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Abstract. The DWS (Data Warehouse Striping) technique isuad-robin data
partitioning approach especially designed for tisted data warehousing en-
vironments. In DWS the fact tables are distribubgdan arbitrary number of
low-cost computers and the queries are executqghiallel by all the com-
puters, guarantying a nearly optimal speed up aealdsip. However, the use of
a large number of inexpensive nodes increasesskef having node failures
that impair the computation of queries. This pap@poses an approach that
provides Data Warehouse Striping with the capgbdit answering to queries
even in the presence of node failures. This apprambased on the selective
replication of data over the cluster nodes, whiclargntees full availability
when one or more nodes fail. The proposal was ateduusing the newly TPC-
DS benchmark and the results show that the appiieaglite effective.
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1 Introduction

A data warehouse (DW) is an integrated and cen&adlrepository that offers high
capabilities for data analysis and manipulation [Bta warehouses represent nowa-
days an essential source of strategic informatmmnfiany enterprises. In fact, as
competition among enterprises increases, the #iétyaof tailored information that
helps decision makers during decision support mseERis of utmost importance.

Data warehouses are repositories that usually tohigh volumes of data inte-
grated from different operational sources. Thus, data stored in a DW can range
from some hundreds of Gigabytes to the dozens chbyes [7]. Obviously, this
scenario raises two important challenges. Theiiretlated to the storage of the data,
which requires large and highly-available storageicks. The second concerns ac-
cessing and processing the data in due time, agdéakis to provide low response
times for the decision support queries issued byuers.

In order to properly handle large volumes of dafigwing performing complex
data manipulation operations, enterprises normaly high performance systems to



host their data warehouses. The most common cli®isgstems that offer massive
parallel processing capabilities [1], [10], as MessParallel Processing (MPP) sys-
tems or Symmetric MultiProcessing (SMP) systemse fauthe high price of this type
of systems, some less expensive alternatives Heeads been proposed [5], [6], [9].
One of these alternatives is the Data Warehouggp8tg (DWS) technique [2], [4].

In a simplified view, the DWS technique distributee data of a data warehouse
by a cluster of computers, providing near lineagesjup and scale up when new
nodes are added to the cluster [2]. However, addaugs to the cluster also increases
the probability of node failure, which in turn lesatb a decrease in the cluster MTBF
(Mean Time Between Failures). It is worth mentignthat a failure of a single DWS
node is enough to render the whole DWS clusterobgervice, as the execution of
queries requires the availability of all data pgatis [2].

Data redundancy is used in several application®laryate failures [12], [13]. In
this paper we propose an approach that provides DM&Sers with high-availability
even in the presence of node failures. The propapedoach, named RAIN (Redun-
dant Array of Inexpensive Nodes), allows DWS tawdel exact query answers and is
able to tolerate failures of several cluster nqdles number of node failures tolerated
depends on the configuration used). The RAIN teplmiis based on the selective
replication of data over a cluster of low-cost rodad comprises two types of repli-
cation: simple redundancy (RAIN-0) and striped regancy (RAIN-S).

The proposal is illustrated using the newly TPCi¥Bchmark [11]. Several con-
figurations tolerating failures of different numbesf nodes have been tested. Results
show that the performance in the presence of naitigds is quite good.

The structure of the paper is as follows: sectidmrigfly presents the DWS tech-
nigue; section 3 describes the RAIN technique;isect presents the experimental
evaluation; and Section 5 concludes the paper.

2 The DWSTechnique

In the DWS technique the data of each star sché@hdd] of a data warehouse is
distributed over an arbitrary number of nodes hgttre same star schema (which is
equal to the schema of the equivalent centralizzdion). The data of the dimension
tables is replicated in each node of the cluster,(each dimension has exactly the
same rows in all the nodes) and the data of thetédtes is distributed over the fact
tables of the several nodes using strict row-by-round-robin partitioning or hash
partitioning (see Fig. 1).

DWS data partitioning for star schemas balancesvitr&load by all computers in
the cluster, supporting parallel query processisigvall as load balancing for disks
and processors. The experimental results presemtf®] show that a DWS cluster
can provide an almost linear speed up and scale up.

In a DWS cluster typical OLAP (OnLine Analytical d&essing) queries are exe-
cuted in parallel by all the nodes available. ffale of the cluster fails, the system is
still capable of computing approximated answergueries, which are computed by
applying statistical formulas to the partial resuwbtained from the available nodes.
The system is also capable of providing confideimtervals for the provided an-



swers. Obviously a degradation of the quality cfveers is observed as the number of
failed nodes increases.
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Fig. 1. Data Warehouse Striping Technique.

The approximate answers provided by DWS systems@maally useful for deci-
sion support, especially because the confidencervialls provide the user with a
measure of the accuracy of the query results. Hewda some business areas the
approximated answers are not enough, as it is redjthat the system always pro-
vides exact answers to queries, even in the presefnwode failures.

An important aspect is that the DWS technique adl@mterprises to build large
data warehouses at low cost. In fact, DWS can i ting inexpensive hardware
and software and still achieve very high perfornganc

3 Redundant array of DWS nodes

In the DWS when a node fails the fact tables dédeed in that node is no longer
available, preventing the system to compute exastvars to queries. In order to
overcome this problem, allowing the system to mlevéxact answers to queries in the
presence of node failures, it is necessary to gteeathat the fact table data from a
given node is still available in the cluster, everen that node fails.

The RAIN technique is based on the replicationact table data across the cluster
nodes. Two distinct approaches are proposed forinipdementation of this tech-
nigue: simple redundancy (RAIN-0) and stripped rethncy (RAIN-S).

Although the technique requires more disk spaceaith node, as the data of the
fact tables of each node will be replicated in oieer nodes (see details further on),
the current disk sizes in inexpensive computers ¢ihes used in the DWS clusters)
are large enough to accommodate the extra dat@ spquired. From our experience,
an inexpensive machine (a typical PC) can processie€s over a star schema up to
20 GBytes of fact data with acceptable response.tifowever, a typical PC has
disks of 200 GBytes or more, which is more thanugihoto store the facts data of the
node plus the portions of data replicated from iottedles (and the typical DW mate-
rialized views and indexes). That is, it really raglsense to trade disk space by sys-
tem availability, as proposed in the RAIN technique



3.1 Simple Redundant Array of Inexpensive Nodes

The simple redundancy approach consists of repigdhe facts data from each node
in other nodes of the cluster. Depending on thdigoration used RAIN-O can toler-
ate the failure of one or more nodes. The followimgation is used to refer to a
RAIN-O cluster with N nodes that tolerates thetfigl of Y nodesRAIN-O(N, Y).

Fig. 2 presents the facts data replication schensadluster of five nodes designed
to tolerate the failure of a single node: RAIN-013, As shown, each node stores its
own facts data (i.e., 1/5 of the total facts dgtas the facts data from another node
(i.e., each node stores a total of 2/5 of the tf#ats data). This way if one of the
nodes temporarily fails it is still possibly to cpote exact answers, since the data
from that node also exists in another node.

Node 1 Node 2 Node 3 Node 4 Node 5
[ S S i R
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Fig. 2. Redundancy in Simple Redundant Array of Inexpendlodes designed to tolerate the
failure of a single node: RAIN-0(5, 1).

It is important to emphasize that replicated datased only in the case of node fail-
ures and no additional nodes are added to theeclastthat would represent a waste
of computational resources in the absence of faGlearly, if more nodes are avail-
able they should be used during normal operatiandease the cluster performance
and not only when there are failed nodes. To ttdefailures of several nodes the
facts data must be replicated several times iredfft nodes. In fact, to tolerate the
failure of N nodes the data must exist in N+1 nodes

An important aspect is the overhead during the @@t of queries in the presence
of node failures. As the data from each node isicaged in at least another node,
when a node fails one of the remaining nodes wéltehto process two times more
data (i.e, a total of 2/N of all the data storedhia cluster, where N is the total number
of nodes). For example, considering the RAIN-O(5¢llister (see Fig. 2), when node
1 fails then node 2 must compute 2/5 of the faata evhile nodes 3, 4, and 5 have to
compute 1/5 of the facts data (as if there wasaiiorg).

A basic rule is that to tolerate the failure of ¥des a RAIN-O cluster must com-
prise a minimum of Y+1 nodes. However, using th@imum number of nodes re-
quired implies that in the worst case scenaridyfaiof Y nodes) the single remain-
ing node has to process all the facts data, whiakes the system to act as a single
server machine. Obviously, this is not the bestaggh and does not take advantage
of the DWS data partitioning. This way, the minimaomber of nodes recommended
for a cluster should be equal to the number of Baneous node failures to be toler-
ated multiplied by two: N=Y*2. This rule limits thmaximum amount of data proc-
essed by any node to 2/N regardless of the numbfiled nodes (that must obvi-
ously be inferior or equal to N/2).



3.2 Stripped Redundant Array of | nexpensive Nodes

The stripped replication is an evolution of the glienreplication that intends to reduce
the overhead caused on the queries execution whede of the cluster fails. In this
approach the facts data from each node is randdistsibuted in N-1 sub-partitions

(where N is the number of nodes) and each subtiparis replicated in at least one of
the other nodes (Fig. 3). As shown, each nodestbif¢ + 1/N * 1/(N-1) of the facts

data. The following notation is used to refer tRAIN-S cluster with N nodes that

tolerates the failure of Y nodeRAIN-S(N, Y).
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Fig. 3. Redundancy in Striped Redundant Array of Inexpenslodes designed to tolerate the
failure of one node: RAIN-S(5, 1). Records fromtegartition are randomly distributed across
four sub-partitions that are stored in the remajriour nodes.

Using RAIN-S replication strategy reduces drashtycéhe overhead caused in the
execution of a query when a node fails (when coeghéw RAIN-0). As the data from
each node is evenly distributed by all the othetesp when a node fails processing is
distributed by all the remaining nodes. In otherdsp the remaining nodes have to
compute only (1/N) * 1/(N-1) more data (i.e., aalodf 1/N + 1/N * 1/(N-1) of the all
facts data stored in the cluster, where N is th& ttumber of nodes). For example in
a RAIN-S(20, 1) cluster each node will have to psscapproximately 0,2631% more
data than it normally would: (1/20) * 1/(20-1) 2631%.

RAIN-S can also be configured to tolerate failureseveral nodes. In this case, to
tolerate the failure on Y nodes, each sub-partitimmst be replicated in at least Y
nodes. An important aspect is that a RAIN-S clustest have at least three nodes
(with two nodes it is equal to a RAIN-O clusterefiznding on the replication used, a
cluster of 3 nodes is able to tolerate the failfr& or 2 nodes. Thus, the basic rule is
that to tolerate the failure of Y nodes we needANRS cluster with Y+1 nodes.
However, using the minimum number required nodesldvanean that in the worst
case scenario (failure of Y nodes) the single remginode would have to process all
the facts data, which is not the best approach dsds not take advantage of the
DWS data partitioning. This way, the minimum numb&nodes in a RAIN-S cluster
should be equal to the number of simultaneous néakses to be tolerated multi-
plied by two: N=Y*2.

3.3 Execution middlewar e and node recovery

Query execution in DWS is enabled through the dse middleware [2] that allow
client applications (e.g., Oracle Discoverer, JRi@rystal Reports) to connect to the



system without knowing the cluster implementatietails. This middleware receives
queries from the clients, analyses the queriesetdistributed by the nodes, submits
the queries to the nodes, receives the partialtseBom the nodes and constructs the
final result that is sent to the client application

The DWS middleware was adapted to the RAIN techmiguhich means that it is
prepared to transparently allow the system to ocomtiproviding exact queries an-
swers when nodes fail. In fact, the middlewarebig @0 detect failed nodes and uses
the node’s replicas to compute the queries answers.

Node recovery is one problematic aspect when cengigl typical DWS systems.
In fact, node recovery is not possible when stataté gets corrupt. The only way to
recover a node is to recollect the data from theratponal sources and rebuild the
entire cluster. The use of RAIN eases the nodeveggpas the recovery process can
be accomplished using the data existing in theedaiiode replicas, without need of
cluster downtime.

4 Experimental results and discussion

The goal of the experiments presented in this @ectias to measure the impact of
node failures in the query execution when usingRAland RAIN-S approaches.
Table 1 presents the set of configurations testéd. basic platform used consists
of seven Intel Pentium IV servers with 2GB of mema 120GB SATA hard disk,
and running PostgreSQL 8.2 database engine oveDé¢hén Linux Etch operating
system. The servers were connected through a deditast-Ethernet network.

Table 1. Set of cluster configurations used. All configizas include RAIN-O and RAIN-S.
The benchmark was executed two times for each goraiion (a total of 24 runs).

RAIN System #Nodes  #Node Failures Tolerated
RAIN-0 & RAIN-S (5,0
RAIN-0 & RAIN-S 5,1
RAIN-0 & RAIN-S 5,2
RAIN-0 & RAIN-S (7,0
RAIN-0 & RAIN-S (7,1)
RAIN-0 & RAIN-S (7,2

N~N~NOooag
NF,ONEFO

The PostgreSQL database is one of the most compiete-source databases avail-
able and is frequently used to support non-critiggdlications. For these reasons, we
have chosen this DBMS as case-study for the vididats the RAIN technique.

The TPC Benchmark™ DS (TPC-DS) [11] is a perforneabenchmark for deci-
sion support systems. This benchmark evaluatesskential features of decision
support systems, including queries execution ama ldad. The benchmark includes a
set of seven stars with many dimensions and usiog/dlakes and mini-dimensions.
A scale factor must be defined, which allows theleation of systems of different
sizes. In our experiments we used a database W#B1(scale factor 10 in TPC-DS
benchmark). Due to time constraints, a represemstatibset of the TPC-DS queries
was used to perform the experiments. The queries saected based on their intrin-



sic characteristics and taking into account thengbha needed for the queries to be
supported by the PostgreSQL DBMS. Note that, agyda is to evaluate the RAIN
technique and not to compare the performance ofyseem with other systems, the
subset of queries used is sufficient. The quergesiare the following (see TPC-DS
specification [11] for more details): 06, 07, 13, 26, 27, 30, 37, 40, 45, 48, 52, 55,
75, 90, 91, 92, 96, 97, and 98.

Fig. 4 presents the execution times observed. Asamesee, the RAIN-0(7, 0) pre-
sents an average execution time of 11.42 minuteghais approximately 69% of the
execution time observed for the RAIN-0(5, 0) coaf@ion. This indicates a linear
speedup during normal operation (without failurekjhe cluster. Note that RAIN-0
and RAIN-S present the same execution time whesdhge number of nodes is con-
sidered (e.g., RAIN-0(5, 0) and RAIN-S(5, 0) haveexecution time of 16,5 min-
utes). This is due to the fact that in these ditmatthe cluster is operating in the ab-
sence of faults and thus the replication strateggsdot influence the results.

Min. Execution Time @ RAIN-0
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Fig. 4. Average execution time observed during the threions of the benchmaik the
several configurations tested.

As expected the cluster with seven nodes preseftisriyesults when compared to the
cluster with five nodes. Comparing RAIN-O and RA8\execution times, we can
observe that the latter presents much better seguit example, for the cluster with 5
nodes the execution time when one of the nodesvi;ds 32.71 minutes for RAIN-0
and 20.3 minutes for RAIN-S. As explained beforgs tis due to the fact that for
RAIN-0 one of the remaining nodes has to procelsthaldata from the failed node
while for RAIN-S the processing is distributed a&gdhe several nodes.

An important observation is that for RAIN-S the ewton time increases slightly
as the number of failed nodes increases.

As mentioned before, the main objective of DWSoisatiow the construction of
low cost data warehouse systems with acceptablerpeance. From our experience a
DWS cluster with 10 nodes can process with accéptabrformance queries for a
data warehouse with a data volume of 200 GB. Cenisig off-the-shelf computers
with the Intel Core 2 Quad Processor, 4GB of DDiR@mory and two 160 GB SA-
TAIl hard drives, this cluster will have a retarige of approximately 11.000€.

The introduction of RAIN in a DWS cluster has awéow impact on the final
price of the cluster. The cluster presented ab@sdnough disk space to allow the
use of RAIN technique without needing further hdrive devices, as each node has
320 GB of storage available and needs to storethess40GB of data. Nevertheless
we can add two extra hard drives on each clustde fior a cost of less than 1.000€.



This represents an increase in price of less tit&a, and allows using RAIN tech-
nigue with a lower performance impact.

5 Conclusion

This paper proposes a technique that endows DW&ectuwith the capability of
providing exact queries answers even in the presefimode failures. The RAIN
technique is based on the selective replicatiodadd over the cluster nodes, which
guarantees full availability when one or more nofdéls Two types of replication are
considered: simple redundancy (RAIN-0) and stripgtindancy (RAIN-S).

The proposal was evaluated using the newly TPC-@&tmmark running on top of
PostgreSQL and Debian Linux Etch operating systEhe experimental results ob-
tained were analyzed and discussed in detail. Restbw that replication has no
impact during the normal operation of the clustteraddition, the performance impact
in the presence of node failures is quite low.

Results show that by spending some disk spacepitssible to achieve high avail-
ability with low performance degradation in the ggace of node failures. This way,
we believe that that the RAIN technique can be sssftlly applied to DWS clusters.
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