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Abstract

In this paper, a method for building data dic-
tionaries (DDs) is discussed, which can be
used to support query processing in feder-
ated systems. In this method, the meda data
stored in a DD are organized into three classes:
structure mappings, concept mappings and
data mappings. Based on them, a query sub-
mitted to a federated system can be decom-
posed and translated, and the local results can
be synthesised automatically.

1 Introduction

Due to the rapid advance in networking technologies
and the requirement of data sharing among differ-
ent organizations, federated systems have become the
trend of future database developments [BOT86, LAG,
Jo93, SK92, CW93, HLM94, RPRG94, KFMRN96].
The research on this issue can be roughly divided
into two main categories: the tightly-integrated ap-
proach that integrates databases by building an in-
tegrated schema and the loosely-integrated approach
that achieves interoperability by using a multidatabase
language. The method proposed here belongs to the
second category, but providing the possibility to build
integrated schemas. The key idea of this method is
to construct a powerful data dictionary to govern the
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semantic conflicts among the local databases. We rec-
ognize three classes of meta data stored in a data dic-
tionary: structure mappings, concept mappings and
data mappings, each for a different kind of semantic
conflicts: structure conflict, concept conflict and data
conflict. Based on such meta informations, a query
submitted to a federated system can be translated (in
terms of structure mappings), decomposed (in terms
of concept mappings) and synthesised automatically.
In addition, for the execution optimization, some new
techniques are developed for generating balanced join
trees, which are quite different from those used in dis-
tributed databases and in parallel processing of joins.

The remainder of the paper is organized as fol-
lows. In Section 2, we show our system architecture to
provide a background for the subsequent discussions.
Then, in Section 3, we discuss the mata data classi-
fication and the data dictionary structure. In section
4, we present our strategies for query processing, in
cluding query decomposition, query translation, query
optimization and result synthsis. Section 5 is a short
summary.

2 System Architectur

In this section, we show our system architecture and
its installation.

2.1 System Logical Architectur

Our system architecture consists of three-layers: FSM-
client, FSM and FSM-agents as shown in Fig. 1.
The task of the FSM-client layer consists in the appli-
cation management, providing a suite of application
tools which enable users and DBAs to access the sys-
tem. The FSM layer is responsible for the mergence
of potentially conflicting local databases and the def-
inition of global schemas, as well as the global query
treatment. In addition, a centralized management is
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supported at this layer. The FSM-agents layer corre-
sponds to the local system management, addressing all
the 1ssues w.r.t. schema translations as well as local
transaction and query processing. (Here FSM stands
for ”Federated System Manager”.)

According to this architecture, each component
database is installed in some FSM-agent and must be
registered in the FSM. Then, for a component rela-
tional database, each attribute value will be implicitly
prefixed with a string of the form:

<FSM-agent name> - <{database system name> - <data-

base name>> - <relation name>> - <attribute name>>,

where ”.” denotes string concatenation. For exam-
ple, FSM-agentl.informix.PatientDB.patient-
records.name references attribute "name” from re-
lation ”patient-records” in a database named ”Pa-
tientDB” | installed in ” FSM-agent1”.

FSM-client

i
o]

==

—

Figure 1: System Architecture

For ease of exposition, in the following, we discuss
the query optimization in a simple setting that each
local database involved in a query 1s relational.

2.2 System Installation

Fig. 2 shows an experiment environment, in which our
system is installed.
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Figure 2: System Installation
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Here Cheops, Ramses, Re and Osiris are the names
of four computers located at different sites and in each
computer several databases are installed. Since in our
system the data dictionary itself is implemented as an
object oriented database, e.g., as an ONTOS database,
the FSM layer can only be installed in those machines
where ONTOS is available. In contrast, the FSM-
agent layer should be installed in any machine if some
of its databases participate in the integration. At last,
we make the FSM-client layer available in each ma-
chine so that the system can be manipulated at any
site. To this end, we have implemented our own com-
munication protocol using RPC (remote procedure call
[B192]) which works in a server-client manner.

3 Meta Data and Data Dictionary

In this section, we discuss the meta information built
in our system, which can be classified into three
groups: structure mappings, concept mappings and
data mappings, each for a different kind of semantic
conflicts: structure conflict, concept conflict and data
conflict.

3.1 Structure Mappings

In the case of relational databases, we consider three
kinds of structure conflicts which can be illustrated as
shown in Fig. 3.

attribute data

conflict 1 conflict 2

conflict 3

attribute name relation name

Figure 3: Illustration for Structure Conflicts

They are,

1) when an attribute value in one database appears
as an attribute name in another database,

2)  when an attribute value in one database appears
as a relation name in another database, and

3) when an attribute name in one database appears
as a relation name in another database.

As an example, consider three local schemas of the
following form:

DB;: faculty(name, research_area, income),
DBy:  research(research_area, name;, ..., name, ),
DBj3:  name)(research_area, income),
, .
name,, (research_area, income).
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In DBy, there is one single relation, with one tuple
per faculty member and research area, storing his/her
income. In DB, there is one single relation, with one
tuple per research area, and one attribute per faculty
member, named by his/her name and storing its in-
come. Finally, DB3 has one relation per faculty mem-
ber, named by his/her name; each relation has one
tuple per research area storing the income.

If we want to integrate these three databases
and the global schema R is chosen to be the
same as “faculty”, then an algebra expression like
ﬂ'name,research_area(Uincome>1000(R)) has to be trans-
lated so that it can be evaluated against different local
schemas. For example, in order to evaluate this ex-
pression against DBg, it should be converted into the
following form:

for each y € {name’, namel, ...,name’ .} do
{Tname,research_area(Uincome>1000(y))}~

A translation like this is needed when a user of
one of these databases wants to work with the other
databases, too.

In order to represent such conflicts formally and ac-
cordingly to support an automatic transformation of
queries in case any of such conflicts exist, we intro-
duce the concept of relation structure terms (RST)
to capture higher-order information w.r.t. a local
database. Then, for the RSTs w.r.t. some hetero-
geneous databases, we define a set of derivation rules
to specify the semantic conflicts among them.

Relation structure terms

In our system, an RST is defined as follows:

[FeqRry,.. R, }lar:x1,as 2o, .

where re is a variable ranging over the relation name
set {Ry,..., R}, y is a variable ranging over the at-
tribute name set {Ay,...,A,}, @1, ..., 2; and z are
variables ranging over respective attribute values, and
ai, ..., a; are attribute names. In the above term,
each pair of the form: a; : @; (i =1, ., ) ory: z
is called an attribute descriptor. Obviously, such an
RST can be used to represent either a collection of
relations possessing the same structure, or part struc-
ture of a relation. For example, [Te{name’l,...,namefmﬂ
research_area: x, income: y] represents any relation
in DBz, while an RST of the form: [ref.csearcn) |
research_area: &, ¥ Z{name,,.. name,}] ( or simply
["research” | research_area: &, ¥: Z{name,,. namen}] )
represents a part structure of “research” with the form:
research ( research_area,..., name;, ...) in DBy. Since
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, QXY Z{Al,...,An}]a

such a structure allows variables for relation names
and attribute names, it can be regarded as a higher
order predicate quantifying both data and metadata.
When the variables (of an RST ) appearing in the re-
lation name position and attribute name positions are
all instantiated to constants, it is degenerated to a
first-order predicate. For example, [ ”faculty” | name:
x1, research_area: xy, income: x3] is a first-order pred-
icate quantifying tuples of R;.

The purpose of RSTs is to formalize both data
and metadata. Therefore, it can be used to de-
clare schematic discrepancies. In fact, by combining
a set of RSTs into a derivation rule, we can specify
some semantic correspondences of heterogeneous local
databases exactly.

For convenience, an RST can be simply written as
[relay : x1,a2 : @9, ...,a; : x;,y : z] if the possible
confusion can be avoided by the context.

Derivation rules

For the RSTs, we can define derivation rules in
a standard way, as implicitly universally quantified
statements of the form: 1 &~vs ... &y < 1&m ...
&y, where both v;’s and 73,’s are (partly) instantiated
RSTs or normal predicates of the first-order logic. For
example, using the following two rules:

rDB,—DBs: Y| research area: z, income: z] <
["faculty” [name: y, research._area: z, income: z|,
y € {name/, name), ..., name;, },

rpBs—pB,;: ['faculty”| name: , research area: y, income: z] <
[z|research area: y, income: z],

z € {name;”, namey”, ..., name;" },

the semantic correspondence between DB; and DBj
can be specified. (Note that in rpp,_pp,, name;”,
names”, ..., and name;” are the attribute values of
“name” in "faculty”.) Similarly, using the following
rules, we can establish the semantic relationship be-
tween DBy and DBs>:

DB, —DBy: ['research”| research area: y, x: z] <
["faculty” [name: z, research_area: y, income: z|,
z € {name;, names, ..., namen, },

rpB,—pB,: ['faculty”| name: , research area: y, income: z] <
["research” |research_area: y, z: z],

z € {name;”, namey”, ..., name;" },

Finally, in a similar way, the semantic correspondence
between DBs and DB3 can be constructed as follows:

'DBs—DBy: ['research”| research area: x, y: z] <

[y|research. area: z, income: z|,
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y € {namej, names, ..., namey, },
rDB,—DBs: Y| research area: x, income: z] <
["research” |research_area: z, y: z],

y € {name/, name}, ..., name; },

In the remainder of the paper, a conjunction consisting
of RSTs and normal first-order predicates is called a
c-expression (standing for ”complex expression”). For
a derivation rule of the form: A < B, B and A are
called the antecedent part and the consequent part of
the rule, respectively.

3.2 Concept Mappings

The second semantic conflict is concerned with the
concept aspects, caused by the different perceptions
of the same real world entities.

[SP94, SPD92] proposed simple and uniform corre-
spondence assertions for the declaration of semantic,
descriptive, structural, naming and data correspon-
dences and conflicts (see also [Du94]). These asser-
tions allow to declare how the schemas are related,
but not to declare how to integrate them. Concretely,
four semantic correspondences between two concepts
are defined in [SP94], based on their real — world
states (RWWS). They are equivalence (=), inclusion
(D or C), disjunction (¢) and intersection (N). Equiv-
alence between two concepts means that their exten-
sions (populations) hold the same number of occur-
rences and that we should be able to relate those oc-
currences in some way (e.g., with their object identi-
fiers). Borrowing the terminology from [SP94], a cor-
respondence assertion can be informally described as
follows: S; ¢ A =S, e B, iff RWS(A) = RWS(B) al-
ways holds; S e A C Sy e B, iff RWS(A) C RWS(B)
always holds; S; ¢ AN Sy e B, iff RWS(A) N RWS(B)
# ¢ holds sometimes; and S; @ A¢Ss e B, iff RIWS(A)
N RWS(B) = ¢ always holds. For example, assum-
ing person, book, faculty and man are four concepts
(relation or attribute names) from S; and huwman,
publication, student, and woman are another four
concepts from S5, the following four assertions can be
established to declare their semantic correspondences,
respectively: Syeperson = Syehuman, Syebook C Soe
publication, Sy e facultyN Sy e student, S, e mangSs e
woman.

Experience shows that only the above four asser-
tions are not powerful enough to specify all the se-
mantic relationships of local databases. Therefore, an
extra assertion: derivation (—) has to be introduced
to capture more semantic conflicts, which can be infor-
mally described as follows. The derivation from a set of
concepts (say, A1, Aa, ..., Ap) to another concept (say,
B) means that each occurrence of B can be derived by
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some operations over a combination of occurrences of
A1, As, ..., and A,, denoted Ay, As,..., Ay — B. In
the case that Ay, As, ..., and A, are from a schema
S1 and B from another schema Ss, the derivation
is expressed by S1(A;1, As, ..., Ay) — Sz e B, stating
that RWS(A1, As, ..., Ay) — RWS(B) holds at any
time. For example, a derivation assertion of the form:
Si(parent, brother) — Sy e uncle can specify the se-
mantic relationship between parent and brother in S
and uncle in Ss clearly, which can not be established
otherwise.

3.3 Data Mapping

As to the data mappings, there are different kinds of
correspondences that must be considered.

1) (exact correspondence) In this case, a value in one
database corresponds to at most one value in another
database. Then, we can simply make a binary table
for such pairs.

2) (function correspondence) This case is similar to the
first one. The only difference being that a simple func-
tion can be used to declare the relevant relation. For
example, consider an attribute ”height_in_inches” from
one database and an attribute ”height_in_centimeters”
from another. The value correspondence of these two
attributes can be constructed by defining a function of
the form:

y= f(z) = 2542,

where y is a variable ranging over the domain
of ”heightan_inches” and =z is a variable ranging
over "height_in_centimeters”. Further, a fact of the
form: Sjeheight_in_inches = Sye height_in_centimeters
should be declared to indicate that both of them refer
to the same concept of the real — world.

3) (fuzzy correspondence) The third case is called the
fuzzy correspondence, in which a value in one database
may corresponds to more than one value in another
database. In this case, we use the fuzzy theory to de-
scribe the corresponding semantic relationship. For
example, consider two attributes "age_1” and ”age_2”
from two different databases, respectively. If the value
set of "age 1” A is { 1, 2, ..., 100} while the value
set of "age 2” B is {infantile, child, young, adult, old,
very_old}, then the mapping from "age_1” to "age2”
may be of the following form:

{(1, infantile, 1), (2, infantile, 0.9), ...,
(3, child, 1), ..., (13, child, 1), ...,
(14, young, 0.5), (15, young, 0.6), ...,
(20, young, 1), ...},

in which each (a, b) with a € A and b € B is associated
with a value v € [0, 1] to indicate the degree to which
a is relevant to b.
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Figure 4: Data Dictionary

3.4 Meta Information Storage

All the above meta information are stored in the data
dictionary and accommodated into a part —of hierar-
chy of the form as shown in Fig. 4

The intention of such an organization is straight-
forward. First, in our opinion, a federated schema is
mainly composed of two parts: the export schemas
and the associated meta information, possibly aug-
mented with some new elements. Accordingly, classes
Zexport schemas” and ”meta information” are con-
nected with class ” federated schema” using part-of
links (see Fig. 4). In addition, two classes "new
elements” and "new constraints” may be linked in
the case that some new elements are generated for
the integrated schema and some new semantic con-
straints must be made to declare the semantic rela-
tionships between the participating local databases. It
should be noticed that in our system, for the two lo-
cal databases considered, we always take one of them
as the basic integrated version, with some new ele-
ments added if necessary. For example, if S; eperson =
So e human is given, we may take person as an element
(as a relation name or an attribute name) of the inte-
grated schema. (But for evaluating a query concerning
person against the integrated schema, both Sy eperson
and S3 e human need to be considered.) However, if
Sy e faculty N Sy e student is given, some new ele-
ments such as ISfaculty,studenta ISfaculty—a ISstudent—
and student will be added into S; if we take S; as
the basic integrated schema, where ISt qcuity,student =
Sy e faculty N Sqestudent, 1St cuiry— = S1 0 facultyn
_‘ISfaculty,student and ISsiugeni— = Sa e student N
—IS}aculty,student- On the other hand, all the integrity
constraints appearing in the local databases are re-
garded as part of the integrated schema. But some new
integrity constraints may be required to construct the
semantic relationships between the local databases. As
an example, consider a database containing a relation
Department(name, emp, ...) and another one contain-
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ing a relation Employee(name,dept, ...), a constraint
of the form: Ve(in Employee)3d(in Department)
(d.name = e.Dept — e.name in d.emp) may be gen-
erated for the integrated schema, representing that
if someone works in a department, then this depart-
ment will have him /her recorded in the emp attribute.
Therefore, the corresponding classes should be prede-
fined and linked according to their semantics (see be-
low for a detailed discussion).

Furthermore, in view of the discussion above, the
meta information associated with a federated schema
can be divided into three groups: structure mappings,
concept mappings and data mappings. FEach struc-
ture mapping consists of a set of derivation rules and
each rule is composed of several RSTs and predicates
connected with ”,” (representing a conjunction) and
7 < 7. Then, the corresponding classes are linked in
such a way that the above semantics is implicitly im-
plemented. Meanwhile, two classes can be defined for
RSTs and predicates, respectively. Further, as to the
concept mappings, we define five subclasses for them
with each for an assertion. At last, three subclasses
named "table”, ” function” and ” fuzzy” are needed,
each behaving as a ”subset” of class ”data mapping”.

In the following discussion, C represents the set of
all classes and the type of a class C' € C, denoted by
type(C), is defined as:

type(C) = < aq : typei, ...,a; : type;, Aggr with cci : out — typ1,

..., Aggy with ccp : out — typeg,m1,...,mp >

where a; represents an attribute name, Agg; represents
an aggregation function: ¢ — ¢’ (C,C" € C and
out—type; € type(C)), m, stands for a method defined
on the object identifiers or on the attribute values of
objects and type; is defined as follows:

type; = <PrimitiveTyp> | <list> | <set> | <ClassType>,
<PrimitiveTyp> ::= <Integer> | <Boolean> | <Character>
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| <String> | <Real>,
<list> =7 [ﬂtype;l-w]ﬂ7
<set> = ”{”type;l'”}”.

Furthermore, each aggregation function may be asso-
ciated with a cardinality constraint ec; € {[1: 1],[1:

nl,[m s U, fm ]} G =1, o, b).
Then, in our implementation, we have

type(” federated schema™) = < IS :< string >, Sy :< string >,
Ss :< string >, indicator :< boolean >,
Aggr with [1:1] :< type(" meta information”)>,
Aggos with [1: 2] :< type(” ewport schemas”)>,
Aggs with [1:1] :< type("new constraints”)>>,,

where IS is an attribute for the integrated schema
name, S; and S, for the two participating local
schemas’, indicator is used to indicate whether Sy or
Ss 1s taken as the basic integrated version and each
Agg; 1s an aggregation function, through which the
corresponding objects of the classes connected with
"federated schema” using part — of links can be refer-
enced.

As an example, an object of this class may be of the
form: oid_1(IS: IS_DB, S; : S1, S : 5o, indicator: 0,
...), representing an integration process as illustrated
in Fig. 5(a), where S; is used as the basic integrated
schema, since the value of indicator is 0. Otherwise,
if the value of indicator is 1, Sy will be taken as the

basic integrated schema.

@ @?(;969

Figure 5: Integration Process

With another object, say oid-2(IS: IS_DB’, S;:
IS_DB, S; : Ss, ...) together, a more complicated inte-
gration process as shown in Fig. 5(b) can be recorded.

Class “ezport schemas” has a relatively simple
structure as follows:

type("export schemas”) = < S :< string >, path :

<concatenation of strings>, r_a_names: <set of pairs>>,

where S is an attribute for the storage of a lo-
cal database name, path is for the access path of a
database in the FSM system, denoted as given in 2.1
and r_a_names 1s for an export schema, stored as a
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set of pairs of the form: (r_name, {attry, ..., attry}).
Here, r_name is a relation name and each attr; is an
exported attribute name.

The type of "meta information” is defined as fol-
lows:

type("meta information”) = < S§_Ss :<pairs of strings>,
Agg1 with [1: n] :< type(”structure mapping”)>,
Aggs with [1: n] :< type(“concept mapping”)>,
Aggs with [1: n] :< type("data mapping”)>>,

where S} _5; is used to store the pair of local database
names, for which the meta information is constructed,
while Aggq, Aggs and Aggs are three aggregation func-
tions, through which the objects of classes “structure
mapping”, “concept mapping” and "data mapping” can
be referenced, respectively.

As discussed above, any new element is defined by
some function over the existing local elements (such as
ISfaculty— = Sl.facuugm_'ISfaculty,student~) Then, a
set of functions has to be defined in "new elements”. In
general, class "new elements” has the following struc-
ture:

type("new elements”) = < §:< string >,

new-elem < set >, M1, ..., Mp >.

Here, S stands for the name of a new element added to
the integrated schema, new_elem is for the attributes
of the new element, stored as a set and each element
in it is itself a set of the form: {a,ai,...,an, m;},
where a represents the new attribute, each a; is a lo-
cal attribute and m; 1s a method name defined over
A1y ..., Qp.

Example 1. To illustrate class "new elements”, let
us see one of its objects, which may be of the form:

01d(S : IS¢ acuity,student, new_elem :
{{name, S1 e faculty e name, Sy ® student ® name, m}, {income,

S1 e faculty @ income, Sy o student o study_support, m’'}}),

where S| e faculty e name and S; e faculty e income
stand for two attributes of Sy, while Sy estudentename
and So e student o study_support are two attribute
names of Sy, m is a method name, implementing the
following function:

z, if there exist tuple t; € faculty and
tuple t5 € student such that t;.name
=x,ts.name =y and z =y

(in terms of data mapping),
otherwise.

[z, y) =

null,

and m’ is another one for the function below:
m;—y, if there exist tuple t1 € faculty

tuple ¢t € student such that t;.name =
to.name (in terms of data mapping),
and z = t1.name and y = ta.name,

in terms of data mapping),

otherwise.

[z, y) =

null,
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Then, this object represents a new relation (named
IStacuity student) With two attributes: ”“name” and
”income”. The first attribute corresponds to the at-
tribute "name” of faculty in Sy (through method m)
and the second is defined using m'.

Example 2. As another example, assume that the
relation schemas of faculty and student are

faculty(name, income, research_area) and
student(name, study_support),

respectively. In this case, we may not create new
elements for "research_area”. But if we want to
do so, a new attribute can be defined as follows:
{work_area, Sy e facultyeresearch_area, _,m}, where
m represents a function of the following form:

z, if there exist tuple t; € faculty and
tuple t5 € student such that t;.name
= ty.name and t1.research_area = x,
(in terms of data mapping),
null, otherwise.

h(z,.) =

Conversely, if the relation schemas of faculty and
student are

faculty(name, income) and
student(name, study_support, study_area),

respectively, we define a new attribute as follows:
{work_area, Sy e student e study_area, -, m’}, where m’
represents a function of the following form:

z, if there exist tuple t; € faculty and
tuple t5 € student such that t1.name
= ty.name and ty.study_area = vy,
(in terms of data mapping),

null, otherwise.

7“(_, y) =

At last, if the relation schemas of faculty and
student are faculty(name,income, research_area)
and student(name, study_support, study_area), re-
spectively, the method associated with the new at-
tribute can be defined as follows:

{work_area, S e facully e research_area,
Sy e student o study_area, ., m"},

where m’’ is a method name for the following function:

w(z,y) = {x} U{y}.

In our system, each new integrity constraint is of
the following form:

(Qr1 € T1)...(Quy € Ty)e(xq, ...

where @ is either V or 3, n > 0, exp is a (quantifier-
free) boolean expression (concretely, two normal for-

mulas connected with ” — 7, each of them is of the

form: (p11V...p1n )A.A(Pj1V...Djn;)), X1, ..., Ly are all

bl $n)a
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variables occurring in exp, and 717, ..., T, are set-valued
expressions (or class names). Therefore, two classes
"prefir quantifier” and “normal formulas” are defined
as parts of "new constraints” (see Fig. 4). Then, class
"new constraints” is of the following form:

type("new constraints”) = < constraint_number :< string >,
Agg1 with [1:1]: < type(”prefiz quantifier”)>,
Agge with [1:2]: < type("normal formulas”)>>,

where constraint_number is used to identify an newly
generated individual integrity constraint and Agg; and
Aggo are two aggregation functions, through which the
objects of classes “prefiz quantifier” and "normal for-
mulas” can be referenced, respectively. Accordingly,
"prefir quantifier” 1s of the form:

type("prefiz quantifier”) = < constraintpumber :< string >,
quanti fiers :< string >>,

and "normal formulas” is of the form:

type("normal formulas”) = < constraintnpumber :< string >,
I_formula with [1m]: < type(” formulas™) >,
r_formula with [1m]: < type(” formulas”) >>,

where quantifiers is a single-valued attribute used to
store a string of the form: (Qz1 € T1)...(Qx, € Ty),
while [_formula and r_formula are two attributes to
store the left and right hand sides of 7 — 7 in an ex-
pression, respectively.

Similarly, we can define all the other classes shown
in Fig. 4 in such a way that the relevant information
can be stored. However, a detailed description will
be tedious but without difficulty, since all the map-
ping information are well defined in 3.1 - 3.3 and the
corresponding data structures for them can be deter-
mined easily. Therefore, we omit them for simplicity.
In the following, we mainly discuss a query treatment
technique based on such meta informations stored in
a data dictionary.

4 Query Processing

Based on the metadata built as above, a query sub-
mitted to an integrated schema can be evaluated in
a five-phase method (see Fig. 6). First, the query

—4 syntactic analysis |—»| decomposition |
H optimization H }]

‘ synthesis tranglation

Figure 6: Query Processing

will be analyzed syntactically (using LEX unix utility
[Ra87]). Then, it will be decomposed in terms of the

9-7



correspondence assertions. Next, we translate any sub-
query in terms of the derivation rules so that it can be
evaluated in the corresponding component database.
In the fourth phase, we generate an optimal execution
plan for each decomposed subquery. At last, a syn-
thesis process is needed to combine the local results
evaluated.

- query decomposition

After the syntactic analysis, a syntactically correct
query will be decomposed in terms of the correspon-
dence assertions, which can be pictorially illustrated
as shown in Fig.7.

7T (0 . (R1 <. Ry))

uer
b *H«:

decomposition

T .o (R% > ... b1 RL))

7 (o (R b RYM)
Figure 7: Query Decomposition

where each R; stands for a global relation and each
is a relation in some local database DB;. Furthermore,
we assume that R; = R%URZZ...UR;”’ for some m; and
an assertion of the form: (...(R}Q;1R?)... Qim,R™") is
declared, where each Q;; represents an assertion =, N
or C. Notice that such an assertion is built manually
along with the integration process. In our system, the
integration is always done pairwise as shown in Fig.
5(b). That is, for two local databases, say DBy and
DBj, we generate an integrated schema IS;. Then,
when a third local database D B3 1s about to be inte-
grated, we glue it to 1.S7 in the same way as for DB»
to DB;y. Accordingly, corresponding to a global rela-
tion R, we may have an assertion ((R}Q;1R?)Q;2R?)
established as shown in Fig. 8. By the query decom-
position, there may be mj; X ms... X m, subqueries
generated in total.

Figure 8: Relation Integration

- query translation

Y. Chen, W. Benn

Fach leaf node of the tree shown in Fig. 10(b)
should be generally considered as a query of the form:
7(o(R)) since in terms of the traditional optimal strat-
egy, the project and select operations should be shifted
to be evaluated as early as possible. In addition, such
a query should be evaluated in a local database. But in
the presence of structure conflicts as demonstrated in
3.1, it has to be translated so that it can be evaluated
locally. To this end, a mechanism is developed in our
system to do the transformation automatically based
on the relation structure terms and derivation rules
discussed in 3.1. The mechanism can be illustrated as
shown in Fig. 9.

rule: <antecedent-part> = <consequent-part> + ES

matching T l derivation

an algebra expr. — a set of new algebra expr.
Figure 9: Illustration for Query Translation

where ” ES” stands for "extended substitution”, a
data structure used to store the result of matching
an algebra expression of the form: 7(o(R)) with the
antecedent part of some rule (see [CB96a]). Then, in
terms of this result and the consequent part of the
corresponding rule, a set of new algebra expressions
can be derived. In this way, the query is translated.

- optimization

As in a traditional database, for each subquery pro-
duced by the query decomposition, an execution plan
should be generated and optimized. First, all the se-
lect and project operations should be arranged to be
performed as early as possible, as for a normal query.
Then, for the join operations, we use a two-phase
method to optimize the execution process. In the
first phase, we generate an optimal left-deep join tree
for the corresponding join sequence (see Fig. 10(a)).
This can be achieved using the approaches proposed in
[CWY96] or in [YL89]. In the second phase, we trans-
late the left-deep join tree into a balanced bushy join
tree using the methods developed in [CB96b, CB97,
DSD95] (see Fig. 10(b) for illustration.) But one may
wonder why not to generate a balanced bushy join tree
directly from a join sequence as done in [CYW96]. The
reason for this is as follows:

(i) The bushy join tree generated (directly from a
join sequence) by [CYW96] is not balanced. There-
fore, an extra process is needed to balance such a tree
just as for a left deep join tree.

(i) The time complexity of the algorithm for finding
such a bushy join tree (directly from a join sequence)
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is O(n - €), where n and e are the numbers of the re-
lations and the corresponding joins involved in a sub-
query, while the time complexity of the algorithm for
finding a left deep join tree is O(n?) (see [CYW96]).
As we can see in [CB96b], a recursive algorithm can
be implemented, which translates a left deep join tree
into a balanced bushy join tree but requires only O(n?)
time. Therefore, theoretically, the strategy developed
based on the transformation of the left deep join trees
will have a better time complexity.

> A possible optimal
left deep join tree

[ R4 fOI‘Rll><1R2l><1R3l><1R4
N 3
Y (a)
< A possible optimal

PN balanced bushy join tree
Bt Bt
T I TS

Figure 10: Join Tree Transformation

- synthesis process

Normally, the synthesis process is very simple, by
which all the local results are combined directly to-
gether. But in some cases, more complicated com-
putations may be involved. For example, if faculty
and student are two relations of two local relational
databases DB; and DBs, respectively, and an asser-
tion of the form: DBy e faculty N DBy e student 1s
specified between them, then a query of the form:

ﬂ'name,income(

Oincome>1000Aresearch_area='in formatik’ (FGCUHy))

(Faculty stands for the global version of faculty and
student), submitted to the integrated version of DB,
and DBs, will be decomposed into two subqueries:

q1 = ﬂ'name,income(

Oincome>1000Aresearch_area='in formatik’ (faCUlty))
and
q2 = ﬂ'name,income(

Oincome>1000Aresearch_area='in formatik’ (StUdent))

However, if the attribute values of ”"income” is evalu-
ated in terms of function g(x, y) defined in 3.4, ¢; and
g2 have to be further changed into

Tname,salary (Uresearch_area:’informatik’(fClCUHy)) and

ﬂ'name,study_support(Uresearch_area:’informatik’(StUdent))~

We notice that by this modification, not only the
global attribute name ”income” is replaced with the
corresponding local ones, but the condition ”income
> 1000” is also removed, since such a condition can

Y. Chen, W. Benn

not be checked until the corresponding local values are
available. Obviously, the lost computation (due to the
removing of ”income > 1000” from the queries) has to
be recovered in this phase.

5 Conclusion

In this paper, a systematic method for evaluating
queries submitted to a federated database is outlined.
The method consists of five steps: syntactic analysis,
query decomposition, query translation, optimal exe-
cution plan generation, and synthesis process. If the
metadata are well established, the entire process can
be performed automatically.
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