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Abstract: With the ever-growing availability of so-called complextaaespecially

on the Web, decision-support systems such as data warehousst store and pro-
cess data that are not only numerical or symbolic. Warehguaind analyzing such
data requires the joint exploitation of metadata and domelated knowledge, which
must thereby be integrated. In this paper, we survey thestgpknowledge and meta-
data that are needed for managing complex data, discusssihe 6f knowledge and
metadata integration, and propose a CWM-compliant integraolution that we in-

corporate into an XML complex data warehousing frameworlprexiously designed.

Keywords: XML data warehousing, complex data, metadata, knowledgtadata
and knowledge integration.

1 Introduction

Decision-support technologies, and more particularhadmarehousing[[Inmdd, KRD2,
], are nowadays technologically mature. Data wausles are aimed at monitor-
ing and analyzing activities that are materialized by nuca¢measures (facts), while
symbolic data describe these facts and constitute anaysis (dimensions). However,
in real life, many decision-support fields (customer relaship management, marketing,
competition monitoring, medicine...) need to exploit diditat are not only numerical or
symbolic. For example, computer-aided diagnosis systeightmrequire the analysis of
various and heterogeneous data, such as patient recordisatieages, biological anal-
ysis results, and previous diagnoses stored as texts [Faa@4term such dataomplex
data[DBRAO0Y]. Their availability is now very common, especiadiince the broad devel-
opment of the Web, and more recently the Web 2.0 (blogs, wikigtimedia data sharing
sites...).

Complex data might be structured or not, and are often lddatseveral, heterogeneous

data sources. Specific approaches are needed to collegjrdtd, manage and analyze
them. A data warehousing solution is interesting in thisterst) though adaptations are



obviously necessary to take into account data complexiga@ures might not be numer-
ical, for instance). Data volumetry and dating are also ro#rguments in favor of the
warehousing approach.

In this context, metadata and domain-related knowledgessential in the processing of
complex data and play an important role when integratingyagang, and analyzing them.
In this paper, we address the issue of jointly managing kedg# and metadata, in order
to warehouse complex data and handle them, at three diffieragis: at the supplier level

(data providers), to identify all input data sources andrtile of source type drivers; at

the user level (consumers), to identify all data sourcesf@ysis and their source type
drivers; at the manager level (administrators), to achigad performance.

Since data warehouses traditionally handle knowledge ruthdeform of metadata, we
discuss the alternatives for integrating domain-relateoledge and metadata. Our po-
sition is that knowledge should be integrated as metadataciomplex data warehouse.
On this basis, we also present an XML-based architecturednsrk for complex data
warehouses that expands the one we proposéd in [DBRAO5].

The remainder of this paper is organized as follows. In Secﬁi, we survey the various
kinds of knowledge and metadata that are required for magagpmplex data. In Sec-
tion E we discuss the issue of knowledge and metadata attegyr justify our choice, and
present our revised architecture framework for complea datrehouses. In Sectiph 4, we
summarize the state of the art regarding knowledge and aeténtegration. We finally
conclude this paper and provide future research directhectiorﬂS.

2 Knowledge and M etadata Needs
2.1 Knowledge Types

Two types of knowledge must be taken in consideration: taedt explicit knowledge

[NSIHOZ]. Tacit knowledge includes beliefs, perspectiaesl mental models. Explicit
knowledge is knowledge that can be expressed formally wslagguage, symbols, rules,
objects or equations, and thus can be communicated to otimedata warehousing envi-
ronments, we are particularly interested in explicit knedge.

Then, different kinds of questions must be considered diggrthe types of knowledge
that are needed to manage complex data warehouses. Thesenmdetermine the de-
scription context (what), the organizational context (Wwithere and when), the processing
context (how) and the motivation and business rules (why).

Responses to the “what’-type question describe busines®pts. These elements guide
the link between metadata and knowledge; while knowledgeesentation uses metadata
contents and structure. The “how” and “why” questions eetateach process’ motivation
and the way it operates, in comparison to an existing orgéiniz. Eventually, answering
to the “who”, “where” and “when” questions helps in connagtihe first two categories
of questions to a particular organization.



Furthermore, one type of knowledge that is often forgottenniversal or background
knowledge. For example, the number of days in a month, th& saireduler with wrought

days, public holidays, constitute some background knogéetat is essential for decision
or analytical queries.

We must also consider statistical knowledge, which mayuiteldescriptive statistics
about the data warehouse contents, or hypotheses abdbutati characteristics, such
as probabilistic laws or sampling methods. Statisticaliedge may be provided by data
analysis or data mining, and results should be reinjectedlive system.

Technical knowledge is also very important at differentggsaof the data warehouse life-
cycle. At a high level of abstraction, it is closely relatedmetadata. Technical knowl-
edge includes knowledge about data sources and targetdastitand specific data types,
database management systems (DBMSs), software and harglatorms, technologies,
etc. Indexing techniques available in each DBMS belongitiipe of knowledge too.

Closely related is knowledge about organizational and ggagcal deployment, which

includes information about users, their needs, theirtattions and their constraints in
regard to their needs (e.g., in terms of response time, wlofrprocessed data, result
format, etc.).

The last kind of knowledge we must consider relates to datalveaise administration. It
provides information about how the data warehouse is useEeb$a statistics) and how the
interface between the data warehouse and the operaticstehsy articulates, i.e., what the
transactional applications and their characteristiasgffiencies, response times, users...)
are; and what the major Extracting, Transforming and LogdiTL) problems (planifi-
cation to satisfy user requirements with respect to worledale, identification of peak
periods...) are. The refreshment policies of the data vearehcontents are also important
here, since they dictate the rotation period of summary, da¢gpurge period and dormant
data determination.

2.2 Metadata Types

We identified five transversal and complementary classificatfor metadata in the lit-
erature. In the first classificatioff [HMT00], metadata amssified based on the data
warehouse architecture layers, as follows:

e metadata associated with data loading and transformattinh describe the source
data and any changes operated on data;

e metadata associated with data management, which definathstdred in the data
warehouse;

e metadata used by the query manager to generate an appeaprét.

The second classificatioh [HMTJ00] divides metadata into:



e technical metadata that support the technical staff anthaothe terms and defini-
tion of metadata as they appear in operational databases;

e business metadata that support business end-users wha tlaveoany technical
background;

¢ information navigator metadata, which are tools that hedersi navigate through
both the business metadata and the warehoused data.

In the third classificatio 0], metadata may be:

e static metadata that are used to document or browse thersyste

e dynamic metadata that can be generated and maintained @teinA new kind of
metadata is made of metadata that handle the mapping besystems.

In the fourth classificatior] [Kim(5], metadata may be:

e system catalog metadata or data descriptors;

e relationship metadata that store information about thaticeiships between data
entities (primary key/foreign key relationships, genieatlon/specialization rela-
tionship, aggregation relationship, inheritance ref&lips and any other special
semantic relationship implying update or delete depengenc

e content metadata formed by descriptions of the contenterdd data at an arbitrary
granularity. Content metadata may be as simple as one keywoas complex as a
business rules, formulae or links to whole documents;

e datalineage metadata, which are lifecycle data aboutdsttata (information about
the creation of data, subsequent updates, transformaéosipning, summarization,
migration, and replication, transformation rules, andcdesions of migration and
replication);

e technical metadata that store technical information abtosed data: format, com-
pression or encoding algorithm used, encryption and déioryplgorithms, encryp-
tion and decryption keys, software used to create or uptiatelata, Application
Programming Interfaces (APIs) available to access the daia

e data usage metadata or business data that are descridtioms and for what pur-
poses the data are to be used by users and applications;

e system metadata that are descriptions about the overtdhsysnvironment, includ-
ing hardware, operating system and application software;

e process metadata that describe the processes in whichpheagipns operate, and
any relevant output of each step of these processes.

Eventually, the fifth classification we identified [SE06] iased upon functionality cate-
gories: infrastructure, data model, process, qualitgriate and administration.



¢ Infrastructure metadata contain information on systempmments.

e Data model metadata (also called data dictionary) inclediaitions of data entities
and the relationships among them.

e Process metadata capture information on data generatibtrarsfer from sources
to targets.

¢ Quality metadata contains information on the actual datedtand helps in assess-
ing data quality (e.g., factual measurements).

¢ Interface metadata (also called reporting metadata) stigiade delivery to end-
users.

e Finally, administration metadata include data that areessary for administering
the data warehouse and its associate applications (se@uthentification, usage
tracking...).

To conclude this section, we cite an important standardizanitiative: the Common
Warehouse Metamodel (CWNI [Grd03]). CWM has been estaldiglyethe Object Man-
agement Group (OMG) within its framework of Meta-Object iites (MOF). CWM
purposes a metamodel that can be instantiated to obtain enatamal data warehouse.
Each of the metadata types we enumerated in the above dassifis should be mapped
into one or several CWM components.

3 Knowledgeand Metadata | ntegration for Complex Data Warehous-
ing

3.1 Integrating Knowledge and Metadata

Current data warehouse architectures are based on metddiatzever, they are some-
times themselves a materialization of domain-related kedge that facilitates the man-
agement of data warehouses and helps in achieving goodrperfice. It is difficult for
classical architectures to manage complex data withoutaitonelated knowledge nor
background knowledge. For example, a data warehouse atrabor needs some back-
ground, domain-related knowledge in addition to metadaselect clustering or indexing
techniques.

There are three possibilities to jointly manage knowledgeraetadata: coding and repre-
senting knowledge as metadata; modelling metadata to nkatmhledge representation;
managing metadata and knowledge separately. The advardaagedrawbacks of each
possibility are discussed below.

Coding and representing knowledge as metadata presentpamtant advantage: we can
keep on using and maintain current architectures and tqabai However, it is neces-
sary to find a solution for knowledge representation, a kiinshapping between classical
knowledge representation and metadata implementation.



Modelling metadata to match knowledge representation é&dg the domain of knowl-
edge WarehouseOZ], which supposes important atitajpgeand new considera-
tions about current architectures. Some metadata canmativerted into knowledge and
there is a risk to loose some information. Moreover, findinghawledge representation
that can accept actual metadata is not obvious.

As for the third possibility, i.e., managing metadata andwiedge separately, a great
change of architecture would be essential, because algteuttat allows to coordinate

and to compile metadata and knowledge contents must beedeviastead of reducing

complexity, this solution would increase it with the coresiation of a new element: man-
aging the connection between knowledge and metadata.

In conclusion, in order to build upon the assets of curretd darehouse architectures, in
particular in terms of performance, we select the first $otuand explore it in this paper.

3.2 Revised Architecture Framework for Complex Data War ehousing

3.2.1 Global Architecture

In [DBRA0Y], we have already proposed an architecture fraank for complex data
warehouses. The main components of this architecture I((F@).are: the data warehouse
kernel, which may be either materialized as an XML warehposeirtual (where cubes
are computed at run time); operational databases; soyseadtyvers that notably include
mapping specifications between the sources and XML; andyfiaahetadata and knowl-
edge base layer that includes three submodules relateck®tanagement processes.

These three processes for managing a data warehouse are:

1. the ETL and integration process that feeds the warehoitsesaurce data from the
operational database® D) by using drivers that are specific to each source type
(ST);

2. the administration and monitoring procedd D & K B) that manages metadata
and knowledge (the administrator interacts with the dateetwause through this
process);

3. the analysis and usage process that runs user queridsicesoreports, builds data
cubes, supports On-Line Analytical Processing (OLAP), g&sult datakR D).

Each of these processes exploits and updates the metaddtedmowledge base through
four types of flows:

1. the external flow, which includes the ETL and integratiomfand the exploitation
(analysis and usage) flow (the warehouse may thus be coedidsra black box);

2. the internal flow, between the warehouse kernel and thadatt and knowledge
base layer, and between the metadata and knowledge basatalthe source type
drivers;
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Figure 1: Complex Data Warehouse Architecture Framework

3. the metadata and knowledge management and maintenanceviiich acquires
new knowledge and enriches existing knowledge;

4. the reference flow, which illustrates the fact that theeexl flow always refers to
the metadata and knowledge base layer for integration, Bfidl analysis and usage
in general.

The symmetric aspect between “sources” and “usages” arthedhta warehouse core al-
lows us to eventually re-inject results as data sourcesinsStance, a data mining analysis
may discover dependencies between variables and higld&ldal relationships among
them. We do use such techniques to determine the relevamoengfiex data with respect
to given analysis goals. Then, knowledge obtained by micargbe integrated into the
metadata repository and later re-used in the definition ofdex data cubes.

3.2.2 Corelnterface

In this section, we expand the architecture framework preskin Sectio.l by in-
tegrating knowledge and metadata. Around the data warehmre, with respect to the
external components (operational data sources, resaltsti@am and administration and
monitoring), we define three metadata and knowledge b&&B ¢ K B) repositories



corresponding to the three sides of the core (Fi@re 2). Thagtitute an interface func-
tionality.

Core Data
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Figure 2: Interface around the core

The firstM D & K B repository (labeled (1) in Figur@ 2) lies at the data intégraand
ETL process level, and includes:

e an ontology for modelling domain-related knowledge;

¢ information about data sources and source types;

mappings for the extraction and transformation proceshesH and T in ETL);

information about the loading (the L in ETL: frequency, modeand cleansing
(purge) processes;

a referential or metadata repository about data, mategidiews, index, clusters,
aliases, etc.

The M D & K B repository that is labeled (3) in Figuﬂa 2 lies at the adntiatfon and
monitoring level, and references :

e an ontology for modelling domain-related knowledge;

deployment, hardware and software constraints;

an interface between the integration and ETL level and thgeitevel,

information on users and data providers;

data warehouse usage information (statistics, respamse &vailability, feedback,
dormant data...);

a referential or metadata repository about data, mategidiews, index, clusters,
aliases, etc.



Eventually, theM D & K B that is labeled (2) in Figurﬂ 2 lies at the usage level and
completes our interface with:

e an ontology for modelling domain-related knowledge;

« information about aggregate operators (hierarchicatcttonstruction[[Pei(3] if
necessary) and data lineage that would allow users to go thgteources if neces-
sary;

e query optimizer data (query reformulation and rewriting);

e areferential or metadata repository about data, mateeidiviews, index, clusters,
aliases, etc.

Note that some of the elements we have just enumerated ¢at@lpgy and referential
repository) are present in more than one interface. Hehey, must be factorized at a
higher level (labeled (4) in Figu@ 2). Moreover, this lemalst include metaknowledge,
i.e., knowledge for acquiring, expressing, using, stariegrieving knowledge, and even
creating new knowledge. The major part of this level resigitisin the CWM repository.

3.23 XML asaPivot Language

The architecture we propose necessitates a universal lisrmso that all its components
(core, metadata, knowledge, drivers, interface, data and/ledge interchange...) can in-
teroperate. With its vocation for semi-structured datehexge, the eXtensible Markup
Language (XML) already offers a great flexibility to represeomplex data, and great
possibilities for structuring, modelling, and storingth@BBT03]. XML indeed allows
to store together data and their description, either intplicor through a schema defini-
tion. This type of representation is particularly usefuhidata warehousing environment
where such metadata are casual. Furthermore, many XML anB-M{@ted facilities,
such as the XML Metadata Interchange (XNII [Grb05]) or the @uon Warehouse Meta-
data Interchange (CWMI), can help in managing metadata XMh data warehouse and
specify source-type drivers, while ensuring CWM compli&anc

CWM compliance is ensured by the CWM repository that is irdégd into the data ware-
house kernel. AllM D & K B modules use this repository to communicate with the data
warehouse. CWM, through its five metamodels (object, fotindaresource, analysis and
management), provides UML components (classes, assngaind packages) for mod-
elling all the data warehouse’s elemerfts [Gjo03]. Tibléustilates the correspondences
between thé\/ D & K B modules in our architecture and the CWM metamodels.

Eventually, the advances in XML warehousing [PqK02, HBHRBT 0%, BMCAO§] ren-
der this solution plausible in the near future, especidtyge XML-related metadata in-
terchange facilities integrate very well in data Warehe]. Storage possibilities
are also numerous, either into relational, XML-compatiDBMSs such as Oracle, SQL
Server or DB2; or into XML-native DBLSs such as Lore, eXisbGHive. Furthermore,
XML query languages such as XQuery allow the formulation réilgtical queries that




CWM metamodel

MD & K B modules

Foundation| Resource| Analysis| Management
ETL / Integration X X
Administration / Monitoring X X
Analysis / Usage X X X

Table 1: M D & K B and CWM correspondences

are intricate to express in a relational system, e.g., ngowindow aggregations or rollup
operations on ragged hierarchifs [BOE]. Hence, our XML-based framework provides
an architecture that is both extensible and “stable”, aati¢hn be compliant with future
external elements (data sources, analytical techniqukesages...).

4 Stateof the Art

Though the litterature about metadata and knowledge isddminthe issue of integrat-
ing metadata and knowledge is scarcely addressed. In ttii®sewe provide a quick
overview of the studies that are nonetheless related tptbislem. Metadata are always
present in data warehouse architectumOZ]. In ouicpdar context, some interest-
ing efforts aim at decentralizing the management of megaiddd functional components
of data warehouse$ [HMTP, KimloB, SE06]. They do not addifessssue of domain-
related knowledge, though.

Knowledge is indeed rarely exploited as such in data warsh@mnvironments. How-
ever, issues related to knowledge management in the carftegterogeneous data ware-
house environments have been addressed, by augmentingratéstiwarehouse with a
knowledge repositorl]. Discussions about usingiderdge as a basic element for
managing metadata are also regularly discusse@Ste{bWever, this issue is mostly
addressed by the knowledge management community, whicksveor knowledge ware-

houses|[NSIH(QZ, WAK({5], and whose focus is obviously knalgke

Finally, a study from the field of Geographical Informatiopsg&ms (GISs, which are
premium providers of complex data) is of particular intétesis. An extension of current
metadata schemes has indeed been proposed to includeteoasexl and tacit information
about semantic attribute06]. These ontology-bastzheled metadata improve data
selection and interoperability decisions. Though we areenparticularly interested in
explicit knowledge in our context, we can exploit this sauatin our framework.

5 Conclusion

In this paper, we have underlined the growing need for warsing so-called complex
data, a task that requires the management of knowledge atadate related to these data.



We enumerated the various kinds of knowledge and metadatanthist be taken into ac-
count. On this basis, we proposed to integrate knowledgeetadata in the warehouse.
Finally, we expanded an XML-based, CWM-compliant architee framework for com-
plex data warehouses we had previously proposed in thedfghe new insights discussed
in this paper.

One immediate perspective of our work is to validate our gmegproposal by experi-
mentation, and to evaluate the impact of metadata and kdgelmtegration in complex
data warehouses in terms of performance. Performing pedioce evaluations and com-
parisons, basically with and without integrating knowleadmd metadata, shall show the
actual relevance of our solution.

A related, important follow-up of our work is to assess thesamuences of metadata
and knowledge integration on traditional performancemation techniques such as
view materialization, indexing, partitioning, query aptzation, etc. These techniques
will presumably need to be adapted to take into account domedated knowledge and
achieve the best performance.

Eventually, our position in this paper is to manage metadathknowledge integration
by representing knowledge as metadata. Though we discasgethents in favor of this
particular approach in Sectibn B.1, it would be interestingxplore and assess the efficacy
of the other possible solutions, namely representing naggaals knowledge or managing
knowledge and metadata separately.

References

[AvM02]  G. Auth and E. von Maur. A Software Architecture foNd -Based Metadata Inter-
change in Data Warehouse SystemsXML-Based Data Management and Multimedia
Engineering — EDBT 2002 Workshops XMLDM, MDDE, and YRWSju&raCzech Re-
public, volume 2490 of.NCS pages 1-14. Springer, March 2002.

.S. Beyer, D.D. Chamberlin, L.S. Colby,Bzcan, H. Pirahesh, and Y. Xu. Extending

BCC'05] K.S.B D.D. Chamberlin, L.S. Colby,®: H. Pirahesh, and Y. Xu. Extend
XQuery for Analytics. In2005 ACM SIGMOD International Conference on Manage-
ment of Data (SIGMOD 05), Baltimore, USpages 503-514, 2005.

[BMCAO6] O. Boussaid, R. Ben Messaoud, R. Choquet, and $haemd. X-Warehousing: an
XML-Based Approach for Warehousing Complex Data.1bth East-European Con-
ference on Advances in Databases and Information Systeld3IGA06), Thessaloniki,
Greece volume 4152 oL NCS pages 39-54. Springer, September 2006.

[DBBT03] J. Darmont, O. Boussaid, F. Bentayeb, S. Rabaseda, .ahdllguf. Web multiform
data structuring for warehousingolume 22 ofMultimedia Systems and Applications
pages 179-194. Kluwer Academic Publishers, 2003.

[DBRAO5] J. Darmont, O. Boussaid, J.C. Ralaivao, and K. i8be. An Architecture Framework
for Complex Data Warehouses. Tith International Conference on Enterprise Infor-
mation Systems (ICEIS 05), Miami, US$@ages 370-373, May 2005.

[Gro03] Object Management GroupCommon Warehouse Metamodel (CWM) Specification,
version 1.1 March 2003.



[Gro05]

[HBHO3]

[HMTOO]

[Inm02]
[JLVVO03]

[Ker01]

[KimO5]

[KROZ]

[NSIH02]

[Pei03]

[Pok02]

[RRTO5]

[Saa04]

[SE06]

[SLO6]

[Ste07]

[WAKO5]

Object Management GrougMOF 2.0/XMI Mapping Specification, v2.5eptember
2005.

W. Himmer, A. Bauer, and G. Harde. XCube: XML for dawvarehouses. |6th
International Workshop on Data Warehousing and OLAP (DOIO3F, New Orleans,
USA pages 33-40, 2003.

T.N. Huynh, O. Mangisengi, and A.M. Tjoa. Metadatar fObject-Relational Data
Warehouse. I2nd International Workshop on Design and Management of Diétee-
houses (DMDW 00), Stockholm, Swedesiume 28 of CEUR Workshop Proceedings
page 3, June 2000.

W.H. Inmon.Building the Data Warehouse&lohn Wiley & Sons, third edition, 2002.

M. Jarke, M. Lenzerini, Y. Vassiliou, and P. Vasadis. Fundamentals of Data Ware-
houses Springer, second edition, 2003.

L. Kerschberg. Knowledge Management in HeterogeseData Warehouse Environ-
ments. In3rd International Conference on Data Warehousing and Kmalge Dis-
covery (DaWak 01), Munich, Germamyolume 2114 oLNCS pages 1-10. Springer,
September 2001.

W. Kim. On Metadata Management Technology: Statud Esues.Journal of Object
Technology4(2):41-47, March-April 2005.

R. Kimball and M. RossThe Data Warehouse Toolkit: The Complete Guide to Dimen-
sional Modeling John Wiley & Sons, second edition, 2002.

H.R. Nemati, D.M. Steiger, L.S. lyer, and R.T. Heisl. Knowledge Warehouse: An
Architectural Integration of Knowledge Management, DiecisSupport, Artifical Intel-
ligence and Data WarehousinDecision Support Systen®3(2):143-161, June 2002.

J. Pei. A General Model for Online Analytical Prosieg of Complex Data. 122nd
International Conference on Conceptual Modeling (ER 03)jc&go, USA volume
2813 ofLNCS pages 321-334, October 2003.

J. Pokorny. XML Data Warehouse: Modelling and Qirgg. In 5th International
Baltic Conference (BalticDB&IS 02), Tallin, Estonipages 267—280, 2002.

L.I. Rusu, J.W. Rahayu, and D. Taniar. A MethodolégyBuilding XML Data Ware-
house.International Journal of Data Warehousing and Minjriyf2):67-92, 2005.

K. Saad. Information-based Medicine: A New Era itidh&Care. INnACM 7th Inter-
national Workshop on Data Warehousing and OLAP (DOLAP 04shivigton, USA
page 58, 2004.

G. Shankaranarayanan and A. Evétanaging Metadata in Decision Environments
pages 153-184. Processing and Managing Complex Data fasibe&upport. Idea
Group Publishing, Hershey, PA, USA, April 2006.

N. Schuurman and A. Leszczynski. Ontology-Basedadata. Transactions in GIS
10(5):709-726, November 2006.

R.T. Stephens. Knowledge: The Essence of Metaditanthly column, DMRe-
view.com 2003-2007.

K. Wecel, W. Abramowicz, and P.J. KalczynskEnhanced Knowledge Warehouse
pages 1057-1063. Encyclopedia of Information Science auhriology (II). Idea
Group, 2005.



