBD, except that the PVFS servers
needadditional data copiesbetween their user-space
daemonand the OS kernel (seeFigure 7). Regarding
our model, the client sideof PVFS is thus identical to
the FNBD-basedarchitecture. The featuresof the ¯le
system might intro duce some additional complexity
into the system, but this fact is not captured by our
stream-oriented model.

The model predicts a maximal throughput of
72.2 MByte/s for a trivial application which reads

4 In our mo del (and the previous exp erimen ts) we only use a
single clien t. The ¯gures in this section indicate that multiple
clien ts could access the data in our read-only data-mining setup.



TPC-D Input read [MByte] Result \Compres-
query index data total output [MByte] sion factor" c

1 0 8'758 8'758 0.001 7'300'000
2 85 477 562 2.4 234
3 0 10'998 10'998 5.6 1'964
4 1'318 10'265 11'583 < 0.001 17'600'000
8 3'412 10'782 14'194 0.017 835'000

Table 2: TPC-D query analysis with ratios of input/output.

contiguous raw data from PVFS (CPU limit of the
client). Integrating the RDBMS and 4GL interface
into the model, we predict 47.6MByte/s for the good
caseand 7.0 MByte/s for the bad casewith execution
times for the TPC-D query number four of 243 and
1655secondsrespectively (CPU limit of the client in
both cases). The predicted numbers are better than
in the FNBD case, becausewe use di®erent Giga-
bit Ethernet adapters. The hardware of the adapters
usedfor FNBD waslimited in its throughput by hard-
ware °aws. As a result of the predicted higher raw-
read performance, the model predicts better OLAP
execution times for PVFS than for FNBD.

All performancenumbers according to our model
are summarised in Table 3 (\TP-Lite" will be dis-
cussed in the next subsection) and compared with
the corresponding measurednumbersfrom our exper-
imental systems. From the table, we note that the
di®erencebetween the modelled and measurednum-
bers for the raw-read numbers with PVFS is large.
We can not explain the reasonfor the di®erence,but
assumethe increasedcomplexity of a full-featured dis-
tributed ¯le system. Accordingly, the execution time
for TPC-D query four on PVFS is the worst of all
examined systems. Further, even though the mea-
sured raw-read throughput of FNBD is higher than
that of a single local disk, the performanceof TPC-D
query four is still better on the single local disk. We
attribute this anomaly to the higher latency in a dis-
tributed system as compared to a local system, even
though latency should not in°uence the throughput
of large read operations.

For all the systemsexamined so far, the limit for
non-trivial queriesis the CPU of the client nodes. Not
only has the CPU to handle the data according to
the queries, it must also copy all the data read from
the disk from the kernel's bu®ers to the user-space
applications or libraries. An increasein performance
is thus only possible if the load on the clients' CPU
is reduced.

6.4 Impro ving Database Performance on
Clusters of PCs

As a ¯rst way of reducing the CPU load on the client,
we setup FNBD as a \ra w device". For raw devices,
the Linux kernel bypassesthe bu®ercache and stores
data blocks read from the disk directly in the user-
spacebu®ers,which eliminates a copy operation. The
result shown in Figure 4 (labelled as \FNBD raw") is
worsethan for the regular FNBD, becausethe bu®er
cache implements read ahead. Without the bu®er
cache, there is no read aheadand thus a high latency-
overhead for every single block read synchronously
from FNBD.

A fully transparent way of reducing the CPU load
on the client is to implement a true zero-copy tech-
nique in the OS. Such a true zero-copy technique is
described in detail in (Kurmann et al. 2001). In short,
true zero copy defragments incoming data pack-
ets from the network directly into page-sizebu®ers,
which are then re-mapped from kernel spaceto user
spacewithout much CPU intervention. The client's

CPU would thus focus its work on the query instead
of copying data. This technique is applicable if the
application readsand writes data on pageboundaries.
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Figure 8: Architectural model of OLAP with TP-Lite,
a middleware to distribute queriesto multiple remote
RDBMSs.

Another technique is to distribute the pre-¯ltering
of the data read from the cluster nodes' hard-disk
drives onto multiple nodes in the cluster. This is
done by running the databasesystem itself on mul-
tiple machines, distributing the queries to multiple
servers and to collect only the required results on the
client machine, thereby reducing the amount of data
transmitted to and copiedby the client node. Two ex-
amplesfor such a systemare TP-Lite (BÄohm, Grabs,
RÄohm & Schek 2000) and C-JDBC (Cecchet, Mar-
guerite & Zwaenepoel 2003). TP-Lite supports the
databasewhen coordinating and distributing partial
queriesto other instancesof relational databaseman-
agement systems (RDBMSs) running on the server
nodes. C-JDBC is a middleware layer that presents
a single virtual databaseto applications through the
JDBC interface and is thus limited to applications
that support the JDBC interface.

To comparethe middlewareapproach with our dis-
tributed storage systems, we examine the TP-Lite
middleware. We chose TP-Lite as a referencecase
in our evaluation, becauseit is the \p oor man's im-
plementation of a parallel database" and thus suits
the commodit y philosophy of a multi-use cluster best
in terms of o®-the-shelf hardware, open-sourceop-
erating system and standard databases. However,
changing the middleware or the application to do the
remote disk accessis not always a realistic design
option, as it is neither trivial nor is it possible for
commercial applications in many situations. As de-
picted in the architectural model in Figure 8, there
are only reduceddata-copy operations on the clients,
thereby reducing the CPU load considerably. Accord-
ingly and as shown in Table 3, the execution times
according to our model are much lower for TP-Lite
than for all other systems. Also when looking at
the performance of di®erent TPC-D queries in Fig-
ure 3, TP-Lite achieves best performance for most
queries. However, using TP-Lite requires changesto
the databasesystem and is therefore not possible in
all situations.

In contrast, our architecture with distributed stor-
ageis fully transparent and can be usedwithout any



System Underlying sub- OLAP throughput TPC-D query 4
name system raw read modelled modelled meas.

mod. meas. good bad good bad real
[MByte/s] [MByte/s] [MByte/s] [MByte/s] [s] [s] [s]

Local disk 33 32.7 33 7.1 351 1631 446
FNBD 47 35.7 35 6.6 331 1729 469
PVFS 72 9.8 48 7.0 243 1655 938
TP-Lite 119 109 99 21 117 544 162

Table 3: Quantitativ e performance on di®erent architectures according to our analytic model and measure-
ments on our cluster of commodit y PCs. The table includes assumedgood as well as bad example casesand
measurements for throughput as well as execution times of OLAP with ORACLE RDBMS.
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Figure 9: Simplistic simulation of future systems:Ex-
ecution times for TPC-D query number four with fast
(regular SCSI) and slow disks with the SCSI bus set
to 10 MByte/s.

changesto the database system. It is important to
remark that distributed storagewill becomeincreas-
ingly important in the future becauseof two tech-
nological trends: First (as shown in Figure 1) the
size of hard-disk drives increasesmuch faster then
the size of an OS installation, leaving much excess
storagecapacitieson the disks of PC nodes,and sec-
ondly, the gap between the throughputs of commod-
it y networks and hard-disk drives is widening dras-
tically (Rauch 2003). To increase throughputs for
storage subsystems, the throughputs of an increas-
ing number of disks on the network must be com-
bined to keep up with the network's throughput. In
such a future system, a database system on top of
a distributed-storage architecture will becomean in-
creasingly interesting option, as illustrated in Fig-
ure 9. In the ¯gure we compare FNBD as discussed
throughout the paper (labelled \F ast disk(s)") with
the samesystembut arti¯cially slowed disks (labelled
\Slow disk(s)"). We slowed the disks by changing the
SCSI bus' maximum transfer rate to 10 MByte/s in
the BIOS. The ¯gure suggeststhat a future FNBD
will o®er a much higher throughput than a system
basedon a local disk.

7 Conclusions

In our paper we studied di®erent high-performance
storage architectures for clusters of commodit y PCs
as a technique to parallelise a database for OLAP
applications on clusters. Parallelising a system on
the storagelayer enablesus to usethe excessstorage
capacities on the nodes' hard-disk drives in a fully
transparent way at no additional cost|thereb y cost-
e®ectively increasing the storage available to data-
mining applications. The OLAP applications access
the distributed storage systemswe examined in ex-
actly the sameway as a local disk, thereby eliminat-
ing the need to make any changesto the database
software. It would be a considerablee®ort to re-write

all databaseoperations in a genuine parallel way and
even then, most applications still contain some se-
quential work which limits their scalability. It is a
real plus to acceleratetheseremaining sequential sec-
tions considerably.

Our detailed performancemeasurements with two
di®erent storage systems revealed that the fully-
featured distributed ¯le systemPVFS intro ducestoo
much additional complexity into the systemand thus
o®erslower performancethan a single local disk. The
lesscomplexdistributed-devicessystemFast Network
Block Device (FNBD), which simply maps remote
hard-disk partitions to the databaseclient and com-
bines them in a RAID 0, o®ersa higher performance.
FNBD's performance is about the same as a single
local disk, but o®ersa large amount of additional
storage at no extra cost. This lower than expected
result is partially due to some°awed high-speednet-
work interface cards. In an attempt to increaseour
understanding of the performance issues, we ana-
lytically modelled the systems under study with a
data-stream{basedmodel. The analysisrevealedthat
the main scalability-limiting bottleneck are the data
copiesin the client's memory.

As a result, we examined the query-distributing
middleware TP-Lite in our setup. In TP-Lite, the
client distributes partial queries to RDBMS servers
running on multiple nodes in the cluster. The client
then collects the pre-selecteddata returned from the
servers, which results in much reduced data copies
and thus increasedperformance. However, this per-
formance gain comesat the cost of having to change
the databasesoftware, which is not possiblein all sit-
uations. A fully transparent technique to eliminate
the costly data copieson the client node is to imple-
ment a true zero-copy networking stack. True zero
copy would eliminate all unnecessarydata copieson
the client. The integration of such an optimisation
into the system is left as further work and has the
potential to increasethe performance by a factor of
3{5 for medium-sizedclusters (as indicated by the re-
sults of the experiments with TP-Lite).

Our contribution to the Australasian Database
Conferencetakesa novel approach to the parallelisa-
tion of databasesby placing the parallelisation trans-
parently in the storagelayer and accessingcheap ad-
ditional storageon the cluster nodes' hard-disk drives
over the high-speednetwork. Our paper heightens the
understanding of performanceissuesof such database
systemsfor clusters of PCs.
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