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ABSTRACT

This paper describes the objectives, choices, and first results of the FEMUS project in building
federated multilingual database system. The focus is on semantic issues, concentrating, in partic
on data model translations and database integration in a heterogeneous environment. Also disct
are mechanisms for exchanging data and metadata, and related implementation aspects.
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1. INTRODUCTION

The increased availability of various databases in large corporations has created the need to fed
the databases into loosely coupled collections of autonomous systems to allow controlled sharin
information and at the same time preserve the autonomy of each participant. Traditional distribu
database (DDB) research has provided the earliest solutions to information sharing in distribu
computing environments. The DDB approach, however, assumes that a single and integre
conceptual view of the databases must be provided to the users. Federated database (F
schema/system architecture design has partially benefited from this effort. For example, the desig
both DDB and FDB systems includes functionalities such as: schema integration, query process
transaction management. The DDB techniques used to provide these functionalities can be extel
and applied to FDBS. The main difference between the two approaches are in the classes of user
the levels of component autonomy they support. Users of DDB systems access shared data
through the single conceptual schema of the DDB. This facilitates the enforcement of integr
constraints attached to the DDB, in much the same way (from user's point of view) as centralized
systems. FDB systems, on the other hand, generally support two classes of users: federation 1
manipulate shared distributed information through one or more federated schemas; and local usel
whom the federation is transparent, access local data only. Preservation of local access to, and cc
over, the local database is essential for the support of component autonomy, the most salient fe:
of FDB systems.

Typically, federations are built upon heterogeneous systems and may include databases wi
support different data models: relational, CODASYL, and object-oriented data models. One of t
important issues that need to be addressed is therefore the data model translation problem. Usual
avoid a proliferation of translators, the use of a common data model within the distributed/federa
system is encouraged. Semantic or object-oriented data models represent the best candidates fc
role. Translations between semantic, object-oriented and relational models have largely been c
with in the past. They have been commonly developed for two major cases: 1) to support a datal
design process where the database is first described in a conceptual schema which is subseqt
converted into a logical schema [Bouzeghoub 91]; and 2) to support the design and operatior
traditional DDB system. In the former case the translations are one-way processes which produ
single logical target schema from the source conceptual schema. As user queries are expresse
performed directly on the logical schema, there is no need for further translations. In the latter ce
interoperability among data models is needed to move data in and out from the DDB. Howev
interoperability is usually not required among data manipulation languages, as most of the propao
DDB systems are monolingual: they support only one DML, the one associated to the common c
model in use ([Demurjian 88] is an exception). The distinguishing feature of federated environme
is that they have to be multilingual, because of the autonomy goal [Kim 89]. Therefore, the suppor
interoperability among DMLs becomes in fact the primary criterion for the specification of data mod
translations.

Besides the translation problem, interoperability in the federated approach necessitates a mecha
for making data available to the federation and for ensuring access to the data. This mechanis
usually called an import/export facility. Data exchanges require first that description of accessit
(exported) data be available to all users of the federation or designated set of partners, and secon
the information be presented to them in their local model (in a model they understand). Partners 1
then select (import) data of interest to them and include/integrate them into their view of the FD
Integration facilities are the essential feature in building this unified view from the different pieces
imported data.

This paper presents the approach of an ongoing research project, FEMUS (FEderated MUItiling
System), jointly developed by the database research groups at Swiss Institutes for Technology (E
and ETHZ). The primary goal of the project is to provide a framework for investigating semant
related issues of interoperable database architectures. The focus of this paper is particularly
federated database construction issues. The FEMUS project itself is not discussed in detail. Inst
we examine two of its most important aspects: data model translation and integration issues.
former is dealt with in section 3, while the latter is the topic of section 4. Section 2 presents t
architecture of the FEMUS prototype and the modeling paradigms on which interoperability is bei
experimented. Section 5 discusses semantics issues related to schema negotiation and data/me
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exchange. Section 6 reviews implementation aspects related to the export/import mechanism. Se:
7 concludes the paper.

2. FEMUS

The aim of the FEMUS project is to set up a framework for building a federated multilingual databe
system. Byfederated it is meant that the global system provides the functionalities to include, a
components, different heterogeneous database systems cooperating together, and that the major
are preserving site autonomy and supporting maximum flexibility in the interoperability mechanisn
By multilingual it is meant that an equally important goal is to build a system which can be access
by different users through the local interface (data model and manipulation language) they are use:

The initial version of the project includes two different database approaches:

- ERC+ [Parent 92], an object-based extension of the entity-relationship model, including tf
specification of an ER algebra [Parent 84] and calculus. The fundamental concepts of the ER
model are entities, relationships, and complex objects.

- COCOON, an object-oriented data model with an object algebra that was developed based on
nested relational algebra [Scholl 87, 91] [Schek 86, 90]. The basic concepts are objects
functions. COCOON, like DUAL [Perl 89], promotes separation between the type and cla:
hierarchies. This separation introduces original problems that need to be addressed by the m
translation processes.

The two approaches are briefly presented in the subsections hereinafter. Studying interoperab
between these two approaches is of particular interest, as they represent, as stated above, twc
important and widely used families of models possible in a federation.

In [Sheth 90], five schema levels were proposed as a reference architecture for federated data
systems, separating local pre-existing schemas, component schemas (common model counterp.
local schemas), export schemas, federated schemas (FS), and external schemas defined
federated schemas. The federated schemas hold a global dictionary with additional information at
fragmentation and allocation of distributed objects. Thus, to the users of FS, both fragmentation :
allocation are fully transparent. The FDBS is responsible for transforming the global queries a
updates into statements for the component databases. FEMUS basically adheres to this prop
while adding one more level to allow users to integrate various import schemas (derived from eit|
export schemas or from federated schemas) to form their own federation. In this way ad-t
federations may be built, enhancing the flexibility of the system from user's perspective. Figure
shows FEMUS six levels generic schema architecture. It includes the concept of median schem:
suggested in [Schilberschatz 90], to emphasize domain-specific federations. It also shows that ex
schemas may be derived as views over component schemas or directly from local views through
model translation. Finally, import schemas are derivable from any of the schemas available at
federated level: export, federated or median schemas.

A simplified architecture (Figure 2) is currently being implemented for the first exploratory prototype
It mainly includes two process typ&sandators (mappers) andintegrators. The mapping processes
translate schemas, integrity constraints, and language elements from one data model/language 1
other (ERC+, COCOON); the integration processes combine schema and instances from the
components.

2.1 The ERC+ approach

A complete definition of ERC+, and a discussion of its features, may be found elsewhere [Parent ¢

Here we briefly recall the main features of ERC+:

* entity types bear one or more attributes. As attributes may in turn, iteratively, be composed of otr
attributes, the structure of an object type may be regarded as an unlimited attribute tree;

* relationship types may connect any number of participating entity types. As entity types, they ma
have attributes. They are said to be cyclic if the same entity type participates more than once in
relationship type;

» arole name is associated to each participation of an entity type in a relationship type. T
participation is characterized by its minimum and maximum cardinalities;
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« attributes may be either atomic (non decomposable) or complex, i.e. decomposable into a sef
component attributes, which may themselves be either atomic or complex. An attribute is a
characterized by its minimum and maximum cardinalities (mandatory/optional, monovalue
multivalued). Attributes may be valued in a multiset (i.e. not excluding duplicates);

 two generalization relationships are supported, the classical "is-a" and an additional "may-be-
relationships. The former corresponds to the well-known generalization/specialization construct;
latter has the same semantics, but does not require an inclusion dependency between the su
and the type and is therefore used to describe multi-instanciation at the schema level;

» anobject identity is associated to entities.
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Figure 3. An example ERC+ schema

Figure 3 shows a sample ERC+ diagram. A single continuous line represents a 1:1 link (mandati
monovalued), a single dotted line represents a 0:1 link (optional monovalued), a double dotted |
represents a 0:n link (optional multivalued), a double line (once dotted, once continuous) represer
1:n link (mandatory multivalued). No generalizations appear in this particular example.

Two formal query languages, an algebra and an equivalent calculus, are associated with the El
data model. The functionalities provided by the algebraic operators include: selection of entity ty
occurrences based on a given predicate, projection of entity type occurrences on a subset ¢
attributes, union of the populations of two entity types. Specific to ERC+ redbetion operator,
which allows the elimination of the values of an attribute which do not conform to a given predicat
Most important is the relationship-join-foin, in short) operator. Let E1, E2, ..., En be the set of
entity types linked by a relationship type R, the r-join of E1 with E2, ..., En via R builds a new enti
type (and the corresponding population) whose schema includes the schema of E1 plus an additi
complex attribute, named R, whose components are the schemas of R, E2, ..., En. In some s
this operator groups into a single entity the information scattered over entities linked by a relationst
A spe-join operator allows to join entity types participating into a given generalization [Spaccapieti
89], thus providing for an explicit inheritance mechanism.

Every ERC+ operation is objects preserving and creates a new derived entity type. The attribu
relationships, generalization links and population of the created type are derived from the opera
types. Operations may thus be combined into expressions of arbitrary complexity.

2.2 The COCOON approach

COCOON is an object-function model. Its basic constituents are objects, functions, types, classes
views. The following is an excerpt from [Scholl 92]. Objects are instances of abstract types, specif
by their interface operations. Functions are either retrieval functions or update methods. They
described by their name and signature. They may be multivalued. Types are described by their n
and the set of functions that are applicable to their instances. A subtype hierarchy defines t
inheritance relationships. Objects are instances of one or more types (multi-instanciation). Full sti
type-checking is supported. Classes are collection of objects (type extents). A subclass hierat
defines class inclusion relationships. Objects are members of one or more classes. For each o
class, its membertype is an associated type, and its extent denotes a set of objects of that type. C
may be constrained by a predicate that must be satisfied by all members of the class.

A set-oriented query language, called COOL, similar to relational algebra, provides operators to bt
an output set of objects from input sets of objects. Query operators can be applied to extent
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classes, set-valued function results, and query results. The algebra has object preserving sema
Queries are also used as the view definition mechanism: they introduce new virtual classes, and d
their extent. Views may be defined by basic COOL operators, over other views or by compos
queries.

COOL operators are: selection, projection, extend (allows the definition of new derived function:
set operators (union, difference, intersection), and generic update operators (update, insert, de
add, remove, and set to assign return values to functions).

Figure 4 shows a COCOON type diagram describing the same universe of discourse as the El
diagram in Figure 3. Arrows with single arrow head (respectively, double arrow head) represe
single-valued (respectively, set-valued) functions. A function and its inverse are linked by a strai
line.
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Figure 4. The COCOON equivalent to the example ERC+ schema

3. THE MAPPING PROCESS

The translation process is well understood when converting from a conceptual data model to a ta
(logical) data model during the design of a database. In this context the main requirement i<
minimize semantic loss that may occur when semantically rich modeling concepts of the source mc
are converted into less expressive constructs in the target model. These schema translations m
focus on implementing data structures and access paths in the target model. By analogy to top o
design methodologies, this conversion process is regarded as a "vertical translation”. Since u
gueries during the operational phase of the database are expressed in the DML of the target mi
there is generally no DML translation between the conceptual and logical models. On the contre
cooperative DBS require bi-directional translation processes between any pair of component si
These translations must take into consideration the reversibility and equivalence issues between
different data models of similar semantic expression power. Thus, the translations are cal
"horizontal and bi-directional translations"”. Moreover, interoperability implies that data manipulatio
requests will generally be issued by each component of the federation towards the other componu
this also calling for a horizontal translation between the various DML in the federation.

FEMUS focuses on the horizontal translations between object-oriented and semantic data moc
The following subsections discuss mappings for the ERC+/COCOON case. The discussit
however, may be easily adapted to other similar models.

As stated, interoperable mappings need to be defined in terms of both static (schemas) and dyn.
(operations) aspects. Of course, these two mappings are strongly related to each other, as illust
in Figure 5. Let S1, S2 be schemas in two different data models, say model-1 and model-2. Let
02 denote operations of the algebras of model-1, model-2 respectively. An operation is either a si
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operator or an expression. The result of an operation is both in terms of new schema elements
their instances. Let O1(S1) denote the result of applying O1 to S1 (similarly for O2(S2)). Let T be
translation from model-1 into model-2 such that T transforms S1 into S2 and the underlying databe
1 into database-2. Let TOP be a translation from model-1 into model-2 such that it transforms
operation O1 into an operation O2. Then the following should hold:

T(S1)=S2 0 TOP(O1)=020 T(O1(S1)) = 02(S2)

.
s1 - 2
TOP
o1 > O2
O1(S1) T > 02(S2)

Figure 5: mappings consistency

3.1 Mapping an ERC+ schema to COCOON

The major differences between the two modeling approaches are:

- ERC+ distinguishes between attributes and relationships, while COCOON treats them uniforn
as functions,

- ERC+ supports the representation of a complex object as a single entity while COCOC
decomposes it into a set of related objects.

Accordingly, the following schema translation rules may be stated.

a) Attributes

A simple attribute is mapped into a COCOON function whose domain is the COCOON object ty,
corresponding to the attribute owner, and whose range is the COCOON primitive type corresponc
to the ERC+ value domain of the attribute. The function is single-valued or set-valued depending
whether the attribute is monovalued or multivalued.

Examples:

- Ename (Figure 3) results in the Ename function: Employestring (Figure 4).
- day (Figure 3) results in the day function: Dateinteger (Figure 4).

A complex attribute is mapped into a new object type and its associated class. A function is adde
link the owner object type to the new type.

Examples:

- Child (Figure 3) results in the Child object type. A set-valued function, named children in Figure
is added to link Employee to Child.

- Date (Figure 3) results in the Date object type. A single-valued function, named bdate, is adde:
link Child to Date.

b) Entity types

An entity type is mapped into an object type and its associated class. Functions are attached to the
according to attributes and relationships translation rules.

c) Relationship types

1.- Binary relationship types without attributes



A binary relationship type with no attribute is mapped into two inverse functions between the obje
types corresponding to the entity types participating into the relationship type. These functions
single- or set-valued depending on the cardinalities of the corresponding roles.

Example:

- Job (Figure 3) results in the two inverse functions worksfor and staff. Worksfor is single-valued
the role of Employee in Job is monovalued. Staff is set-valued as the role of Department in Jol
multivalued.

2.- Binary relationship types with attributes and n-ary relationship types

These relationship types are mapped into a new object type and its associated class. The attribui
any, of the relationship type are mapped into functions according to rules in a). Each role of
relationship type is mapped into a pair of inverse functions between the new type and the t
corresponding to the entity type attached to the role.

Examples:

- Sale (Figure 3) results in the object type Sale (and its class), with the attached QT function: Sale
integer, and two pairs of inverse functions, D-Sale and Sale-D, linking Sale with Department, a
Art-Sale and Sale-Art linking Sale with Article.

- Delivery (Figure 3) similarly results in one new object type, Delivery, and three pairs of invers
functions.

d) Generalization links

An is-a link between two entity types is mapped into an is-a link between the object types and clas
corresponding to these entity types. May-be-a links are not mapped, as there is no such conce
COCOON at the moment.

3.2 Mapping a COCOON schema to ERC+

The COCOON to ERC+ mapping rises problems typical of reverse engineering situations, in whic
more decomposed representation has to be translated into a more compact one. A classical exam
the relational to ER translation.

A straight algorithm may be used to transform a COCOON schema into an ERC+ schema. T
algorithm is driven by class and function definitions. A function from an object class to a primitiv
type is mapped into a simple attribute of the ERC+ element corresponding to the class. A pait
inverse functions between object classes is translated into a binary relationship between the two e
types corresponding to the related classes. A function between object classes which has no invel
mapped as an attribute of the ERC+ element corresponding to the class where the function origini
COCOON classes which have not been translated as attributes using the above rules are mappe
ERC+ entity types, whose structure (the set of attributes) is derived from the membership type of
class. An is-a link between two object classes is mapped as an is-a link between the correspon
entity types.

The algorithm generates a valid ERC+ schema, which includes only binary relationship types with
attributes. Applied to the schema in Figure 4, it does not produce the schema in Figure 3. ~
consequence is that applications using the ERC+ schema will be overloaded in terms of ¢
manipulations needed to get the desired result. For instance, assume we want a list of departn
showing their deliveries in terms of quantity, supplier and article. To produce the list using ti
schema in Figure 3, a single r-join operation is needed. To do the same using the schema rest
from the translation of the schema in Figure 4, it will need three r-join operations (because Deliven
now an entity type linked by three binary relationship types to Department, Supplier and Article).
There is no automatic solution to avoid such overloading, unless the COCOON schema is enric
with information on dependencies among its components. It is known that, if certain dependenc
hold, a n-ary relationship type may be decomposed into relationship types of degree less tha
Reversing this reasoning, the translation algorithm can infer from the known dependencies if a se
pairs of inverse functions defined on the same object class can be mapped as a n-ary relationship
also representing that object class.



3.3 Operators Mapping

Both ERC+ and COCOON models incorporate an algebra as DML. In this section we compare
characteristics features of the two algebraic query languages in order to define a mapping (transla
of operators from one model to the other. The two algebra have in common several operations (s
as selection and projection, for instance) with well known semantics. In addition, they conta
operations which have no direct corresponding counterpart in the other model. Thus, an operatc
one model may correspond to an algebraic expression, rather than a single operator, in the ¢
model. The requirement for correctness of the translation is the consistency of the mappings
discussed at the beginning of section 3. The mappings relationships illustrated in Figure 5 can als
used to determine TOP. Knowing T, we can use it to translate S1 and O1(S1) into the second mc
getting S2 and the result of 02(S2). We can then check how, in the second model, S2 can be ma
onto O2(S2). If there is no direct operator which does it, then we have to find the adequate expres
to build the expected known result.

Hereinafter we discuss the operators mapping based on ERC+ operators.

Select Operator

Select operators in ERC+ and COCOON have the same semantics. They preserve the schema of
input operands. Their main difference is in the type of predicate they allow. ERC+ predicates
contain quantifiers (over set-valued attributes), whereas COCOON selections may contain nes
expressions and set comparison operators.

Consider the following query:

"select all employees who earn, at least, one salary greater than 6000".
Below we give ERC+ and COCOON algebraic expressions for the queries and derive the rules
translating the operators.

ERC+ query

The selection operator, notedin ERC+, creates a new entity type which contains the entities
(objects) that satisfy the selection predicate. The ERC+ algebraic expression corresponding to
above query is given by:

El =0 [[knSsal (s> 6000)] Employee
where the existential quantifier)(is extended to apply to multisets.

COCOON query

In the following EmployeeC denotes the class of objects belonging to the type Employee. T
above query is written in COCOON as:

C1 = select [select [s>6000] (s:SalP] (EmployeeC)
The nested select operation implements the selection predicate "at least one salary greater
6000" by first retrieving the set of salaries over 6000 of an employee, and then checking whet
the retrieved set is empty or not.

If the above query is modified to "select all employees who have all their salaries greater than 60(
then the corresponding ERC+ algebraic expression is:

E2 =0 [Usgsal (s>6000)] Employee.

The universal quantifier included in the predicate can be expressed in different ways in COCOON
using nested select operations and set comparison operations. The resulting queries are:
C2 = select [select [s>6000] (s:Sal) = Sal] (EmployeeC).

C2'= select [select [NOT (s>6000)] (s:Sal) = @] (EmployeeC).

The second query is obtained from the first one by the application of the standard transformatior
the universal quantifier into the existential one:(P) < ~0Ox (= P).
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In summary the following rules can be derived for converting selection operations between ERC+ ¢
COCOON. P(a) is a predicate on variafglanda is a variable on a multivalued attribute A.
Equivalence rules between ERC+ and COCOON selection predicates:

OalA (P(a)) = select[ P(a) ] (a.Ax @
0 alA (P(a)) = select [ NOT P(a) ] (a.A) =@

Project Operator
1. Projection over a simple attribute

Project operators in ERC+ and in COCOON have equivalent behavior when they are applied to sin
attributes. In essence, they are used to drop one or more simple attributes from the schema ¢
entity or object type.

The translation rule in this case is trivial. For instance:

ERC+ COCOON
1t[Ename] Employee- project [Ename] EmployeeC

2. Projection over complex attributes

As discussed in section 3.1 above, the translation of ERC+ complex attributes leads to
decomposition of an object over several objects. Therefore the translation of an ERC+ projection ¢
a component of a complex attribute requires that the corresponding COCOON object type
augmented with a derived function which links it directly to the desired attribute. Derivation i
through composition of COCOON functions. For instance, a projection over the attribute Forenal
of the complex attribute Child (Figure 3) is mapped as follows:

ERC+ COCOON

1t [ChildsForename] Employee project [forename]
(extend [forename = Forename(Child)] ) EmployeeC

Product Operator

A product operator in ERC+ is useful for linking two entity types which are not linked by any
relationship type. In the case where a relationship exists between the two entity types, it is sim
ignored by the product operator. The operation extends every occurrence of its first operand with
set of all the occurrences of the second operand (represented in the schema of the resulting entity
as a multivalued complex attribute whose components are the attributes of the second operand)
example, a product will be applied to the entity types Employee and Supplier of Figure 3 as a fi
step to check whether there are employees having the same name as a supplier.

The result of this product operation is an entity type, say ES, with all the original attributes fro
Employee plus an additional complex attribute supplier, which is composed of Sname and Addr.
check is then done through a selection on the result of the product. The ERC+ selection predicate

On0OsupplieSname (n = Ename).
The result of the product operation can be achieved in COCOON by extending the object ty
Employee with a new function to create the link to the object type Supplier.

Relationship-Join (R-Join)
The R-join transforms a relationship type into a complex attribute structure with respect to one of
participating entity types. Consider the two entity types Department and Article, and the relationsl

type Sale in Figure 3. The result of applying R-join to Department through the relationship Sale is
entity type with all the attributes of Department (Dname, Floor) and an additional complex ar
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multivalued attribute named Sale, whose attributes are Qt and Article, the latter being a comp
attribute with Aname and Type as components.

As the product operator, the relationship-join is used to merge information from various entity typ
into a single entity type. While product merges systematically each entity of one type with all entiti
of the other type, R-join uses as merging criteria the fact that the entities forming one occurrenci
the result are linked by a relationship of the given type.

To some extent, we could state that R-join builds more complex entity types from the existing on
COCOON objects are not complex objects. Because of decomposition rules of the schema mapy
the result of an R-join, translated in COCOON, would generate the same objects and functions
those already there. Therefore, the translation of an R-join is the identity operation.

4. THE INTEGRATION PROCESS

Database integration is the second key feature in building integrated database services ir
interoperable environment. The autonomy goal inherent to FDBS requires that new integrati
techniques be developed to cope with all possible discrepancies among component databases, wi
altering them, while providing for maximum integratability. Although schema integration has alreac
been investigated for a long time [Batini 86], existing methodologies lack the power to integra
schemas showing structural conflicts, i.e. to solve situations where, for instance, the same real w
object is represented as an attribute in one schema and as an object in another schema [Spacce
91]. These methodologies need a conforming step, prior to integration, such that all structu
conflicts are removed from the input schemas. The conforming process relies on sche
modification, a consequence which contradicts the primary FDBS requirement: to ensure continua
of local usage of data without any user visible impact due to the new federation services.
Moreover, current methodologies do not really handle data model heterogeneity. They only prop
to translate every input schema in some common model within a pre-integration step. This
consistent with the usual approach to federated or distributed heterogeneous databases, but r
become a bottleneck in more flexible architectures in which multiple federations, although defined
the same component databases, are not necessarily built upon the same data model.

Integration in FDBS is a bottom-up task, that must combine databases that may have existed f
long time. These databases may already have a considerable amount of data. Thus, integrati
federated databases must cover both tasks, the integration of schemas and of existing objects. T
usually called database integration, in contrast with view integration where only schemas with
associated extensions are integrated. A relatively small amount of work concerns database integrz
One recent exception is the Pegasus project [Ahmed 91, Krishnamurthy 91]. Kent emphasized
separation between real world entity objects and their. database counterpart, called proxy obj
[Kent 91]. The latter ones represent entities in different component databases. Object integration r
deal with the fact that due to historical evolution of databases, the same real world entity may
stored as different database approximations in different databases (the proxy objects). Thus, the
administrator must also specify what proxy objects of what component databases represent the ¢
real world object and under what circumstances.

FDBS integration requirements also differ from DDB requirements. In DDB systems, integration
performed once, taking as input the schemas of existing databases and producing as output the ¢
schema of the DDB. As there is no mandate to preserve site autonomy, local pre-existing datab
may be modified to make integration easier or to redefine data allocation. For instance, if the se
data appear in more than one local database, the DDB administrator may just keep one copy and
the other ones deleted to avoid the data replication problem. In FDBS, integration may be perforr
atdifferent levels, depending on the organization's approach to FDBS architecture (cf. Figure 1b). ¢
in DDBS, it might be the task of the FDB administrator (for each FDB being built). It might as we
be a process performed by end users, if they are given the ability to import data from various sou
(whether directly from local databases or through a FDB) to build their own, single user FDB.

Integration is a two-fold process. First, syntactic as well as semantic relationships among elemeni
the input schemas have to be precisely identified. This is the investigation phase. A first strean
research developed methods and tools to assist the database administrator in identifying intersct
relationships [Sheth 88]. In the second phase, the integration phase, related elements have 1
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"integrated”. Various techniques have been proposed for this purpose. The first approach is mal
integration, where the DBA is provided with a schema restructuring language. The latter allows f
DBA to direct the integration process towards the step by step construction of the integrated schi
the DBA is aiming at. The integrated schema is seen as a superview defined over input sche
[Motro 81]. This approach is relatively simple to implement, as the functionality supported by tt
system is limited to executing the restructuring operations. It is, however, of poor user friendline
and badly suited for the non expert users which might be allowed to build federations in a flexit
FDBS.

To cope with these inconveniences, more powerful assertional approaches have been proposed.
are intended to automatically perform integration from input correspondence assertions, wh
instruct the integrator tool on which interschema relationships exist. Assertional techniques provid
higher level of service to their users (users just have to care about existing correspondences, not ¢
how corresponding items may be merged to form the integrated schema). They build the integre
schema (and the associated mappings to/from source schemas), using established integration
which allow to solve all types of conflicts supported by the tool.

Finally, rather than building a new integrated schema, a third approach performs integration
extending input schemas (and databases) with the additional interschema descriptions. These ¢
record correspondence information, or add new constructs to relate one element in a schem
another elements in another schema [Scholl 92].

FEMUS currently focuses on the integration phase. We discarded the manual superview approac
contrary to FDBS flexibility goal. As for the two other approaches - the integration assertion
technique and the augmentation technique described just above - no definite assessment has eva
and compared their pros and cons. Intuitively, building an integrated schema seems preferable if t
is a heavy overlap among component schemas, with many component elements resulting in a si
element after the merging. On the other hand, if the component databases have complemer
content, augmenting existing schemas with interschema references is a simpler process. To k
more about the comparison we have decided to investigate and experiment both techniques in par
They are hereinafter separately presented.

To show differences and/or similarities between these two integration techniques, we illustrate tt
usage on the same very simple example (Figure 6 below) modeled according to object-orier
notations. The example assumes a FDB environment with two databases, DB1 and DB2. C
contains information about cars (the class Car, with three attributes: the car's registration number
color, and the person identification number of the car's owner), whereas DB2 holds persons (
class Person, with three attributes: the person's identification number and name, and the registr:
numbers of the cars (s)he owns). Since cars are owned by persons, and persons own cars, th
some sort of inter-database correspondence. We show below how this correspondence is spec
using the assertion-driven integration, and how it is done through the augmentation approach.

DB1 DB2

Car Persot

reg# color owne pin name {cars

DB1: ClassCartuple <reg#: integer, color: string, owner: integer>
DB2: ClassPersortuple <pin: integer, name: string, casetofinteger>

Figure 6: the example integration case

As stated, the definitions of the two classes do not bear any indication of their interrelationship. I
assumed that the FDBA has the external knowledge about the semantics of the attributes anc
object classes being described. (S)he is therefore responsible for directing the integration tool thrc
explicitation of that knowledge. In a repository environment, the definitions would be complementt
with some natural language descriptive information. For instance, the owner attribute could
described as: this attribute holds the person identification number of the person who owns the car
investigation tool could then guess that there might be some relationship between the two classes
to the fact that the term "person” appears in both descriptions. Nevertheless, the FDBA would hav
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be prompted anyway to confirm or correct the proposed correspondence. Note that the guess mac
the tool is only in terms of structural correspondence, unless both databases are accessed to che
corresponding populations.

4.1 Assertion-driven integration

The EPFL team has proposed a new assertional method to integrate heterogeneous source sct
[Spaccapietra 92]. The method solves structural, semantic and descriptive conflicts without chanc
the input schemas. It is also able to directly integrate heterogeneous schemas, without going throt
preliminary translation step. To this purpose, interschema correspondence assertions, stated b
DBA, may relate an element whatsoever in one schema to an element of any type in another sch
An assertion defines the relationships between the element "types" (structural description) and
related "classes" (sets of associated instances). It also includes the necessary definition of an o
mapping at the instance level, which provides for the integration of the related databases. Integra
rules are generically defined on an abstract "generic data model" (which basically supports obje
value attributes and reference attributes), but their implementation in the actual integration of two in
schemas is tailorable to the specific features of the input data model.

Considering the example in Figure 6, and assuming that the two schemas describe exactly the ¢
sets of cars and persons (for every car seen by DB1, its owner is seen by DB2, and vice versa)
interrelationship between the two schema would be first described through two eleme
correspondence assertions:

Car= cars with corresponding attributes reg# = cars
owner= Person with corresponding attributes owner = pin

The first assertion states that the set of cars described by the object type Car in DB1 (the real w
state of Car) is the same) @s the one described by the cars attributes of the Person object type
DB2. The set equality is between sets of real world objects, and holds independently of th
representation in the two schemas. The "with corresponding attributes” clause describes the struc
relationship between the two representations. In this case there is only one information about «
which is represented in both databases: the car's registration number. This is hold by the r
attribute in DB1 and by the cars attribute itself in DB2. Hence the stated equality of the two attribute
The same considerations apply to the interschema relationship between DB1 car owners and |
persons.

The fact that associated elements in one schema (Car and owner in DB1) are equivalent to assoc
elements in another schema (cars and Person in DB2) does not necessarily imply that the associ
has the same semantics in both schemas. It could be the case that DB1 talks about ownerships
DB2 talks about cars being driven by persons, while still referring to the same real world state
cars and persons. Therefore, one assertion remains to be stated: a path correspondence ass
making explicit that the link between cars and owners in DB1 (note—2oavner) has the same
semantics as the link between persons and car in DB2 (noted — tswR). Links are bi-directional:
Persoi— cars and ca— Person denote the same DB2 link. The path correspondence assertion 1
the example simply is:

Cai— owner= car-— Person

The integrator tool, with the two schemas and these three assertions as input, will generate
following integrated schema:

IDB:  ClassCartuple <reg#: integer, color: string, owneeference Person>
ClassPersortuple <pin: integer, name: string, casstof reference Car>

The corresponding diagram may be drawn as follows, with labeled arrows representing refere
attributes:
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IDB

ownel
Car - Persor

| | ~ {cars} | |

reg# colo pin name

Figure 7. the integrated schema

IDB goes with the mapping information which states that the Car class is to be found in DB1, t
Person class is to be found on DB2, and the references in between have to be evaluated throug
matching criteria Careg# = Persoigars and Caowner = Persopin. Mapping information
supports transformation of user queries against IDB into queries on the underlying DB1 and D
databases.

4.2 Integration through augmentation

The ETHZ team has developed an approach to provide a flexible way to specify the corresponde
between existing objects of different databases. This is achieved by defining (global) object identity
terms of algebraic (extend) views [Scholl 92]. We thereby make use of COCOON's view definitic
facility [Scholl 91] that was extended such that it can span over multiple databases. It incluc
mechanisms for linking objects across systems and to deal with semantic conflicts. The neces:
view definition method is to extend the local schema by elements of the schema of another system
Consider the example in Figure 6. The DBA will start the integration process by defining a vie
"Cars" as an extension of Car, with an additional function owned-by that returns for each car-obj
the person-object of the other database, that owns that car. This definition is stated as follows:

define view Carsas extend[ owned-by:=select[ reg#(c)] cars(p) ] ( p:Person ) ] ( c:Car).

The selection predicate in the view definition materializes DBA's knowledge of the fact that tt
attribute cars of class Person specifies registration numbers of cars, which are recorded as valu
the reg# attribute of Car in the other database. Knowledge that, similarly, the attribute owner of (
specifies a pin of a person in the other database, leads to similar extension of the Person type in C

define viewPersonsas extend[ owns:=select[ pin(p) = owner(c) ] ( c:Car ) ] ( p:Person).

The additional function owns returns the cars owned by each person. It acts as the inverse of ow
by in DB1.

Figure 8 below shows the schema of both databases, extended with views having functions that
from one database to the other.

Car Persor

reg# color own pin name {cars

owned-by owns

Cars Person

Figure 8: the augmented schemas

The advantage of this approach is that it uses almost exclusively the expressive power of a qt
language, together with a view definition facility. The only needed extension is a global object ident
predicate. This is necessary, since, due to demand of local autonomy, we are not allowed to make
assumption on the local internal object-identities. Consequently, no change is required in 1
implementation of local database systems.

While from a conceptual point of view this approach looks simple and clean, more effort remains

be spent on the implementation issues. Particularly, an efficient, but overridable, implementation
the identity test seems to require further investigations. Till now, comparing object identities
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typically hardcoded into the implementation of local object based management systems. Effici
support by indexes or some other form of replicated information is needed.

5. NEGOTIATION

In a federated system, it is the responsibility of the local DBAs to decide and define which parts
their local data is available to external users (users from other sites). The decision process relie
negotiation with the other DBAs, for which specific tools may be developed within the federate
system [Heimbigner 85]. Negotiation needs an understanding of the semantics of data. This is ust
supported by information attached to data descriptions and stored in a repository. The reposit
manager provides browsing capabilities and facilities to support dialogue and explanations amt
DBAs. Negotiation also settles an agreement on access restrictions and the desired leve
consistency between imported materialized views, and the original version in the exporting system
discussed below).

5.1 Exchanging metadata

The specification of exported data is stored in an export schema (or export view) in the export
system. The export schema provides access to both the data definitions (description of types, cla
...) and the corresponding instances (the objects in the database). Export schemas may be de
using different techniques: subschemas, views, virtual objects,... Usage permissions granted (r
update, ...) are also specified.

Export schemas may be made available to designated users only (a usage permission is attached
view itself), or they may be broadcasted (available to everybody), or designed to become
component of some designated federation. It is worthwhile noting that data is exported to become
of one or more federations (thus providing for location transparency), not for direct access as
multidatabase systems [Litwin 84]. If a local system accesses a federation it contributed to, the sys
is importing data it exported. From the semantic perspective this is perfectly correct (similar to wt
happens everyday in international trade). From the performance point of view, it is expected that
in DDBSSs, the federated query processors will be able to access local data directly, rather than ac
some copy elsewhere.

5.2 Exchanging data

A well-known problem in moving objects around in a federated system relates to object identity. T
requirement clearly is that object identity has to be preserved (to avoid semantic loss). This imp
that, when an object comes back to its exporter, updated by some importer, it is recognized by
exporter so that the update can be correctly applied to the local database.

A first problem obviously comes from the fact that the federation may include value based syste
(relational DBMSs), which do not know about object identity. However, an object-oriented syste
can also offer values to the federation, instead of objects, either because it generally does not ex
object identities, or because some type of queries it accepts generate values as result. If ol
identities can be provided by component systems, a global identity is easily built [Heimbigner €&
Eliassen 91]. It will include the local identity, which allows to later apply external updates on tk
original exported object. If no local identity is available to the federation, exported values can
turned into objects by the FDBS, but this does not make sure that an external update will be corre
propagated. To that extent, restrictions have to be imposed on exported values: i.e., they must col
a key which uniquely identifies the value in the local database (as in relational databases). Otherw
export should be restricted to read only import.

When an imported object is stored by the importer, it gets a local object identity. If the object mic
have to be returned to the exporter, the global object identity (which is locally meaningless) has tc
stored as an additional attribute of the object (not visible to users), for future reuse in the federat
layer. An object to be imported may contain object identities as references to components object
the exporting database. If the component objects are not imported, references are just dropped b
import. If a component object is imported as a component value in the importing system, the refere
has to be replaced in the imported copy with the value of the corresponding object. If the compor
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object is imported as an object, new references, local to the importing system, should complemen
imported ones (or replace them, if the importer is not allowed to update the object).

6. IMPLEMENTATION ISSUES

Since object identifiers in general are not available outside a system, the specification of informat
to import has to be done by means of algebraic expressions [Scholl 92]. Also exported informat
can be specified comfortably with a query expression. The query is given a name whose value is
result of the query, i.e., a data definition and a set of instances. At each use of the name the quen
be re-executed in the exporting system and the result transmitted to the importer. To the user the
only one version of the information located in the exporting system, and up to date. A problem ari:
when the amount of data specified by the expression is large, the data transfer might take conside
time. To avoid the delay, the user might want to create a local copy, thus he explicitly stores the re
of the import expression at his own site. Now, on the other hand, the importer does not kn
whether his local copy is up to date or not, since updates on the original version are not by def.
propagated to his copy. As a compromise, it would be possible to refresh the copy of the importe
some access occasions, but not all.

Another solution to the delay problem would be to keep an automatically updated local copy that
user never sees. The problem with this approach is of course how to ensure the consistency bet
the copy and the original. The following is a summary of techniques used to solve materialized vi
management problems. Materialized view update strategies can be classified according to, first,
consistency that is required between the original and the materialized view, secondly how to de
that an update to the original is relevant to a materialized view, and lastly how to actually update
view.

6.1. Consistency requirement

The strongest consistency requirementansactional consistency, i.e., the materialized view is
updated before the update transaction on the base has terminated. This implies total corresponc
between the versions [Blakely 86]. The consistency requirement may be relaxed in a well-defir
way [Alonso 89] where the notion of quasi-copy is introduced. A quasi-copy may deviate from tt
original in one of the ways:

- Time delay

- Version number

- Numeric deviation

A way to specify these deviations exactly and to calculate the export costs is proposed. An e
weaker consistency requirement is proposed by [Lindsay 86], where a "snapshot" is a copy the
updated only periodically, to be used by update-insensitive applications.

6.2. Detection of relevant updates

An update operation on the database is made on a set of objects specified by a query. If these ot
are also present in a materialized export view, the view has to be updated, otherwise not.

Thus the problem is to say whether the sets of objects specified by two queries are disjoint or nc
problem that is in general impossible to solve. It is solvable for queries involving only the project
join operators, and the select operator with a condition predicate containing only conjunctions. Thi
used by [Blakely 86 ] to obtain transaction consistency. [Elkan 89] improves the method. A differe
approach is made in [Lindsay 86] to update snapshots. A "snapshot” is the stored result of a v
definition expression. A snapshot is read-only and is updated "periodically”, i.e. all updates on f
database since the last snapshot are propagated. Here a timestamp is added to every tuple whe
updated in order to be able to say if the tuple object has been updated since the last snapshot refr

6.3. Differential Refresh
When an update has been found relevant to a view, the view materialization has to be updated.

way to do this is to recompute the query specifying the view and to update the whole query. T
clearly may result in the rewrite of a lot of unchanged data. It is desirable to update the view only w
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the data actually changed. [Lindsay 86] proposes a differential refresh algorithm for snapshots. W
the snapshot is to be updated, the tuples of the base table are traversed, and if a tuple is younge
the snapshot and satisfies the view condition it is transmitted to the snapshot. Improvements are r
by discarding clusters of not interesting tuples. [Blakely 86] proposes a different method based on
application of the same update operations on the view materialization, that were applied to the k
table. This method relies on the distributivity properties of set union and set difference, which do 1
hold in the relational model, but hold for object oriented models. The method is used to provi
transaction consistency, since the view update is included last in the update operation transactic
the base table. The authors claim that their results are also valid for snapshot update, i.e., whei
view update is made after the transaction updating the original table has terminated. It is not evic
that the application of an update operation at a time point when the execution environment may h
changed will produce the same database state as in the original environment.

Another way to improve system efficiency at update, and to avoid the exporter bottleneck probls
that occurs when a lot of importers are requesting updates from the same exporter, is propose
[Kang 91]. The idea in this method is to let the importing systems re-export information to oth
Importing systems, thus relieving the original exporter from work.

There are cases when keeping a local copy at the importing site is necessary for performance rea
This copy can be invisible to the user, giving the impression that there is only one version of i
information. The consistency requirement varies, depending on application requirements, fr
periodically updated snapshots, over quasi-copies to transaction consistency. The results in
referenced papers concerns the relational model, it remains to be studied whether they are
applicable to semantic and object-oriented models. Nothing is however pointing in any oth
direction, on the contrary, it seems like further problems encountered in the relational model do
occur in this environment. For example, the problem caused by the fact that projection is r
distributive over difference in the relational model, does not occur in a model with object identitie
see [Blakely 86].

An interesting approach seems to be to combine the periodic update with the differential refre
method that applies the update operations to the view. To update the view at every modification of
original data even if the materialized view is not used at the moment seems inefficient, instead
update should be made on request from the view user, then all the updates on the base table c
applied at one time. An open question is if the update operations applied in the same order
produce the same result at the later time point. Another question is how the mechanism to upt
materialized views can be made symmetric, i.e., how updates on the materialized view can
propagated to the original.

7. CONCLUSION AND FUTURE RESEARCH

In this paper we have presented the motivation and the key features of the ongoing FEMUS rese
project. The aim of the project is to explore architectural and semantic related issues of federe
database systems. We have discussed, in particular, two of the most distinguishing features o
project: data model translation and database integration.

Cooperation between heterogeneous systems can involve bi-directional translations between
models of equivalent semantic power. Semantic data models and object oriented data models are
and more included in current federated database systems. In order to avoid a proliferation
translators in the federation, they are often used as common data model. We have examined in ¢
the characteristics of the translation process between object oriented and extended semantic
models. The translations rules between two representative models, ERC+ and COCOON, are g
as an example. Their scope covered both schema and operation mapping.

Next, we have investigated database integration issues in interoperable systems. Integra
techniques are used in these systems to build unified views of information imported from differe
databases. The main thrust of our research is to extend to federated database systems two alter
integration methodologies we have developed. The first one uses interschema corresponde
assertions and integration rules to derive an integrated schema from a set of heterogeneous |
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schemas. The second one uses the existing view mechanism to augment the input schemas
interschema correspondences expressed as constructs of the model (interschema functions in the
of COCOON). We presented the key features of these integration methodologies and an examp
support their comparison.

Our future research effort is on:

- the specification and identification of tools to aid the translation process. The translation rules «
serve as a basis for defining a rule based generator for the translation process;

- the specification and implementation of a federation server to aid federation users in shar
information, meta information, and schema construction tools (translators and integrators). T
server must provide sophisticated dictionary and/or directory look up services to aid navigation &
negotiation throughout the federation;

- the extension of the assertional integration technique to solve more cases of schema discrepa
and the extension of the augmentation integration technique to cope with heterogeneous ir
schemas;

- he extension of both integration techniques to the integration of object-oriented methods.
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