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In a multidatabase system which consists of object databases, a global schema cre-
ated by integrating schemas of the component databases provides a uniform interface
and high level location transparency to help users retrieve data. The mapping between
the global and component object schemas is complicated due to schema restructuring
conducted to resolve various conflicts among component schemas before conducting
schema integration. This mapping information is important for global query processing.
In this paper, a mapping strategy is presented. A mapping equation is defined to denote
the mappings for attributes and object instances between a virtual class and its constitu-
ent classes. In addition, a mapping graph is used to describe the mapping equation.
Based on the mapping information, a mechanism for processing global queries in paral-
lel is introduced. One processing unit is responsible for decomposing the globa query
into subqueries against the component databases. To handle the effects of schema re-
structuring, preprocessing and postprocessing units are also provided for each local
DBMS. The results returned from component databases need to be integrated. The con-
cept of object isomerism, where a real-world entity is represented by more than one ob-
ject in different component databases, is considered for integrating query results.

Keywords: object database, multidatabase system, schema mapping strategy, global
query processing, object isomerism

1. INTRODUCTION

Because of the rapid development of computer networks and the need for data
sharing among multiple existing databases, issues related to heterogeneous database sys-
tems have become more and more important.  In a heterogeneous database system, the
autonomy of the component databases should be preserved. That is, the schemas and
data in each component database should be designed and manipulated independently.
In order to provide a uniform interface and high level location transparency so that users
can retrieve data, a global schema is usualy created by integrating component schemas
in the heterogeneous database system.
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A variety of approaches to schema integration for multidatabase systems have been
proposed [1-7]. Batini et al. discussed twelve methodologies for database or view inte-
gration [1]. Czejdo et a. used a language with a graphical user interface to perform
schema integration in federated database systems [8]. Schema and domain incompati-
bilities were considered in [8, 9] and [10]. Issues related to implementing schema inte-
gration tools were reported in [11] and [12]. In [13], for automation of much of the
integration process, tools for expressing similarities between structures in two schemas
were embedded within the view integration process. A formal semantic model for
specifying the correspondences between schemas was proposed in [14]. The integration
strategy based on the operational mapping was provided in [15] for integrating heteroge-
neous data management systems. Other approaches defined a set of operators used to
build avirtual integration of multiple databases or to customize virtual classes[16, 17].

In our previous work, we proposed a schema integration mechanism for deriving
global object schemas from multiple existing object databases [18]. We first define
corresponding assertions for the database administrator (DBA) to specify the semantic
correspondences among component schemas. Based on these assertions, integration
rules are designed, which use a set of primitive integration operators to perform the in-
tegration. The integration operators are used to virtually restructure or integrate the com-
ponent schemas, and the rules specify which integration operators should be applied in
which order in different situations.

The mapping between the global object schema and the component object schemas
is complicated due to schema restructuring for resolving various conflicts among com-
ponent object schemas before performing schema integration. The mapping informa-
tion isimportant for processing of a global query against the global schema. However,
most research on schema integration has not provided mapping strategies or query proc-
essing mechanisms for global queries, especially for the object data model. Class con-
structors for deriving view classes from underlying classes were provided in [6]. That
work also proposed techniques for decomposing a query into subqueries and materializ-
ing the result. However, only query processing for class hierarchies was considered.
Jeng et al. discussed query processing strategies for homogeneous distributed object da-
tabase systems, but no schema conflicts were considered [19]. A message-based ap-
proach used to retrieve data in class composition hierarchies [20] was proposed in [21]
but did not support the integration of results from subqueries.

In this paper, a strategy for mapping between global and component object schemas
isdiscussed. The mapping equation is used to denote mappings of attributes and object
instances between a virtual class and its constituent classes. Then, a mapping graph is
employed to represent a corresponding mapping equation.  For each class in the global
schema, an attribute mapping graph and an object mapping graph are constructed to store
the mapping information with component schemas. Via traversing mapping graphs, a
parallel globa query processing mechanism is introduced. Some processing units and
auxiliary units are provided for query processing. One processing unit is responsible
for decomposing a global query into the subqueries against the component databases.
To handle the effects of schema restructuring, preprocessing and post processing units
are also needed for each local DBMS. Both the class hierarchies and class composition
hierarchies are considered in the strategies for query processing. Finally, the results
returned from the component databases need to be integrated. In our query model, the
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concept of object isomerism is considered; that is, the results for a real-world entity from
different component databases are integrated to obtain a more informative query answer.

This paper is organized as follows. The next section presents some basic concepts
used throughout the paper and briefly introduces our previous work. The mechanism
for mapping between global and component object schemas is provided in section 3.
Section 4 presents strategies for processing a query against the global schema.  Finally,
section 5 concludes this paper and includes a discussion of future work.

2. BACKGROUND

2.1 Basic Concepts

Inheritance modéel In a class hierarchy, classes are linked according to the IS-A rela
tionships among them. There are two kinds of object inheritance models in a class hi-
erarchy. In one model, the objects in subclasses are also in their super class. Thus,
when a class is queried, all the objects in the class hierarchy rooted in the class are ac-
cessed. In the other model, the objects in a class are those objects which do not belong
to its subclasses. When a class is queried, only the objects in the class are accessed unless
some specia notation is specified in the query; in this case, al the objects in the class
hierarchy rooted in the class are accessed [22]. In this paper, we adopt the latter inheri-
tance model.

Concept of object isomerism In a multidatabase system, a real-world entity may exist in
different databases as different objects. We have discussed a strategy in [23] for finding
such objects, called isomeric objects. The data for these isomeric objects need to be
combined in query processing to provide complete information about the real-world en-
tity. Since the process of identifying the isomeric objects is time-consuming, it is unre-
distic to perform identification every time a global query is processed. In this paper,
we assume that isomeric objects have been determined. To each object in the multida-
tabase system is assigned a global object identifier (GOid), and the GOids for the iso-
meric objects are the same. It is easier to integrate the data of isomeric objects using
GOids. The object identifiers defined in a component database are called Oids. The
mappings among Oids and GOids are stored in the GOid mapping table. The process
of identification is executed periodically to identify isomeric objects for newly added
objects. The GOid mapping tables are also updated for each new identification.

We will use examples to show how the concept of object isomerism is applied to
provide complete information about a real-world entity. Fig. 1 shows the schemas for
class Person in DB; and class Person in DB;.  Since these two classes are semantically
equivalent, they are integrated to obtain a global class G-Person shown in the global
schema. Suppose a person P is represented by object pl in Person@DB;. If thereisan
object p2 in Person@DB; which also represents P, then p1 and p2 are assigned the same
GOid gl. Therefore, thedatain pl and p2 can be combined during query processing to
provide users with complete information about P, including its ss#, name, salary,
blood_type, and birthday.

Similarly, Fig. 2 shows the schemas for class Person in DB; and class Student in
DBy. Thereisan IS-A relationship in the semantics between these two classes. Thus, a
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class hierarchy is constructed between them. Moreover, Person@DB; and Stu-
dent@DBy are renamed G-Person and G-Student, respectively, in the global schema.
Suppose a student Siis represented by object sl in Student@DB,, and that there is an
object p3 in Person@DB; which also represents S, The GOid g2 is assigned to both sl
and p3. According to the global schema, an object in G-Student inherits attributes
from G-Person. By combining sl with its isomeric object p3 during query processing,
users can get complete information about S,

G-Person
Person@DB ; Person@DB; i
name
ss# s5# — salary
biood-type rame ﬁ/ biood-type
birth day satary biriday

Fig. 1. Class Person in Db, class Person in DB;, and global class G-Person.

G-Person
ss#
Person@DB, Student@D By biood-type
Dbirthday
ssE name
biood-iype school j
birikday depariment G-Student
name
sckool
depariment

Fig. 2. Class Person in Db, class Student in DBy, and the constructed global classes.

2.2 PreviousWork

The mapping strategy is based on the integration operators defined in our previous
work [18]. The resultant classes of these operations are called virtual classes. That is, no
actual data are stored for the resultant classes. The data of the resultant classes are de-
rived from the component databases and the mapping information. The attributes and
objects associated with the virtual classes are called virtual attributes and virtual objects,
respectively. For a virtual class C,, the classes involved in the operations used to con-
struct C, are called the constituent classes of C,. Each integration operator is briefly in-
troduced in the following. These integration operators can be categorized as class re-
structuring or class integration operators.

Class restructuring operators are used to virtually restructure the classes in a com-
ponent schema in order to resolve structural conflicts among component schemas. They
may virtually change the structure of the attributes in a class and the structure of a class
hierarchy. Note that the first five class restructuring operators are used to restructure the
attributes of a class. Also, al subclasses rooted in the class inherit the restructured attrib-
utes.

1. Refine (sour ce-class.new-attribute, constant-val ue)
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The Refine operator adds the new-attribute to the sour ce-class. In addition, to the val-
ue of the new-attribute is assigned the constant-val ue.

2. Hide (sour ce-class. hidden-attribute)

The Hide operator removes the hidden-attribute from the sour ce-class.

3. Rename (sour ce-class(.sour ce-attribute), new-name)

The Rename operator renames the source-class or the source-attribute in the
sour ce-class as new-name.

4. Aggregate (source-class.attribute-list, new-complex-attribute, new-domain-class)
The Aggregate operator aggregates a set of primitive attributes (attribute-list) in the
source-class into the new-complex-attribute. Moreover, a new virtual class
new-domain-classis created to form the domain class of the new-complex-attribute.
Fig. 3 shows the schemas of two databases, DB1 and DB2, in different schools.
They are used to store persona information of students. This figure is used for the
examples presented in this paper. When operation Aggregate Student@DB2. city,
street, no, address, V-Address) is performed, the set of primitive attributes city, street,
no is restructured to form a complex attribute address. Moreover, a virtual class
V-Address is constructed to form the domain class of address, whose values come
from the sets of values of city, street, no in Student@DB2. The resultant virtual
classes V-Student2 and V-Addressin DB2 are shown in Fig. 4(a).

Student
Student

Motorcycle ste-noe
e wame Blood-type
Hcense-no name
ownar Address Motorcycle blood-type iype
age = .
. vekicle availability
- i car-no
b-type iy city
address streat p-year sireet
deparsment no
no
C§-Student -
Graduate Undergraduate EE-Student
[Cewwr || | L
DB2
DE1

Fig. 3. Component schemas for DB1 and DB2.

Student

V-Student2 4 Blocd-type

Hype stu-no
sta-no availability name Blood-type
name ¥-Matorcycle Blood-type iyps
Motorcycle
\ biood-type V-Address vekicle availability
car-no
caruo .
vekicle ity pyear city
p-year . press
address straet owner 5 r:i
no
o vt FE-Stndent Cs-Student EE-Student
DB2 DB2

(a) (b)

Fig. 4. The resultant schemas for the Aggregate and Invert operations.
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5. Invert (sour ce-class, inverted-class.inverted-attribute, new-complex-attribute)
For the sour ce-class which is the domain class of the inverted-attribute in class in-
verted-class, the Invert operator adds the new-complex-attribute to the sour ce-class,
with inverted-class as its domain class. The new-complex-attribute is called the in-
verse of the inverted-attribute.
For example, the operation Invert (Motor cycle@DB2, Student@DB2. vehicle, owner)
constructs a virtual attribute owner in Motor cycle@DB2. For each object ol in Mo-
torcycle@DB2, the value of owner comes from the Oid of object 02 in Stu-
dent@DB?2 if the vehicle of 02 is 0l. If no such associated object exists in Stu-
dent@DB2, then the value of owner of ol isanull value. The resultant virtual class
V_Motorcycleis shownin Fig. 4(b).

6. Demolish (sour ce-class)
The division characteristic of aclassis defined as the property which distinguishes the
subclasses of the class.  We assume that there exists a division characteristic for each
class. The Demolish operator demolishes all the subclasses of the source-class and
adds all the attributes in the subclasses to the source-class. Moreover, a hew attrib-
ute which denotes the division characteristic of the class is aso added to the
source-class. The objects in the resultant virtual class come from source-class and its
subclasses. The added attribute is assigned a constant value for the objects in the
same subclass. The values in the new attribute denote which subclass an object comes
from.
After the operation Demolish (Student@DBL1) is applied, the resultant virtual class
V-Studentl in DB1 isthat shown in Fig. 5(a). The attribute degree, which is the divi-
sion characteristic of the class Student@DB1, is added, and its value is assigned as
“graduate” for the objects in Graduate@DB1 and as “undergraduate” for the objects
in Undergraduate@DB1.

V-Studentl
Motorcycle /
§-no
license-no name

V-Studentl

Motorceycle

$-no

license-no name
owner age Address
age
owner 8 / Address N btype
b-type .
P city address city
address street
street department
department no
e advisor
advisor

degree

degree

V-CS-Student

DB1 T
(a)

DB1
(b)

Fig. 5. The resultant schemas for the Demolish and Build operations.

7. Build (sour ce-class, new-class, predicate-clause)
The Build operator creates a subclass (new-class) of the sour ce-class, which contains
virtual objects satisfying the predicate-clause in the source-class. The predi-
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cate-clause is assumed to be a simple predicate on an attribute in the sour ce-class.
For example, the resulting schema for the operation Build (V-Studentl,
V-CS-Student, department = CS) isthat shown in Fig. 5(b).

After the restructuring process is performed, class integration operators are used to
virtually integrate classes from different component databases.

1. OUnion (sour ce-classl, sour ce-class2, new-class)
The OUnion operator integrates sour ce-classl and source-class2 into a virtual class
new-class. Only new-class will appear in the global schema.

2. Generalize (sour ce-classl, sour ce-class2, common-super class)
The Generalize operator creates the virtual class common-superclass, which is the
common superclass of source-classl and source-class2. Two more virtual classes
corresponding to sour ce-classl and sour ce-class2 produced as subclasses of the com-
mon-super classin the global schema.

3. Soecialize (sour ce-classl, sour ce-class2, common-subclass)
The Specialize operator creates the virtual class common-subclass, which is the com-
mon subclass of source-classl and source-class2. In addition, two more virtual
classes corresponding to source-classl and source-class?2 produced as the super-
classes of the common-subclass in the global schema.

4. Inherit (sour ce-subclass, sour ce-super class)
The Inherit operator builds the IS-A relationship between source-subclass and
source-superclass. The source-superclass is built as the superclass of the
sour ce-subclass. Two corresponding virtual classes are produced in the global
schema

Note that the database name is appended to the class names for the purpose of iden-
tification if the same class names exist in different component databases.

The integration rules provided in [18] comprise the major part that guides the
schema integrator as it performs schema integration. The process guided by the integra-
tion rules resolves conflicts among the attributes or class-hierarchies of the component
schemas. After that, the semantics-related classes in different component schemas are
integrated into virtual classesin the global schema.

3. A MAPPING STRATEGY
3.1 Mapping Equation

Attributes and object instances are the major components of a class. Thus, the
mapping information should include the mappings of attributes and object instances be-
tween a virtual class and the classes in the component schemas.  Attribute m_term and
object m term} represent the attributes and objects in a class, which are denoted by the
class name with subscript “a” or “0,” respectively. For example, attribute m termand t
attribute object m term for class Student@DB1 shown in Fig. 3 are denoted as Stu-
dent@DB1, and Student@DB1,, where Student@DB1,= {s no, name, age, . . . }and
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Student@DB1, contains all the objects belonging to Student@DB1. For each virtual
class, the m_terms denote the virtual attributes and virtual objects in this virtual class.
Therefore, the m_terms of virtual classes are called virtual m terms.  On the other hand,
the classes existing in the component databases are called actual classes, whose m_terms
are caled actual m_terms.

In the process of schema integration, virtual classes are produced after each integra-
tion operation. A mapping equation is used to represent the mapping between a virtual
class and its constituent classes. The left-hand side of a mapping equationisan m_term
of the virtual class. The right-hand side is a mapping expression, which consists of a
sequence of m_terms, for the constituent classes, connected by mapping operators. The
mapping operators are used to perform different kinds of combining operations among
m_terms.

In amapping expression, in addition to the actual m_terms and virtual m_terms, an-
other kind of m_term called a derived attributes may appear. A derived attribute is a
virtual attribute which is added to a class after class restructuring operations are per-
formed; examples are new-attribute in the Refine operator, new-name in the Rename op-
erator, and new-complex-attribute in the Aggregate operator. A derived attribute a’
associates with a deriving function (enclosed in a pair of square brackets), which is used
to represent the value or the source of the derived attribute. There are five deriving
functions, as discussed in the following.

e a’ [=c]: cisaconstant value. The notation denotes the constant value assigned to the
refined attribute &'

¢ &' [a]: aisan attribute name which denotes the old name for the renamed attribute a’.

e a [{ay, &, ..., an}]: A set of primitive attributes are listed, which denote the source
attributes for the complex attribute a” produced by the Aggregate operation.

e a' [(D.a)]: aisan attributein class D.  The notation represents the source of an attrib-
ute @, whichistheinverse of a and is produced by the Invert operation.

ed [Cla =dl,C2a =d2,...,Cn.a =dn]: CltoCn areclass names, and d1 to dn are
constant values. The notation denotes the values of the division characteristic attrib-
ute @’ when it is added due to the Demolish operation.

According to the kinds of operands they have, mapping operators are classified as
attribute mapping operators or object mapping operators as shown in Table 1. Four at-
tribute mapping operators can be performed on attribute m_terms.  Those attributes hav-
ing the same semantics in different component schemas [24] are assumed to be the same.
Alternately, eight object mapping operators are operated on object m_terms. In
particular, is applied to retrieve the data of the virtual objects in the new-domain-class
for the Aggregate operation. Therefore, each of projection result is considered a virtual
object and assigned a virtual Oid. For operations on U,, N, and —,, isomeric objects
should be treated as the same object. In addition, X v, Y means that the objects repre-
sented by X inherit the information from the objects represented by Y.

Among these mapping operators, Ua, Ma, Uo, Moy —o, aNd W, are for the m_terms
whose corresponding classes come from different component schemas. Therefore, they
are called external mapping operators. The other mapping operators are called internal

mapping operators.
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Table 1. The mapping operators.

Mapping operators |Semantics

attribute mapping operators

U Perform set-union on two sets of attributes defined in the same|
component schema.

- Perform set-difference on two sets of attributes defined in the
same component schema.

Ua Perform set-union on two sets of attributes defined in different
component schema.
N Perform set-intersection on two sets of attributes defined in dif-

ferent component schema.

object mapping operators

o Perform selection on a set of objects represented by an object
m-term

V4 Perform projection on a set of objects represented by an object
m_term.

v Perform set-union on two sets of objects in the same component
database.

- Perform set-difference on two sets of objects in the same com-
ponent database.

Uo Perform set-union on two sets of objects in different component
databases.

MNo Perform set-intersection on two sets of objects in different com-
ponent databases.

-5 Perform set-difference on two sets of objects in different com-
ponent databases

Wo Perform on two sets of objects in different component data-
bases.

Theresult of X g, Y contains the objectsin X.

Moreover, if the objects represented by X have isomeric objects
represented by Y, then the objects in X will contain the addi-
tional information in their isomeric objects.

The formal definition of the mapping equation is given as follows:

Attribute mapping equation:
<vir-att-m_term> = <a-m_expression>,

where the left-hand side is a virtual attribute m_term. In addition, the right-hand side,
<a-m_expression>, is an attribute mapping expression which is a sequence of attribute
m_terms connected by attribute mapping operators. All the attribute mapping operators
are |eft-associative and have the same precedence. However, parentheses can be used to
force grouping. <vir-att-m_term> and <a-m_expression> are defined by a BNF grammar
as shown below. The notations contained in < > are nonterminal symbols, and the
others are termina symbols:
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<a-m_expression> — <a-m_expression> | <a-m_expression> <a-m_op> <a-m_term>
<a-m_term> — <der-att-m_term> | <act-att-m_term> |
<vir-att-m_term> | (<a-m_expression>)
<der-att-m_term> — derived-attribute [ deriving-function ]
<act-att-m _term> — actual-class-name,
<vir-att-m_term> — virtual-class-name,
<a-m op> — U|—|Ual Ma.

Object mapping equation:

<vir-obj-m term> = <o-m_expression>,

where the left-hand side is a virtua object m term. The right-hand side,
<o-m_expression>, is an object mapping expression which is a sequence of object
m_terms connected by object mapping operators. The unary object mapping operators, o
and 7z, have higher precedence than the binary object mapping operators. In addition, the
unary operators are right-associative and have the same precedence. The binary opera-
tors are | eft-associative and have the same precedence. Furthermore, parentheses can also
be used to force grouping. <vir-obj-m term> and <o-m_expression> are defined by a
BNF asfollows:

<0-m_expression> — <o-m_factor> | <o- m_expression><o0-m_op2><o-m factor>
<o-m factor> — <o-m_term>| <o-m _op1><o-m term>
<0-m_term> — <act-obj-m_term> | <vir-obj-m_term> |
(<o-m_expression> | )
<act-obj-m_term> — actual-class-name,
<vir-obj-m term> — virtual-class-name,
<o-m_opl> — olx
<0-m_0p2> — U || Uo | Mol = | 1o

The situation <o-m_term> — ¢ will be explained in the next subsection.

Consider a mapping equation, in which each virtual m_term on the right-hand side
can be replaced by the right-hand side of its corresponding mapping equation enclosed in
apair of parentheses. After a sequence of replacements, we can get a mapping equation
with a virtual m_term on the left-hand side and only actual m_terms, derived attributes,
or ¢ on the righ-hand side. This means that we can get an equation to denote the mapping
between avirtual class and the actual classes in a component database.

Some useful properties among the internal object mapping operators o, 7, —, and U
are described in the following. These properties can be used for query transformation in
query processing.

e The commutativity and associativity properties of U
P1: m_exp, U m_exp; = m_exp; U m_exp;
P2: (m_exp; U m_exp;) L m_exp, = m_exp; U (M_exp; U m_expy).

e The distributivity property among v, o, r, and —
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P3: ay(m_expi U m_exp;) = (o, m_exp;) U (o, m_exp);

P4: z(m_exp w m_exp,) = (77 m_exp) U (@ m_exp);

P5: (m_exp; w m_exp;) — m_expx = (M_exp; — m_expy) U (m_exp; — m_expy);
P6: ay(m_exp — m_exp,) = (6, m_exp;) — (o, m_exp);

P7: z(m_exp; — m_exp;) = (7 m_exp;) — (7 m_exp;).

¢ An eqgivalence for degrading the — operation to o operation
P8: m_exp,— (o, m_exp) = o, M_exp

¢ Other equivalences among the internal object mapping operators
P9: m_expyx— (M_exp; U m_exp;) = m_exp, — m_exp; — m_exp;
P10: (m_exp; — m_exp;) U m_exp, = (M_exp; U m_exp,) — m_exp;
P11: op(7m m_exp) = 7z op m_exp;).

m_exp;, m_exp; and m_exp, shown above denote object mapping expressions which only
consist of internal object mapping operations.

3.2 Mapping Equationsfor Integration Operators

For an integration operator, the mappings between the produced virtual classes and
their constituent classes can be represented by mapping equations. The m_term of each
produced virtual class appears on the left-hand side of a mapping equation, with the
right-hand side being a mapping expression which consists of the m_terms of the oper-
ands involved in the operator. In the following, we will introduce mapping equations for
the virtual classes produced after each integration operation.

Classrestructuring operators:
e C’' = Refing(C.a, ¢)
Class C isrefined by an attribute a with a constant value ¢ in order to get a virtual class
C’. Them termsof C" are
C.=C,u{a[=d}, C’h=C,.
e C’ = Hide(C.a)

The attribute ain class C is hidden in order to get avirtual class C’. The m_terms of C’
are

Ca=Cy—{a}, C’;=C..

¢ C’ = Rename(C, C)
The Class C isrenamed in order to get avirtual classC’. Them_termsof C’ are

C'a=C, C'o=Co.

e C’ = Rename(C.a, &)
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The attribute a in class C is renamed to &’ in order to get a virtual class C’. The
m_termsof C” are

Ca=Cau{alal} -{a}, Ch=C,.

o C’ = Aggregate (C, {ay, ay, ..., an}, @, A)

The set of primitive attributes {a;, ay, ..., a,} in class C are aggregated to obtain a
complex attribute a’, which results in avirtua classC’. A new virtual class A is cre-
ated in order to get the domain class of &'. Since the added attribute a” should be inher-
ited by the subclasses in the class hierarchy H rooted in C, the virtual class A should
contain the virtual objects form the projection on {a;, a,, ..., a;} on the objectsin H.
To each object in the result of the project on {ay, a,, ..., a,} is assigned a virtual Oid.
Such avirtual Oid is useful when processing queries against the virtual class A. As
suming that classes C1 to Cn are the subclasses in the class hierarchy rooted in class C,
them_termsof C" and A are

C,a:CaU{a,[{aly a, ..., an}]} _{aly a, ..., an}1 C,0: C01
A.={a, &, ..., &}, Ap=Tay a,....5,(Cou ClL U ... UChy).

e C’'=Invert(C,D.a, &)
The attribute & is added to class C, where @’ is the inverse of attribute a, in order to get
avirtua classC’. Them_termsof C" are

Ca=Cyu{al(D.a)l}, C’o=Co.

e C’ = Demolish(C)
The subclasses of class C are demolished in order to get avirtua class C’. Assume that
classes C1 to Cn are the subclasses of C, that @ is the division characteristic of C, and
that d1 to dn are the values assigned to & for the objectsin C1 to Cn, respectively. The
m_terms of C” are

Ca=CiuCluC2,u..uCnyu{a[Cla =dl,C2a =d2, ...,Cna =dn]},
Cy=C,uCl,uC2,u ... uCn,.
e C’=Build (C, Sub_C, p)
A new virtua class Sub_C is created from C, in which all the virtual objects satisfy the
predicate p. Furthermore, another virtual class C’ corresponding to C is created. The
m_termsof Sub_C and C’ are
C'a=C, Co=Co- (O-pCo)’
Sub_C,=C,, Sub_C, = g,Co.

By observing the object mapping equations for class restructuring operators, the
following properties can be found.



QUERY PROCESSING ON MULTIPLE OBJECT DATABASES 293

P12: U isthe only object mapping operator used to combine different object m_terms as
shown in the object mapping equations for Aggregate and Demolish operators.

P13: The object mapping operator — is only used in the mapping equation for class C’
produced in the Build operator.

These properties will be used in the next section in strategies for global query processing.
Classintegration operators.

¢ OUnion(C1, C2, GC)
Class C1 and C2 are ounioned. Only a virtual class GC is created. The m_terms of
GC are

GC,=C1,u, C2,, GC,=C1,, C2,.

e Generalize(C1, C2, Super_C)
Class C1 and C2 are generalized in order to produce a virtual class Super_C as their
common subclass. In addition, two virtual classes C1” and C2’ are created, correspond-
ing to classes C1 and C2, respectively. Them_termsof C1’, C2" and Super_C are

Super_C,=C1,n,C2,, Super_C, =g,
C1,=C1,, C1,=C1,,
C2,=C2, C2,=C2,.

¢ denotes an empty object set.  According to the inheritance model adopted in this pa-
per, class Super_C contains objects which do not belong to class C1’ or C2".  Thus, to
the object m_term of Super_C isassigned ¢.

e Secialize(C1, C2, Super_C)
Class C1 and C2 are specialized in order to produce a virtual class Sub_C as their
common subclass. In addition, two virtua classes C1” and C2’ are created, correspond-
ing to classes C1 and C2, respectively. Them_termsof C1’, C2" and Sub_C are

Sub_C,=C1,uU,C2, Sub_C, = C1,n, C2,,
C1,=Cl, C1,=C1,—, Sub_C,,
C2,=C2, C2,=C2,—, Sub_C,.

e Inherit(C1, C2)
Class C1 is specified as a subclass of class C2, and the attributes of C2 are inherited by
Cl. Two Cl and C2 are created, corresponding to classes C1 and C2, respectively,
wehere C2’ isthe superclassof C1’. Them_termsof C1’, C2' are
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C1,=C1,uU, C2, C1,=C1, ¥, C2,,
C2,=C2, C2,=C2,—, Cl,.

If the objects in C1 have isomeric abjects in C2, then the values of the newly inherited
attributes from C2 are taken from C2 and integrated in C1’.  The inherited attributes are
filled with null values for the other objectsin C1'.

Note that the mapping equations for the virtual classes created by the class restruc-
turing operators only contain the internal mapping operators. Similarly, for the class in-
tegration operators, the mapping equations for the created virtual classes only contain the
external mapping operators. These properties will be used in the next subsection.

3.3 Mapping Graph

Each virtual m_term can be transformed into a mapping expression exp.,, which is a
sequence of actual m_terms or derived attributes connected by mapping operators. The
expm, can be represented by a mapping graph. The mapping graph is similar to the ex-
pression DAG (directed acyclic graph) used in a compiler [25]. It is a generalized bi-
nary tree structure in which a node may have more than one parent. Any node that has
no child nodes is a terminal node; the terminal nodes in a mapping graph are actual
m_terms or derived attributes. The nodes which are not terminal nodes are called non-
terminal node N can be labeled with a virtual m_term m; this indicates that the expres-
sion represented by N is the mapping expression for m.  Among the nonterminal nodes,
any node which has no parent node is aroot node.

For each global class, an object mapping graph and an attribute mapping graph are
constructed. The root nodes in the mapping graphs are labeled using the m_terms of the
global class. The mapping graphs of avirtua class C, which is produced in the integra-
tion process are subgraphs rooted in the nonterminal nodes labeled using the m_terms of
C..

According to the integration rules proposed in [18] and the properties stated in sec-
tion 3.2, the internal mapping operators are performed before the external mapping op-
erators in a mapping expression. Thus, nodes representing internal mapping operators
will be located below the nodes representing external mapping operators in a mapping
graph.

3.4 Example

We will consider here the previous example shown in Fig. 3 to explain the mapping
strategy. The two component schemas are integrated using the class restructuring and
class integration operators as follows. Those classes whose names begin with V- are the
virtual classes produced in the integration process, and those whose names begin with G-
are thefinal global virtual classes.

1. Integrate Student@DB1, Student@DB2 and their subclasses:
V-S1 = Demolish (Student@DB1);
V-S2 = Invert (V-S1, Motor cycle@DB1.owner, vehicle);
V-S3 = Aggregate (V-S2.{ b-type}, blood-type, V-B1);
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V-S4 = Refine (V-S3.schoal, “NTHU");
V-S5 = Build (V-$4, V-CS-S1, “department=CS");
V-S6 = Build (V-S5, V-EE-S1, “ department=EE");

V-S1
V-S2
V-S3

OUnion (Address@DB1, V-Al’, G-Address);
V-B1’ = Rename (Blood@DB2.type, b-type);
OUnion (V-B1, V-BY’, G-Blood-type).

2. Integrate M otor cycle@DB1 and M otor cycle@DB2;
V-M1" = Invert (Motor cycle@DB2, Student@DB2.vehicle, owner);
V-M2’ = Rename (V-M 1, car-no, license-no);
OUnion (Motorcycle@DB1, V-M2', G-Motorcycle).

Aggregate (Student@DB2.{ city, street, no}, address, V-AlY);
Rename (V-S1’.stu-no, s-ho);
Refine (V-S2’. schoal, “NCTU");
OUnion (V-S6, V-S3', G-Student);
OUnion (V-CS-S1, CS-Student@DB2, G-CS-Student);
OUnion (V-EE-S1, EE-Student@DB2, G-EE-Student)

295

The constructed global schema is shown in Fig. 6. Furthermore, the m_terms of V-S6

and V-S3’ are those listed below:

V-6, = (Student@DB1, U Graduate@DB1, U Under graduate@DB1,)

G-Motorcycle

G-Student

license-no
owner

p-year

G-CS-Student

[

s_no
name
age
blood-type
address |
vehicle
department
advisor
degree
school

%

G-Blood-type

b-type
availability

I G-Address

city
Street

no

\\ G-EE-Student

L]

Fig. 6. The constructed globa schema.

— Otepartment=cs (Student@DB1, U Graduate@DB1, U Under graduate@DB1,)
— Otepartment=e€ ((Student@DB1, U Graduate@DB1, U Under graduate@DB1,)
— Otepartmen=cs (Student@DB1, U Graduate@DB1, U Under graduate@DB1,)).

V-S6, = (Student@DB1, v Graduate@DB1, U Undergraduate@DB1,)

U { degree [Graduate.degree = graduate, Under gr aduate.degree = undergraduate] }
w {vehicle [(M otorcycle@DB1.owner)]} w {blood-type [{ b-type} ]} — { b-type}
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w {school [=NTHU]}.
V-S3', = Student@DB2,,
V-S3', = Student@DB2, U {address [{city, street, no}]} — {city, street, no} U {s-no
[stu-no]} — {stu-no} U {school [= NCTU]}.
The mapping graphs for the virtual class G-Student constructed in the global
schema are shown in Fig. 7. Note that the parentheses around the mapping expressions

are not shown in the mapping graphs because the precedence of each operator is repre-
sented by the tree structure.

object mapping graph: attribute mapping graph:
G-Student, G-Student,
Uo Ua
7N ug
/‘ \_ Student@DB2, _7 M schoo=NTHU}} U\
~
__—— Udepartment=EE U {b-type} —\schoa!{:NCTU]}
~ /" blood-typel{b-type}]}
/U N stu-no}
Odepartment=CS U {vehicle[(Motorcycle.owner)]} U
~
u / / { degree{Graduate.degree=graduate, L {s-nofstu-no]}
/ \ / \Undergraduatmdegrce:ungergrudunce]}/ WC“W street, no}
U y )
/U\ Undergraduate@DB1, ./ \\ Undergraduate@DB1, / “address[{ city, street, no}]}
Student@DB1, Graduate@DB1, Student@DB1, Graduate@DB1, Student@DB2,

Fig. 7. The mapping graphs for class G-Student.

4. GLOBAL QUERY PROCESSING

In this section, we will discuss strategies for processing global queries against the
global schema, which include decomposing a global query into executable subqueries for
local DBMSs and integrating the results of these subqueries. The format of global que-
riesis similar to that used in XSQL [22]. A query consists of three parts: Select, From
and Where clauses as shown below:

Select  <target attributes>,
From  <range classes>,
Where  <predicate clause>,

where the predicate clause is assumed to be in conjunctive form.

We will discuss global query processing based on the assumption that the result of a
query is represented as a table with attribute Oid and the complex attribute storing the
Oid values of the associated objects. Some query processing may need to join the com-
plex attribute with the Oid attribute of another class, and some may need to join the Oid
attributes of two classes. Data inconsistencies among component databases will not be
discussed in this paper.
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4.1 The Flow of Global Query Processing

The flow of global query processing is shownin Fig. 8. There are four main proc-
essing units, which are depicted by ellipses. There is one query decomposer, one result
integrator, and a pair of consisting of alocal preprocessor and local postprocessor for
each local DBMS. The bold lines with arrows show the flow of the query and the re-
sult.

First, the global query against the global object schema is sent to the query decom-
poser. The query decomposer is responsible for checking if the global query needs to be
decomposed into severa subqueries, each against a single component database. Then,
the subqueries are sent to the local preprocessors of the corresponding loca DBMSs.
The range class in the query sent to the local preprocssor may be a virtual class con-
structed from more than one actual class. In this situation, the local preprocessor needs
to further decompose the query into subqueries whose From clauses contain a single ac-
tual class. Moreover, it has to process the derived attributes in the Select and Where
clauses in order to produce executable queries for the local DBMS. The local postpro-
cessor has to integrate the results of the subqueries which are produced by the local pre-
processor. Before the result is returned to the result integrator, the derived attributes
appearing in the Sdlect clause whose values cannot be obtained from the local DBMS
should be processed. Finally, the result integrator integrates the results from the local
postprocessors to get the final result.

Global Query Final Result

Mapping

.>

Delnety )< Information - = (Tecult Integrator
Server A
r A S 7
/ ’ N7
Vi ”n
I, Global-Oid Vé \
e e e y Mapping 4 LI )

other Local Server Tocal other
Local Preprocessors Preprocessor Postpr ocessor Local Postprocessors
\ L B L B ﬁ

Local
DBMS

/

Fig. 8. The flow of global query processing.

In addition to the processing units, two auxiliary units are provided, which are de-
picted by rectangles. The mapping information server stores the mapping graph for
each virtual class in the global schema. The mapping and the type or scale conversion
functions for attributes having the same semantics in different component schemas are
also provided. Moreover, function V_to O( ) is used to assign an associated virtual Oid
to the result of a projection. The Global-Oid mapping server manages the GOid map-
ping table. Function L_to G( ) is used to find the corresponding GOid of an object
when an Oid is specified. The dashed lines with arrows show the auxiliary units used
by the processing units.
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4.2 Srategiesfor Global Query Processing

The details of the four main processing units will be introduced in this subsection.
However, due to page limitations, for detailed algorithms, please refer to [26].

4.2.1 Query decomposer

The tasks involved in query decomposition are divided into two phases: QD_1 and
QD_2. Inphase QD_1, if more than one range class is specified in the From clause for
explicit joins [27], the globa query should be decomposed into subqueries, each con-
taining a single range class. Moreover, a modified global query for processing explicit
joins on the results of the subqueries needs to be constructed. After phase QD_1 is
completed, although only one range class is contained in each subquery, the range class
may be a virtual class consisting of actual or virtual classes in different component
schemas. Therefore, the task of phas QD _2 isto check the object mapping graph of the
range class for each subquery produced during phase QD _1 and to perform further de-
composition if possible.  After the query decomposer finishes its work, the range class
of each resultant subquery should be an actual or virtual class located in a single compo-
nent databases. Then, the subqueries are sent to the local preprocessors of the corre-
sponding local DBM Ss.

Phase QD _1:

If only one range class is specified in the From clause of the global query, then phase
QD_1isskipped, and the global query is passed on to be processed in phase QD_2. Oth-
erwise, suppose there are n range classes.  Let each range class be denoted by R;, 1 <i <
n. For each R;, P; denotes its associated predicates in the Where clause, which connected
by and, and S denotes its associated target attributes. In addition, the predicates for
processing explicit joins are called explicit join predicates. The attributes belonging to
R; and appearing in explicit join predicates are denoted by J.. Then, the global query is
decomposed into n subqueries. Theith subquery is shown asfollows, where 1 <i <n;

Select Sl Jiy
From Ri,
Where P,

Moreover, the global query is modified to obtain the following, where t; denotes the
table for storing the result of the ith subquery:

%a:t S.IJ&! "'YSH
From ty,to, .0, th
Where  explicit join predicates.

The modified global query is sent to the result integrator and will be used to inte-
grate the results of the subqueries.

Phase QD _2:
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Suppose the subquery produced during phase QD_1 is denoted as:

Sect S
From R,
Where P.

Then the object mapping graph of R istraversed from itsroot. When an external object
mapping operator is visited, we know that R is created by integrating two actual or vir-
tual classes from different component databases. Let LC, and RC, denote the left and
right operands of the external mapping operator, respectively. Two subqueries are then
constructed as follows:

Sdect S Slect  §
From LC, and From RC,
Where P, Where P.

The results of these two subqueries are then integrated in the result integrator to ob-
tain the result of the original query. The subqueries are further decomposed by calling
algorithm QD_2 recursively until no external mapping operator can be visited. That is,
each From clause in the newly constructed subqueries contains an actual class or avirtual
class defined in a single component database. These subgueries are sent to the local
preprocessor of the associated component database.

4.2.2 L ocal preprocessor

The range class of the subquery sent to a local preprocessor is an actual class or a
virtual class produced by the class restructuring operations. If the range class is a vir-
tual class constructed from more than one actual class, the local preprocessor has to fur-
ther perform a subquery on each actual class. Moreover, it has to process the derived
attributes in the Select and Where clauses in order to produce executable queries for the
local DBMS. These queries are then sent to the underlying local DBMS for execution.
The tasks of the local preprocessor are performed in the three phases described below.

Phase LPR_1:
Let the query sent to phase L PR_1 be denoted as:

Select S
From C,
Where P.

The object mapping subgraph rooted in the m_tern if C is checked. The object
mapping expression represented by the mapping subgraph is a sequence of internal ob-
ject mapping operations composed of U, o, 7z, and/or — operations.

According to property P13, the only situation in which the internal object mapping
operator — appears in our mapping model is that shown on the left hand side of property
P8 (produced after a Build operation). Therefore, al the — operations in the mapping
expression can be degraded to o operations according to property P8.
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From property P12, if there is a sequence of L operations in the resultant expression,
then the range class C must have been constructed from more than one actual class.
According to P3 and P4, the mapping expression is transformed into a sequence of
subexpressions linked by the U operator. Each subexpression contains a single actual
m_term corresponding to a terminal node. The resultant subexpression is, thus, only
composed of oand/or roperations. A subguery is then constructed for each subexpres-
sion.

Suppose the ith subexpression is denoted as 7S5 Sy s, Opiz Opiy - Opiy Ci,. Giis
specified as the range class, which is the associated attud class of Co. Piys Piys .-, and p;,
are added to the Where clause as predicates and are combined with boolean and opera-
tions. As mentioned previously, zis used to retrieve the virtual objects produced after
the Aggregate operation. Therefore, s, S, ..., S, are added to the target attributes for
retrieval of values from the underlying DBMS. The constructed subquery for the ith
subexpression is

Sdect S S1, S2, ..., Sm,
From Ci,
Where Pand p;, and p;, and ... and p;,.

Phase LPR_2:

For each subquery producedi n phase LPR_1, the Select and Where clauses need to be
modified if different derived attributes are specified in the subquery. The derived at-
tributes in the query are processed in phase LPR_2. Let the query submitted to phase
LPR_2becaled q. The derived attributes can be recognized by referring to the attrib-

uted mapping graph.

1. attribute @ is a Refined or division characteristic attribute

The value of attribute &’ is the constant value in its deriving function.  If a’ appearsin

the Where clause of g, then let p” denote an associated predicate. Each p’ is evalu-

ated by checking its constant value:

(2) If p’istrue, then p’ isremoved from the predicate clause.

(2) If p’ is fase, then the whole predicate clause is false no matter what the other
predicates are. q is eliminated without the need for it to the result integrator.  If &
is specified in the Select clause of g, then it is removed because its value is not re-
trievable from the underlying DBMS.  Such value will be appended to the result
in the postprocessor.

2. complex attribute &’ produced by an Invert operation

For query q, let P denote the predicates, and let T denote the target attributes, which

contain a nested attribute rooted at &'. Since & isavirtua attribute, P and T cannot

be processed directly by the local DBMS, so they are removed from g. Let attribute

D.a be the inverse of & (that is, the domain class of & is D). Thisimplies that the

nested attributes rooted at &’ come from the attributes of D. Therefore, an additional

new subquery should be constructed on D for retrieving T and evaluation P. Let P’

and T’ denote P and T, respectively, after the path expression “a’. X" is replaced with X.

The new subquery is
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Slect T, a,
From D,
Where P

Not that D.a is retrieved such that the results of the new subquery and g can be inte-
grated later. (In this case, the Oid of the range class of g must also be retrieved.)

3. attribute &’ produced by an Rename operation
Let the deriving function of a’ be [a]. The attribute a” should be replaced with the
old name a when a’ existsin the Select and/or the Where clause of .

4. complex attribute a” produced by an Aggregate operation
The path expression &'. g is replaced with the primitive attribute a;, where a; is one of
primitive attributes specified in the deriving function of . The replacement action
is performed when @’ exists in the Select and/or the Where clause of g.

Phase LPR_3:

The attributes of a global class are the union of the attributes belonging to its constituent
classes. An attribute appearing in the global class may not be defined in a constituent
class, in which case it is called a missing attribute of the constituent class [28]. Let the
query passed to phase LPR_3 be denoted by q. Predicates involving missing attributes
of the range class are called unsolved predicates. The missing attributes and the
unsolved predicates should be removed from the Select clause and the Where clause, re-
spectively, since they cannot be processed by the underlying DBMS. If the missing
attributes appear in the Where clause, the result of q will be marked with maybe result
[29] because the unsolved predicates are not evaluated. Otherwise, the result will be
certain result. The data for the isomeric objects need to be combined in the result inte-
grator to provide complete information about the isomeric objects. Therefore, the Oid
isalso specified in the Select clause for integration of isomeric objects later.  The maybe
result of g may be changed into a certain result due to the integration of isomeric objects.
In [30], we studied global query processing that involves missing attributes.

4.2.3 L ocal postprocessor

Suppose the results of queries sent from a local preprocessor to the local DBMS
have been returned to the local postprocessor. There are two phases of tasks to be per-
formed in the local postprocessor, and they are called LPO_1 and LPO_2. Phase
LPO_1isresponsible to processing the results if the derived attributes appear in the as-
sociated queries. The results of the subqueries, which are constructed in phase LPR_1,
areintegrated in phase LPO_2.

Phase LPO _1:
Given a query result r, suppose its associated query is q. Further processing on r is
needed in the following situations.

1. q has a subquery q” for processing the derived attribute a” generated by an Invert op-
eration. Let the result of g” be denoted by r’. If &’ appears in the Where clause of q,
then r and r” will be joined over the join attributes Oid and a, respectively. If & is
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only specified in the Select clause of g, then a left outer join from r to r” will be per-
formed.

2. q has target attributes which are Refined or division characteristic attributes. The
values of these attributes cannot be retrieved form the local DBMSs. Therefore, the
values obtained from the associated deriving function are appended to the result. Itis
necessary to convert the attribute values so that they are of the data type shown in the
global schemawhen necessary.

3. q hastarget attributes s;, s, ..., Sy as aresult of the Aggregate operator that appearsin
phase LPR_1. For each result tuple which represents the value of a virtual object,
the attribute values of sy, s, ..., Sy will be used by function V_to_O() to assign a vir-
tual Oid. These Oids may be used to obtain further information from their isomeric
objects.

4. If g has unsolved predicates, then r is marked with amaybe result. Otherwise, r isa
certain result.

Phase LPO_2:
The union operator is used to integrate the results of subqueries constructed in phase
LPR_1. Then, the results are returned to the result integrator.

4.2.4 Result integrator

For integration of the results of subqueries produced by the query decomposer, there
are two phases of processing in the result integrator. The first phase, phase RI_1, is
responsible for integrating the results of subqueries constructed in phase QD _2. In addi-
tion, the second phase, called RI_2, executes the modified global query constructed in
phase QD _1.

PhaseRI_1:

Each object o0 in the maybe result can be turned into a certain result if itsisomeric objects

satisfy the associated unsolved predicates. This situation can be stated by the following

two conditions.

(1) The missing attributes A, involved in the query used to obtain o exist in another
component schema &,

(2) The isomeric objects of o are also in the result returned from the component database
with schema &,

The maybe result is eliminated when the first condition is satisfied and when its iso-
meric objects exist but are not in the result of the subqueries. For more details about
global query processing concerning missing attributes, please refer to [30].

The order for integrating the results of subqueries is the opposite of the order for
constructing subqueries in phase QD_2. Let a query qgq, have two subqueries gl and
g2 constructed in phase QD_2. This implies that the range class of q1 and g2. O, is
used to decide o the best way to integrate the results of these two subqueries in order to
obtain the result of qq. Let crl and cr2 denote the certain results of g1 and g2, re-
spectively. In addition, mr1 and mr2 are used to denote the maybe results. In the
following, different ways of integrating the results are presented. Note that the join
atribute is the associated GOid of the Oid for the result.
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e casel: O =,
<certainresult>=crl s cr2,
<mayberesult>=mrl = mr2,

where = isan outer join.

e case2: O =,
<certainresult>=crl X cr2,
<mayberesult>=mr1 x mr2,

where X isajoin.

e case3: O =—
<certainresult>=crl—(cr2 X cr2),
<mayberesult>=mrl1- (mr2 X mr2),

where X isan semijoin.

e cased: O =Wo
<certainresult>=crl s< cr2,
<mayberesult>=crl p< cr2,

where b< isaleft outer join.

PhaseRI_2:
If amodified global query was sent from phase QD _1, this modified global query is exe-
cuted to get the final resuilt.

4.3 Example

In the following, based on the global schema constructed in the previous example, a
query is given to illustrate the procedure for global query processing. Consider query Q:
“Retrieve the name, school, and the availability of the blood type of the graduate students
living in Taipei, who are younger than 30 years old and whose motorcycles were pro-
duced after 1990.” Q isshowninFig. 9(a).

When Q is processed by the global decompose, phase QD_1 is skipped because no
explicit join exists in Q. Phase QD_2 examines the mapping graph of the range class
G-student. The external mapping operator U, appearing in the mapping graph shows
that G-student is constructed from V-S6 and V-S3’, which come from different compo-
nent databases. Thus, Q is decomposed into Q1 and Q2 as shown in Fig. 9(b) and Fig.
9(c), and is sent to the preprocessors of DB1 and DB2, respectively.

Q: Sdect  name, school, blood-type.availability
From  G-Sudent
Where degree= graduate  and age < 30
and address.city = Taipei
and vehicle.p-year > 1990
@
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Ql: Sdlect
From
Where

Q2 Sdect
From
Where

Q1-1: Sdect
From
Where

Q1-2: Sect
From
Where

Q1-3: Sdect
From
Where

Fig. 9. The global query and the subqueries produced during processing.
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name, school, blood-type.availability
V-S6

degree= graduate  and age < 30
and address.city = Taipei

and vehicle.p-year > 1990

(b)

name, school, blood-type.availability
V-S3

degree= graduate  and age < 30
and address.city = Taipei

and vehicle.p-year > 1990

(©

name, school, blood-type.availability
Sudent@DB1

degree= graduate  and age < 30
and address.city = Taipei

and vehicle.p-year > 1990

and department # CS

and department # EE

(d)

name, school, blood-type.availability
Graduate@DB1

degree= graduate  and age < 30
and address.city = Taipei

and vehicle.p-year > 1990

and department # CS

and department # EE

(€

name, school, blood-type.availability
Unergraduate@DB1

degree= graduate  and age < 30
and address.city = Taipei

and vehicle.p-year > 1990

and department # CS

and department # EE

()
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Q1-2-1: Sdect  Oid, name
From Graduate@DB1
Where age<30
and address.city = Taipei
and vehicle.p-year > 1990
and department # CS
and department # EE

(9)

Q1-2-2: Sclect  owner
From  Motorcycle@DB1
Where  p-year >1990

(h)

Q2-1: Sdect  Oid, name, blood-type.availability
From Sudent@DB2
Where  vehicle.p-year >1990
and city = Taipei

0]
Fig. 9. (Cont’d) The global query and the subqueries produced during processing.

The preprocessor in DB1 isresponsible for processing Q1. From the U operations
performed on Sudent@DB1,, Graduate@DB1,, and Under graduate@DB1, as shown
in the object mapping graph, we know that V-S6 is a virtual class consisting of three ac-
tual classes. Therefore, additional decomposition of Q1 is needed in phase LPR_1.
The object mapping expression which is used to represent the object m-term of V-S6
requires some transformation to get a sequence of subexpressions connected by U opera-
tions asfollows.

V-S6, = (Sudent@DB1, U Graduate@DB1, U Undergraduate@DB1,)
— Oueparment=cs (Student@DB1, u Graduate@DB1, U Under graduate@DB1,);
— Oyepartment=e€ ((Student@DB1, U Graduate@DB1, w Under graduate@DB1,);
— Oepartmen=cs (Student@DB1, U Graduate@DB1, u Under graduate@DB1,)).
= Ogeparment=£€ ((Student@DB1, U Graduate@DB1, w Under graduate@DB1,);
— Oyepartmen=cs (Student@DB1, U Graduate@DB1, v Under graduate@DB1,));
= Oyepartment=CS and departmentee (Student@DB1, U Graduate@DB1, u Under-

graduate@DB1,);

= Odepartment=CSand department=EE Student@DB1,)
o (O-departrr‘entzCS and department=EE Gr aduate@D Blo)
U ( Oepartment=Csand department-ee Under graduate@DB1,).

Then, the three subqueries Q1-1, Q1-2, and Q1-3 against classes Sudent@DB1,
Graduate@DB1 and Under graduate@DB1 can be constructed as shown in Figs. 9(d),
9(e), and 9(f), respectively. In phase LPR_2, the derived attributes in the Select and
Where clauses are then considered. In order to process a predicate involving the divi-
sion characteristic attribute degree, the value in the deriving function is checked. Q1-1
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and Q1-3 can, thus, be eliminated, and the predicate “ degree = graduate” in Q1-2 is true
and can be removed. The refined attribute school in the Select clause is also removed
because its value will be appended to the result in the postprocessor. A new subquery
Q1-2-2 is constructed against M otorcycle@DB1 as shown in Fig. 9(h) so that the predi-
cate on the derived attribute vehicle.p-year can be processed. Then, the predicate for
vehiclep-year is removed from Q1-2. Findly, the target attribute
blood-type.availability, which is a missing attribute, is removed from Q1-2 in phase
LPR_3. In addition, Oid should be appended to the Select clause in Q1-2 for further
result integration. Q1-2 is modified to obtain Q1-2-1 as shown in Fig. 9(g). Both
Q1-2-1 and Q1-2-2 are submitted to DB1 for execution.

Now, we will consider local preprocessing for Q2. V-S3’ is constructed from only
one actual class Student@DB2. Thus, no further decomposition is needed in phase
LPR_1. Only the range class is replaced with Sudent@DB2. In phase LPR_2, the
refined attribute school is removed from Q2. Then, the path expression address.city
which is produced from the Aggregate operation is replaced with city. The predicates
for the missing attributes degree and age in Q2 are removed in phase LPR_3 because
they are not defined in Sudent@DB2. Moreover, the result of Q2 is marked with a
maybe result. Finally, Oid also needs to be added to the Select clause. Q2 is modified
to obtain Q2-1 as shown in Fig. 9(i) and is submitted to DB2 for execution.

After the subqueries sent to the local DBM Ss are executed, the results are sent back
to the corresponding postprocessors. The postprocessor of DB1 joins the results of
Q1-2-1 and Q1-2-2 over the joining attributes Oid and owner in phase LPO_1 to get the
results of Q1-2. Then, the constant value “NTHU” for the attribute school and null
values for the missing attribute blood-type.availability are appended to the results of
Q1-2. Since the results of Q1-1 and Q1-3 are empty sets, the results of Q1 are the results
of Q1-2 after the processing of phase LPO_2. Similarly, the postprocessor of DB2 ap-
pends the constant value “NCTU” for the attribute school to the results of Q2-1 in phase
LPO_1. Then, the results of Q2 are obtained. Finaly, the results of Q1 and Q2,
called r1 and r2, are returned to the result integrator.

Since the results in r 2 are maybe results, their isomeric objectsin r1, which are cer-
tain results, should be checked. The function L-to-G() is used to identify isomeric ob-
jects which have the same GOid. For each objec inr2, if itsisomeric object isinrl, it
can be turned into a certain result.  If itsisomeric object can be found in DB1 but is not
in r1, then this maybe result is eliminated from the results. Otherwise, it remains as a
maybe result. Therefore, the certain result cr2 and maybe result mr2 of r2 are obtained
after processing in phase RI_1. Findly, the certain result of the global query isrl
cr2. Sincethereisno mayberesultin r1, the global maybe resultismr2. Phase Rl _2
is omitted because no explicit join is specified in query Q.

5. CONCLUSIONS

The mapping information between a global schema and its associated component
schemas is important when a global query against the global schema is processed. In
this paper, we have extended our previous research on integrating multiple object sche-
mas to consider mapping information and query processing strategies. The mapping
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equation has been defined and used to denote the mappings of attributes and object in-
stances among a virtual class and its constituent classes. In addition, a mapping equa-
tion is described by a mapping graph. These mechanisms provide mapping information
between the global and component object schemas. The query processing flow for the
global query based on the localized approach has been presented. Based on mapping
information, strategies for query decomposition and result integration have been dis-
cussed. Moreover, preprocessing and postprocessing units have been provided to en-
able each local DBMS to handle virtual classes and virtual attributes produced in schema
restructuring.  Finally, the concept of object isomerism has been applied to derive more
informative query answers.

There are many ways to decompose a global query; thus, many different query exe-
cution plans can be produced. In this paper, we have only provided one way to decom-
pose a global query. For adefined cost model, query transformation based on the esti-
mated cost can provide a method to find an efficient query execution plan. Alterna
tively, increased intersite parallelism can reduce the response time of query processing.
The query optimization strategies will be subjects of future research.

REFERENCES

1. C. Batini, M. Lenzerini, and S. B. Navathe, “A comparative analysis of methodolo-
gies for database schema integration,” ACM Computing Surveys, Vol. 18, 1986, pp.
323-364.

2.Y. Breithart, P. L. Olson, and G. R. Thompson, “Data integration in a distributed het-
erogeneous database system,” in Proceedings of IEEE Second International Confer-
ence on Data Engineering, 1986, pp. 301-310.

3. U. Dayal and H. Y. Hwang, “View definition and generalization for database integra-
tion in amultidatabase system,” |EEE Transactions on Software Engineering, Vol. 10,
1984, pp. 628-644.

4.S. M. Deen, R. R. Amin, and M. C. Taylor, “Data integration in distributed data-
bases,” |EEE Transactions on Software Engineering, Vol. SE-13, 1987, pp. 860-864.

5.R. Elmarsi and S. Navathe, “Object integration in logical database design,” in Pro-
ceedings of IEEE First International Conference on Data Engineering, 1984, pp.
426-433.

6. M. Kaul, K. Drosten, and E. J. Neuhold, “View system: integrating heterogeneous
information bases by object-oriented views,” in Proceedings of IEEE Sxth Interna-
tional Conference on Data Engineering, 1990, pp. 2-10.

7. M. P. Reddy, B. E. Prasad, P. G Reddy, and A. Gupta, “A methodology for integra-
tion of deterogeneous databases,” |EEE Transactions on Knowledge and Data Engi-
neering, Vol. 6, 1994, pp. 920-933.

8. B. Czegjdo, M. Rusinkiewicz, and D. W. Embley, “An approach to schema integration
and query formulation in federated database systems,” in Proceedings of IEEE Third
International Conference on Data Engineering, 1987, pp. 477-484.

9.L. G DeMichiel, “Resolving database incompatibility: an approach to performing
relational operations over mismatched domains,” IEEE Transactions on Knowledge
and Data Engineering, Vol. 1, 1989, PP. 485-493.



308 JA-LING KOH AND ARBEE L. P. CHEN

10. W. Kent, “Solving domain mismatch and schema mismatch problems with a ob-
ject—oriented database programming language,” in Proceedings of Seventeenth In-
ternational Conference on Very Large Data Bases, 1991, pp. 147-160.

11. S. Hayne and S. Ram, “Multi-user view integration system (MUV1S): An expert sys-
tem for view integration,” in Proceedings of IEEE Sxth International Conference on
Data Engineering, 1990, pp. 402-409.

12. A. Sheth, J. Larson, A. Cornelio, and S. Navathe, “A tool for integrating conceptual
schemas and user views,” in Proceedings of |IEEE Fourth International Conference
on Data Engineering, 1988, pp. 176-183.

13. W. Gotthard, P. C. Lockmann, and A. Neufeld, “ System-guilded view integration for
object-oriented databases,” |EEE Transactions on Knowledge and Data Engineering,
Vol. 4, 1992, pp. 1-22.

14. S. Spaccapietra and C. Parent, “View integration: a step forward in solving structural
conflicts,” |EEE Transactions on Knowledge and Data Engineering, Vol. 6, 1994, pp.
258-274.

15. E. Bertino, M. Negri, G Pelagatti, and L. Spampinato, “Applications of ob-
ject-oriented technology to the integration of heterogeneous database systems,” Dis-
tributed and Parallel Databases, Vol. 2, 1994, pp. 343-370.

16. A. Motro, “Superviews: Virtua integration of multiple databases,” |EEE Transac-
tions on Software Engineering, Vol. 13, 1987, pp. 785-798.

17. E. A. Rundensteiner, “Multiview: A methodology for supporting multiple views in
object-oriented databases,” in Proceedings of Eighteenth International Conference on
Very Large Data Bases, 1992, pp. 187-198.

18.J. L. Koh and A. L. P. Chen, “Integration of heterogeneous object schemas,” LNCS:
Entity-Relationship Approach-ER’'93, Vol. 823, Springer-Verlang: Berlin, 1993, pp.
297-314.

19.B. P. Jeng, D. Woelk, W. Kim, and W. L. Lee, “Query processing in distributed
ORION,” MCC Technique Report, No. ACA-ST-035-89, 1989, pp. 1-26.

20. W. Kim, “A model of queries for object-oriented databases,” in Proceedings of Fif-
teenth International Conference on Very Large Data Bases, 1989, pp. 423-432.

21. B. Czejdo and M. Tarylar, “Integration of database systems using an object-oriented
approach,” in Proceedings of |EEE Interoperability in Multidatabase Systems, 1991,
pp. 30-37.

22. UniSQL, Inc., “UniSQL/X database systems user's manual,” Release 22.0, Austin,
Texas, 1993.

23.A. L. P.Chen, P.S. M. Tsai, and J. L. Koh, “Identifying object isomerism in multiple
databases,” Distributed and Parallel Databases, Vol. 4, 1996, Kluwer Academic
Publishers.

24.J. A. Larson, S. B. Navathe, and R. Elmasri, “A theory of attribute equivalence in
database with application to schema integration,” |IEEE Transactions on Software
Engineering, Vol. 15, 1989, pp. 449-463.

25.C. N. Fischer and R. J. LeBlanc, Crafting a Compiler With C, The Benja
min/Cummings Publishing Company, Inc.

26. J. L. Koh, “Integration and query processing for object and multimedia databases,”
Ph.D. Dissertation of Department of Computer Science, National Tsing Hua Univer-
sity, 1997.



QUERY PROCESSING ON MULTIPLE OBJECT DATABASES 309

27. E. Bertino, M. Negri, G. Pelagatti, and L. Shattella, “ Object-oriented query languages:
the notation and the issues,” |EEE Transactions on Knowledge and Data Engineering,
Voal. 4, 1992, pp. 223-237.

28. W. Kim, I. Choai, S. Gala, and M. Scheevel, “On resolving schematic heterogeneity in
multidatabase systems,” Distributed and Parallel Databases, Vol. 1, 1993, pp.
251-279.

29. E. F. Codd, “Extending the database relational model to capture more meaning,”
ACM Transaction on Database Systems, Vol. 4, 1979, pp. 297-434.

30.J. L. Kohand A. L. P. Chen, “Query execution strategies for missing data in distrib-
uted heterogeneous object databases,” in Proceedings of the 16" |EEE International
Conference on Distributed Computing Systems, 1996, pp. 446-473.

Jia-Ling Koh (#{£{$) received the B.S. degree in com-
puter science from National Chaio-Tung University, Taiwan,
R.O.C. in 1991, the M.S. and the Ph.D. degrees in computer sci-
ence form the Naitonal Tsing Hua University, Taiwan in 1993 and
1997, respectively. She is currently an associate professor in the
Department of Computer Education, National Taiwan Normal
University. Her currently research interests include multimedia
information retrieval and data mining.

Arbee L. P. Chen (fEERfs) received the B.S. degree in
computer science from National Chiao-Tung University, Taiwan
in 1977, and the Ph.D. degree in computer engineering form the
University of Southern Californiain 1984.

He joined National Tsing Hua University (NTHU), Taiwan,
as a National Science Council (NSC) sponsored Visiting Special-
ist in August 1990, and became a Professor of the Department of
Computer Science, NTHU, in 1991. In August 2001 he took a
leave from NTHU and assumed the position of the Chairman of
the Department of Computer Science and Information Engineer-
ing at National Dong Hwa University, Taiwan. He was a Member of Technical Staff at
Bell Communications Research, New Jersey, from 1987 to 1990, an Adjunct Associate
Professor in the Department of Electrical Engineering and Computer Science, Polytech-
nic University, New York, and a Research Scientist at Unisys, California, from 1985 to
1986. His current research interests include multimedia databases, data mining and
mobile computing.

Dr. Chen has organized (and served as a Program Co-Chair) 1995 |EEE Data Engi-
neering Conference and 1999 International Conference on Database Systems for
Advanced Applications (DASFAA) and served as a Program Co-Chair for 2000
Pacific-Asia Conference on Knowledge Discovery and Data Mining (PAKDD) and 1997
International Conference on Cooperate Information Systems (CooPIS). He is an editor




310 JA-LING KOH AND ARBEE L. P. CHEN

Conference on Cooperate Information Systems (CooPIS). He is an editor of several
international journals including World Wide Web: Internet and Web Information Systems,
Kluwer Academic Publishers and International Journal on Foundations of E-Commerce,
Springer-Verlag. He has been a recipient of the NSC Distinguished Research Award
since 1996. Heislisted in Who's Who in the Republic of China, Government Informa-
tion Office.



