Metadata Management for
Heterogeneous Information Systems

Erhard Rahm

University of Leipzig, Germany
http://dbs.uni-leipzig.de

B [ntroduction

B Metadata management for data warehousing

- Metadata classification and models
- ETL: Schemaintegration + data cleaning
- Federated M etadata Architecture

B Model Management: an approach to generic metadata management

- Representation of models and mappings
- Operators. Match, Compose, Merge ...
- Application to data warehousing

B |mplementation of a generic Match operator
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Metadata Management

B Need for metadata management is pervasive
B Many metadatalanguages: SQL, ODMG, UML, ER, XML, ontologies ...

B Mappings. ER-to-SQL, XML-to-XML, XML-to-SQL, UML-to-XML,
SQL -to-web site map, ...

B Application Examples
- DB design by mapping ER model to SQL schema
- Web site design via models that map content (DB, files, etc.) to page layout and then generate

pages
- Heterogeneous data interchange (B2B) via XML where source tags are mapped to target tags

- Generate data warehouse loading programs from mappings of data sources to data warehouse
schema

- Designing workflow applications by mapping from business process definitions to workflows
- Heterogeneous DB integration, semantic query processing, DB evolution/migration, ...
- Generating object wrappers from a mapping of classes to persistent storage objects ...
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General Alternatives for Data Integration
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Enterprise Information Portals

Enterprise Information Portal

Shared Data Access Data Access
Metadata Query / Data Word Document  Text
Management || Report OLAP Mining Processing Management Mining
ETL Data Mart Modeling Data Sour ces
A f—
i — ,
Data Warehouse
T_I} Documents Multimedia Web
Operational

Data Warehouse Environment
Structured Data

Intranet/Internet Environment
Unstructured Data

B Requirements: Integration of structured and unstructured data, tool integration, intelligent search, pu-
blish/subscribe mechanisms; personalization; authorization concept (user, groups, roles)
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Classification of Warehouse Metadata
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Metadata Models for Data
Warehousing

Requirements

- flexible representation of all relevant types of metadata

- consistent management of shared metadata

- extensibility

- automatic generation of code/ scripts/ queriesto perform datatransformations and data analysis

Proprietary models within commercial repositories
Research approaches
Standardi zation approaches based on UML.:

- Open Information Model (OIM): Metadata Coalition (MDC), Microsoft, Platinum, Sterling, ...
- Common Warehouse Model (CWM): Object Management Group (OMG), IBM, Oracle, Unisys,
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Technical and Business Metadata in OIM, CWM

Technical Metadata OIM CWM
Data Sche- | Relational Relational Database Schema Relational Data Resource
mata Record-oriented || Record-oriented Legacy Database | Record-oriented Data Resource
Schema
Multidimensional || OLAP Schema Multidimensional Data Resource
OLAP
XML XML Schema XML Data Resource
Data Transformation Data Transformations Transformation
Warehouse Operation and Warehouse Deployment, Warehouse Pro-
Maintenance cess, Warehouse Operation
Business M etadata OIM CWM
Report Defintions CWM Foundation: Business Information
Knowledge Descriptions (data stewardship, textual descriptions)
Semantic Definitions

Comprehensive metadata models covering many subject areas of data
warenousing

CWM: little support for business metadata

OIM: little sugport_ for technical metadata about warehouse operation and
maintenance, but richer sets of business metadata

Both models: no support for user management, access rights, personalized
views on warehouse data
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ETL: Extraction, Transformation, Loading
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Classification of Data Quality Problems

Data Quality Problems

Sngle-Source Problems Multi-Source Problems

Schema Level Instance Level Schema Level Instance Level
(Lack of integrity (Dataentry errors) (Heterogeneous (Overlapping,
constraints, poor data models and contradicting and
schema design) schema designs) inconsistent data)
- Uniqueness - Misspellings - Naming conflicts - Inconsistent aggregating
- Referential integrity - Redundancy/duplicates - Structural conflicts - Inconsistent timing

- Contradictory values

E. Rahm
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Example of Multi-Source Problems

Customer (source 1)

S M etadata M anagement Component

=)
=

CID |Nane Sreet City X
11 | KrigenSmith |2Hurley A | South Fork, MN 48503 | O
24 | Chrigian Smith | Hurley & 2 | SFork MN 1
Client (source 2)
Cno |LagName | FirdName |Gender | Address Phone/Fax
24 | Qmith Chrigoph  |M 23 Harley &, Chicago | 333-222-6542 /
IL, 60633-23% 333-222-6599
493 | Smith KrisL. F 2 Hurley Place, South | 444-555-6666
Fork MN, 48503-5998
Customer's (integrated target with cleaned deta)
No |LName |FName |Gender | Sred City Sate | 2P Phone Fax CID |Cno
1 |Smith KrigenL. |F 2Hurley | South MN [48503- |444-555 11 493
Pace Fork 5998 6666
2 |Smith |Chrigien |M 2Hurley |South | MN | 48503 24
Hace Fork 5998
3 |Smith | Chrigoph | M 23Harley | Chicago |IL | 60633 | 333-222- | 333-222- 24
Street 23H 6542 6599
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Federated Metadata Architecture

W Use of local repositories + repository for shared metadata
- autonomy of local repositories

- uniform representation of shared EERRPS Tool B Tool C _
metacaa = e
- reduced number of connections BEEas Repositor
between repositories
- controlled replicaton of metadata
Metadata Wrappers
B Metadata wrapper
- mapping of different metadatare-
presentations .
. Shared Repository
- asynchronous (file exchange) or Shared Metadata
synchronous (API-based)
B File Exchange (asynchronous)
- platform-independent, easy to implement
- MDIS, CDIF, XML, ...
- format translation mechanisms hard-coded in tools/ repositories
B API (synchronous)
- mostly proprietary APIs
- high effort for application development
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Metadata Replication Control

B replication of metadatain warehouse tools/ repositories unavoidable

B , Lazy“ synchronization (serializable approaches not possible / too expen-
sive)

B Deferred propagation of updates between ,, publisher* and ,, subscribers®
- notification (push): publishers,, push” updates to subscribers
- probing (pull): subscribers detect and ,,pull* changes from publishers

B Shared Repository
- hasboth roles, publisher and subscriber

- registers publishers/ subscribers and their sets of published / subscribed metadata for change de-
tection and impact analysis

B Two-step update propagation: 1: publisher - shared repository; 2: shared repository - subscribers

Combination Implementation of Sep 1 Implementation of Step 2
1: Push / Pull Publishers Subscribers

2: Push / Push Publishers Shared Repository

3: Pull / Pull Shared Repository Subscribers

4: Pull / Push Shared Repository Shared Repository
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Observations

B Dataintegration, portals, mediators, digital libraries, E-business ... require
flexible metadata management and metadata interoperability / integration

B Current metadata repositories not flexible and powerful enough
- low-level repository APIs make it difficult to develop tools and metadata-based applications
- re-implementation of similar metadata management functionality in many tools and applications
- difficult metadata interoperability and integration

B More powerful, more generic metadata management needed
- easy integration of new models (schemas, vocabularies, ...)
- much easier development of metadata-based applications

B XML helpful but not enough

- primarily covers syntax, not semantics
- many similar but different schemas
- competing ,, standards*

B Fully automatic approaches to metadata integration not possible
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Model Management

B Models and mappings are first-class objects

B Define generic high-level operations on models and mappings,
e.g., Match, Merge, Select, Composs, ....

B Apply operationsto real problems
B |mplement operationson aDBMS

B Usetheimplementation
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A Model for Model Management

B A model isadirected graph with one root

B A mapping is a model each of whose nodes connects nodes of two other

models
Relational XSD
mapl
Schema Lap E
—cat <~
\\
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Basic Operations

Match (M1, M2, [)
Merge (M1, M2, map)
Compose (mapl, map2)
ApplyFunction (M, f)
Set Difference (M1, M2)
Select (M, pred)

Insert, Update, Delete, Copy, ...
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1. map,= Match(dtdl, dtd2)
2. map; = map; * map,

3. <map,, rdb2 > = Copy(map,?)
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Model

B Represent amodel by adirected graph
B Some edges are of type containment

B Mode = the transitive closure of containment edges reachable from the
model’ s root.

B Nodes have content (i.e. properties)
B Non-containment edges are connections between models
B How much semantics should be inherent to the concept of Model?
- Not too much, so it’s generic across application areas (trade off generic-ness vs. expressiveness)

- Enough to define powerful operations
- Atleast: entity, attribute, data type, key; Isa, derived-from; contains, aggregates
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Mapping

B A mappingisamodel, so it can be copied, deleted, selected, etc.
- Mappings often connect different types of models (e.g., DB schema & XML schema)
- Like any model, a mapping can have internal structure ...
- A mapping can be afunction, invertible, partial or total, onto, etc.

B Mapping objects. domain objects, range objects, mapping expression
B Semantics— an expression per mapping object

- Mapping can be purely structural (no expressions)
- Still adds value, e.g. by enabling Match and Diff

B Extenshility for different expression languages (based on logic, algebra,
grammars, etc.)
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Match

B Match(M1, M2, [ returns best mapping between M1 and M2, w.r.t. to L]
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OuterMatch
B RightOuterMatch(M1, M2, L) is same as Match but coversall of M2.
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Composition

Notation “mapl « map2”

u
B Easy for single-valued functions: just use ordinary function composition
B set-valued functions: different composition semantics useful

u

use one of the models to drive the composition
- Left Composition
- Right Composition
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Right Composition ( ¢)
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ApplyFunction

B Apply afunction to all objects of a model

B Examples
- f: Append“_2" to all names
- @ Set domain(m)=“=NULL" where domain(m)=L]

L

|
'/¢—
'

|
|
%‘

1"
.

Apply (map1l, g)
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Model Management Scenario for Data Warehousing
rdbl

1 rdbl’ = domain(map,)
2 map, = RightOuterMatch(rdb2, rdbl’)
3. map,; =
ApplyFunction(map,, defaullt) *: mep,
2 4. rdb2' = domain(mep,)
! ! 5. rdb2" = subset of (rdb2 - rdb2’)
to be mapped to the warehouse
m - 6. map, = UserDefinedMap(rdb2"', dw?2)
7. map,= Match(dwl, dw2)
8. Merge (dwl, dw2, map)

rdb
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Generic MATCH

Tool 1 Tool 2 Tool 3 Tool 4
(Portal (E-Business (Data Warehousing (Database
schemas) schemas) schemas) Design)

Internal Schema
Representation
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Schema Matching Approaches

Individual matcher \

approaches \ Combining matchers
Schema-only I nstance/contents- Hybrid matchers Combining independent
/based \ based \ matchers
Node-level Graph-level Node-level / \
/ \ / \ Manualy: iterative  Automaticaly:
user feedback - matcher selection
Linguistic Strudurd/ Structurd/ Linguistic Structurd/ - result combination
constraints constraints constraints
/ ‘\ / \ / ‘\ / ‘\ / ‘\ Furthe Giteia
- Match cardinality
- auxiliary information used ...
* Namesimilarity Tvoe smilari ’
P * Type similarity ¢ Graph * IRtechniques
* Description * Key properties matching (word frequencies, © VAuepatternand -
similarity key termms) ranges Sample approaches
+ Global
namespaces
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Cupid Approach to Match (VLDB-01)

New algorithm to match schemas — using linguistics, data types, structure
and referential integrity

Prototype that demonstrates the approach

Experimental validation and comparison with other systems
(MOMIS, Bergamaschi et al.; DIKE - Palopoli et al.)

Characteristics
Schema based
Structure
Linguistic
Auxiliary information
Hybrid
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Cupid in action

PO < > PurchaseOrder

POShipTo POBIllTo /\ DeliverTo InvoiceTo
Item ItemCount l l

City City Count P, ItemAdolress P
Street Street [” Line ItemNumber /\
> Uohﬁﬁﬁ;asure .
N A City Street
> Qty Quantity

| | City Street
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The Cupid Architecture

Schema 1

Schema 2

Input Mapping
A

) Isim, ssim

Isim
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Linguistic Matching

B Names, data-types, aggregation
1. Normalization of names of schema elements
- Tokenization, Expansion, Elimination
2. Categorization
- Clustering to reduce number of comparisons
3. Linguistic similarity computation

- Elements belonging to compatible categories
- Thesaurus with similarity coefficientsis used

B Linguistic Similarity Coefficient (Isim)

E. Rahm
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Structural Matching

B A schemaisatree of schemaeements

B [ntuition—
- Atomic elements are similar if
- Individually similar (linguistic and data type)
- Ancestors are similar

- Non-leaf elements are similar if
- Linguistically similar
- Subtrees rooted at the nodes are similar

- Subtreesare similar if

- Immediate children are similar
- Ledaf setsaresimilar
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Tree Match

Tree Match(SchemaTree S, TargetTree T)
For each pair of leaves s,t in the two trees
I nitialize ssim(s,t) = datatype-compatibility(s,t)
For each s in S (post order)
For each t in T(post order)
Compute ssim(s,t) = structural-similarity(s,t)
wsim(s,t) = g(Isim(s,t), ssim(s,t))
If (wsim(s,t) > thyg,)
Inc-struct-similarity(leaves(s), leaves(t))
If (wsim(s,t) < th,,,)
Dec-struct-similarity(leaves(s), leaves(t))
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Evaluation

B Comparison with two other schema-based, structural matchers: MOMIS,
DIKE

B Evaluation for canonical and real world examples (XML-XML, SQL-
XML, SQL-SQL)

MOMIS DIKE
Identical schemas Y Y
Attributes with identical names, Y Y
but different data-types
Attributes with same data-types, Y N
but slightly different names
Different class names, but same N Y
attribute names
Different nesting of schema N Y
elements
Type substitution N Y
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Real XML schemas

O Geessmseesssmssmssssesssssssseessamemmsmsessesssay > PurchaseOrder
POHeader <----1-----—- Contact-----------------—----—--3 >  Header DeiverTa  InvoiceTo
______ > =
|:$8Number ContactName __orderNam——1 .-~
Date ContactFunctionCode ____------~ orderDate---—"~" | Addreéx— Contact
ContactEmail-----—"" _ --ourAccountCode 4
___,_Cont‘ax:tpnone _________ yOUFACCOUﬂtQOdé L Streetl contactName
= e Yo s street2 companyName
&« vV P > ltems +——<——< street3 > e-mail
POShipTo POBIllTo POLines <«---—"~ 4 7 e street4 telephone
el S e »--itemCount -~ city )
> entityldentifier. | entityldentifie~-=» _count .~ ____---~~ Item .- stateProvince
B> attn >~attn startAf” - L postal Code
H> Streetl > Streetix\\ Item / o yourPartNumber country
> Street2 > Street2 RS = - partNumber
> Street3 > Street3 <= itemNumber
> Street4 > Street4 partna partDescription Footer «——
> City ) = City . unitPrice un!tOf_Measure |_>
> StateProvince > StateProvince uom unitPrice total Value
> PostalCode > PostalCode qty Quantity
—» Country - Country
CIDX Purchase Order Excel Purchase Order
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CUSTOMERS RDB Schema Star Schema
CustomerlD
CompanyName
ContactFirstName MPLOYEES
CpmactLastName EmployeelD
gliltl;ngAddfess FirstName EMPLOYEETERRITORY
StateOrProvince I{_ﬁlsetName Employeel[FK)
PostalCode e Name e mitonyIL{EIY RODUCTS TIME
ContactTite Extension _ ProductlD Date
PhoneNumber Workphone 7 "7T==» ProductName SALES DayOfWeek
FaxNumber €+4-___ / BrandID Month
Tt / BrandDescription OrderlD Year
SHIPPINGMETHODS qL ~~~~~ /___ IERRITORIES OrderDetaillD Quarter
ShippingMethodID ORDER! ! \‘Terr{\tuwlD CustomerID(FK) DayOfYear
hippingMeth D ! ) e A - PostalCode(FK Holiday
ShippingMethod O"fjerv / _____ IemoWDescnputn\\\ ‘\~\\\ P?CJSd?JCIIOD(?:(K) ) o—— Weekend
ShippingMethodI[FK T S—— N OrderDate(FK) YearMonth
EmployeelFK) e I <~ - e Quantity WeekOfYea
PAYMENT Customer|OFK) ORDERDETAILS ™ ~~~_| UnitPrice
PaymentID OrderDate OrderDetaillD | ) Discount
OrderlD(FK) Su'?gmy OrderID(FK) / TerritorylD(FK) ¥ o=
nitPrice erritory| <o CUSTOMERS
EZYm:mmi?Sg{'lyK) Discount ProductiDFK), RegioniD(FK) GEOGRAPHY St CustomerlD
P V! P———1 PurchaseOrdNumbei Quantity ! PostalCode S
aymentDate ShipName UnitPrice | | CustomerName
CreditCardNumber Sh.p A Discount ! TerritorylD CustomerTypelD
CardholdersName IpAddress ! TerritoryDescriptior CustomerTypeDescription
CredCardExpDate ShipDate ! €e? RegioniD PostalCode
FreightCharge ! EGION - RegionDescription State
SalesTaxRate I N
v RegionID
PRODUCTS RegionDescriptian
PAYMENTMETHODS ~BRANDS ProductID
PaymentMethodID BrandID BrandID(FK)
PaymentMethod BrandDescription ProductName
BrandDescription
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Evaluation insights

B Linguistic matching
- Maode of linguistic input — WordNet, manual
- Role of the thesaurus
- Linguistic similarity without structural similarity

B Structural similarity
- Granularity of similarity computation
- Leavesvs. immediate structure
- Similarity beyond immediate vicinity
- Context dependent mapping
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Summary

B Web applications, datawarehousing etc. depend on flexible metadata man-
agement and metadata interoperability and integration

B Current metadata situation:
- co-existence of heterogeneous local repositories with proprietary metadata models
- mapping and integration problems
- low-level repository APIs

B New generation of metadata approaches needed, e.g. Model management
- uniform representation of models and mappings
- high-level operations: Match, Merge, Composs, ...
- generic: applicable to different domains and different languages

B |mplementation of a generic Match operation
- utilization of several criteria: linguistic + structural
- utilization of schemainformation + instance data

B Fully automatic solutions not possible, e.g. for metadataintegration / sche-
ma match
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Open Problems

B Mode management
- more precise definitions of operations

- plug-in capability for different expression languages
- efficient algorithms/ implementations for operators (Match, Compose, Merge)
- evaluation of effectiveness of Match etc. (precision / recall problem)

B Applications/ tools utilizing model management

B Standardization to limit heterogeneity

B Other , next-generation* metadata management approaches
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