1SS\ 0361-7688, Programming and Computer Software, 2006, \ol. 32, No. 4, pp. 228-242. © Pleiades Publishing, Inc., 2006.
Original Russian Text © V.V. Ovchinnikov, 2006, published in Programmirovanie, 2006, \ol. 32, No. 4.

Architecture of a Semantic Data I ntegration System Based
on a Semantically Complete M odel and a Semantically Complete

Query Language

V. V. Ovchinnikov

Lipetsk State Technical University, Lipetsk, Russia
e-mail: ovch@lipetsk.ru
Received August 25, 2005

Abstract—The availability of humerous sources of structured data on the Internet poses the problem of their
integration into a unified information space just asthe unstructured data and weakly structured data sources are
integrated in the framework of the WWW. The main requirement for such an information spaceisthe simplicity
of operation for the users that are not trained IT experts. The architecture of a system of semantic integration
of distributed and heterogeneous data sources is proposed in the framework of a unified semantic access inter-
face. The semantic nature of this interface lies in the fact that one can interact with such a system in terms of
the concepts of the application domain completely ignoring the implementation details of the systems being
integrated. The proposed architecture simplifies the users work, the integration process, and the devel opment
of user formswith arich functionality including a semantic navigation between theforms. A distinctive feature
of thisarchitectureisthat the system integration and the devel opment of user forms are performed declaratively
in the interactive mode without programming. The simplification of the users work with the system is achieved
due to some specia properties of the semantically complete model (SCM) and of the semantically complete
query language (SCQL), which provide a basis for the system. A prototype of the system under study is briefly
described. The prototype isimplemented as a type of the client—server technology based on the SCM-SCQL.
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1. INTRODUCTION

The increase in the number of available information
sources on the Internet and within various organiza-
tions prompts many researches to seek a solution of the
data integration problem, that is, to develop a unified
access interface to distributed heterogeneous data
sources. By a unified interface, we mean unified
requirements for the information structure (the global
schema), which is published by the so-called data inte-
gration system, and for the structure and syntax of the
gueries processed by that system. The main tasks per-
formed by the data integration system are as follows:
(a) mapping of the local schemata defined at the level
of each information system being integrated to the glo-
bal schema; (b) executing querieson the global schema.

Processing of a query assumes that it is subdivided
into the parts corresponding to the local schemata; the
parts are translated into the query languages of the sys-
tems being integrated; the trandated queries are exe-
cuted within the corresponding systems; and finally the
results are consolidated to produce the result of theini-
tial query.

Various methods of data and knowledge modeling
can be used to describe the structure of the global and
the local schemata. Currently, much attention is given
to the use of ontologies [1, 2]. Ontologies are well
suited to integration problems because they provide an

abstract description of the terminology of the applica
tion domain (AD) but ignore the details of the imple-
mentations of the particular information systems.
Another advantage of ontologies is the fact that the
vocabulary description language RDFS [3] and the
ontology description language [4] based on it have been
standardized by the W3C. In addition to the ontology-
based integration, other approaches to data integration
are available in the literature [5-9]. In al the
approaches known to the author of this paper, the for-
mulation of the queries on the global schemais rela
tively complicated, which implies high requirements
for thetraining of the expertsinvolved in theintegration
project. In this paper, we propose a data integration
technology that facilitates the understanding and the
formulation of queries without detriment to the expres-
sive power of the query language. Two methods of the
consolidation of the local (initial) schemata into a glo-
ba (target) schema are known: (a) The local schemata
are an invariable part of the global schema, and the glo-
bal schema is a ssimple combination of the local sche-
mata. (b) The global and the local schemata have an
independent contents and are partially mapped one to
the other [10].

In the framework of the second method, there are
two main approachesto the description of schemata: (a)
The local schema is declared as a view on the global
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schema (local-as-view approach) [11]. (b) The global
schema is declared as a view on the local schemata
(global-as-view approach) [12].

There are also intermediate approaches to schema
mappings [13-15].

At first glance, the second method of consolidation
has a greater modularity because each loca schema
may be designed independently. However, it turns out
on closer examination that the integration of local sche-
mata requires additional efforts that exceed the efforts
needed to design a unified globa schema in the first
method. Thisfact explainsahigh activity of researchers
in the development and standardization of unified glo-
bal schemata in various application domains; such glo-
bal schematamakeit possible to minimizethe effortsto
design and integrate the local schemata.

The existing data integration systems have some
common drawbacks that complicate their practical
application. These drawbacks are as follows: (a) The
user screen forms can be designed only by IT experts
that know the details of the integration project imple-
mentation. (b) To integrate severa information sys-
tems, a complex project must be implemented, which
requires highly qualified experts acquainted with the
implementation of the systems being integrated. (c)
Programming of powerful datanavigation and filtration
mechanisms requires considerable effort from the
developers, especialy in a distributed and heteroge-
neous environment. (d) If the structures used to store
the dataevolve, all the applicationsthat use the changed
structures must be modified.

Among the data integration systems, the semantic
integration systems (see, e.g., [5]) deserve a specia
attention. A specific feature of such systems is that the
model used to construct the global schema (hereandin
what follows, we use the term model to mean a model-
ing method, and the term schema is used to mean the
modeling result) does not include mechanisms aimed at
controlling the implementation of the target system that
are not required to represent the semantics of the AD.
The sole purpose of designing the global schema in
such systemsisto give the most adequate description of
the semantics of the AD (the concepts of the AD and the
relationships between them) without taking into
account the efficiency of the target system implementa-
tion. The fact that the efficiency issues are completely
ignored leads to high requirements for the flexibility of
mapping the decisions concerning data storage into the
global schema (through the local schemata).

Any model that ignores the implementation details
of thetarget system may be used as abasisfor a seman-
tic dataintegration system (SDIS). In addition to ontol -
ogies mentioned above, such properties are characteris-
tic of the conceptual models, which were first devel-
oped to formalize the semantics of ADs in designing
information systems. The most widespread conceptual
models are the ER model [16, 17], the ORM [18-20],
particular cases of the ORM [21-26], and the FCO-IM
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[27]. Important extensions of the conceptual modelsare
the conceptual query languages, such asLISA D [29],
Conquer [29, 30], RDQL [31], and CQL [32]. In the
framework of SDIS, these languages are used as a uni-
fied means for accessing the data published through the
global schema.

The models known to the author of this paper,
including the conceptual ones, use associations (which
are also called relationships, fact types, and so on) as
objects in their own right. The associations not only
represent relationships between the concepts (also
called entities, types of objects, and the like), but also
are concepts in their own right that have names and
semantics. Associations may be freely created thus
defining new relationships between the concepts.
Therefore, in the framework of such amodel, one can-
not be sure that a separate association completely
describes the relationships between the involved con-
cepts; indeed, the schema may contain other associa-
tions or new associations may be created |ater that give
adifferent description of the same concepts. Asaresult,
the semantics of each association is defined externally
with respect to the schema; that is, the semantics must
be known to the user when he or sheformulatesaquery.
This reasoning suggests that the schema structure can
be simplified by placing the entire semantics of the AD
into concepts and depriving the associations of their
independent contents so as to make each association to
completely describe the relationships between the con-
cepts for which it is created. On the one hand, this goal
imposes certain requirements for the schema structure
must be satisfied (see below). On the other hand, once
this god is attained, we can do the following. (a) Make
it easier for non-1T experts to understand the schema
because the associations will give a complete descrip-
tion of the relationships between the concepts. When
analyzing each association, the user can be sure that the
complete description of the relationships between the
concepts is analyzed and that the schema cannot con-
tain another association that gives a different descrip-
tion of the relationships between the same concepts;
moreover, no such associations may be created later. (b)
Simplify the query language on this schema (see Sec-
tion 2).

By way of elaborating thisidea, the author proposed
the semantically complete model (SCM) [33-40]. The
main elements of the SCM are the concepts of the
application domain, associations of these concepts, and
the constraints formulated in the built-in constraint lan-
guage. The main difference of the SCM from other con-
ceptual models is that each association of a schemais
constructed on a set of concepts (rather than on a mul-
tiset or on a sequence); moreover, in the framework of
the schema under consideration, no other association
existsthat is constructed on the same set of concepts or
on its proper subset. As aresult, each association com-
pletely describes the semantics of the relationships
between the conceptsin the set. It isprecisely thisprop-
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erty, which is called the semantic completeness, that is
reflected in the name of the model.

This property has several important consequences.
The first consequence is that the work with the model
can be performed exclusively in terms of the applica
tion domain concepts. This makes the work somewhat
simpler and makesit easier for non-1T expertsto under-
stand the schema because it is difficult for such people
to redize the existence of aternative relationships
between the entities. Another consequence is the possi-
bility to develop a conceptual query language that
allows oneto formul ate queries using only the concepts
of the application domain rather than the names of asso-
ciations, which isimpossiblein the framework of other
available conceptual query languages. Such alanguage
was proposed in [34, 37, 38]; it is caled the semanti-
cally complete query language (SCQL) because it is
based on the SCM and essentialy uses the semantic
completeness property. Thislanguage has some proper-
tiesthat simplify its use without detriment to its expres-
sive power, which will be demonstrated in Section 3.
The queries in this language have a ssmple and trans-
parent structure understandable for non-IT experts. Itis
well known that the simplicity of the query structureis
akey factor in query languages used in the SDIS.

The application of the SCM and SCQL as a basis of
the SDIS makes it possible to extend their advantages
to the integration system and ultimately facilitate the
semantic integration process and the system operation.
Such a system is called the concept space [35, 38|
because, due to the semantic completeness property,
the work with this system is performed exclusively in
terms of the application domain concepts without using
the names of associations. In the proposed system, the
first method for schema consolidation is used:; i.e., the
local schemata are a part of the unified global schema,
which reduces the cost of the design and integration of
the local schemata. This system assumes that the struc-
tures of the implementation of the local information
systems are flexibly mapped to the global schema (here
and in what follows, intermediate function of the local
schemata can be neglected becausethey are apart of the
global schema) without imposing any constraints onthe
implementation of the systems being integrated.

The system of semantic dataintegration proposed in
this paper is designed to perform the following tasks:

* provide the possibility for the customers or end
users to create full-functional user forms for the work
with distributed and heterogeneous data without engag-
ing IT experts;

* ensure an automatic integration of new informa-
tion systems at the moment when their local schemata
are published;

* provide mechanism for the semantic navigation
and filtration in a distributed and heterogeneous envi-
ronment without the need for programming;

* ensure that the data access interface is preserved
when the structure of the data storage that does not con-
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cern the semantics (for example, when the query execu-
tion is optimized) is modified.

In the following sections, we briefly describe the
semantically complete model, the query language and
their properties. The architecture and the properties of
the proposed SDIS are discussed in Section 3. In Sec-
tion 4, we explain how the proposed system performs
the tasks listed above. In conclusion, an operational
prototype of the system is described, open problemsare
discussed, and the results are summarized.

2. SEMANTICALLY COMPLETE MODEL
AND ITS PROPERTIES

It was mentioned above that the semantically com-
plete model (SCM) is based on three types of elements:
the concepts of the application domain, the associations
between concepts, and the constraints formulated in the
built-in constraint language. The SCM has someimpor-
tant differences from the existing conceptual modeling
techniques. The first difference is that each association
is constructed on sets of concepts rather than on multi-
Sets or sequences. As aresult, a concept cannot appear
in the same association several times, which simplifies
the understanding of the SCM schema by non-IT
experts and determines all the properties characteristic
of the SCQL (see the next Section).

Another differenceisan extension of thefirst one: in
the framework of the SCM schema, no two associations
may exist that are constructed on the sets of concepts s;
and s, such that s; [J s,. This property hasthe most pro-
found consequences both for the modd itself and for
the SCQL. It is called the semantic completeness prop-
erty because any association of the schema completely
describes the semantics of a relationship between the
relevant concepts. Thus, the SCM does not include
mechanisms for describing alternative associations,
which violate the semantic compl eteness.

The semantic completeness is a strict constraint;
however, it does not restrict the expressive power of the
model because any schema containing alternative asso-
ciations can be reduced to an equivalent schema with-
out alternative associations by replacing them with
some additional concepts and nonalternative associa-
tions[37]. We demonstrate this fact using the following
example. Consider two relationships between a man
and a town: a birth place and a residence. These rela-
tionships can be modeled in any conceptual model
except for the SCM using the two following associa
tions: aperson was born in atown and aperson livesin
atown (the concepts, or type of objects, underlying the
associations are typed in italics). Since the SCM does
not allow to have both associationsin the same schema,
one must reduce it to a semantically complete form. For
this purpose, we introduce two additional concepts:
birth town and residence town. Now, replace the asso-
ciations described above by the following associations:
a person was born in a birth town, a person livesin a
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residence town, the birth town is a town, and the resi-
dence town is a town. Here, the relationships between
the concepts town, birth town, and residence town are
one-to-one constraints (they are also called equivalence
or inheritance relationships). Thus, we transformed the
initial schema to a semantically complete schema by
introducing new concepts that are equivalently related
to the existing concepts.

In contrast to the other conceptual modeling tech-
niques, the SCM does not include mechanismsthat take
into account the implementation details of the target
system. This makes it possible to abstract oneself from
implementation details when working with the SCM
schema by means of the SCQL, which is especialy
important for SDIS. For example, consider the most
advanced modern conceptual modeling technique
caled the object—role technique [18-20]. Even this
technique assumes that the object types (an analog of
concepts in the SCM) are divided into abstract, which
are not stored explicitly, and concrete, which are stored
explicitly. If this categorization isused in queries on the
schemain the framework of the SDIS, then any modifi-
cation of the schema implementation in this respect
requires that the queries be aso modified even if the
maodification of the implementation did not modify the
semantics of the schema.

The conceptual modeling techniques not belonging
to the ORM class make the developers design the con-
ceptual schemata that incorporate even more imple-
mentation details. For example, the ER model [16, 17]
subdivides the concepts of the application domain into
entities and attributes; this subdivision is more charac-
teristic of data storage (in the form of tables) than of the
conceptual representation of the application domain.
Since the decisions concerning the data storage are
made on the basis of the implementation efficiency, the
attributes may be transformed into entities and con-
versaly in the process of the system evolution. There-
fore, if a data integration system is based on the ER
model, these transformations inevitably lead to the
necessity of modification of the queries developed ear-
lier. This fact is one reason for which the ER model
evolved in the direction of greater conceptualization; as
aresult, the ORM with its variants and later the SCM
were devel oped.

The SCM uses mainly the text notation. This nota-
tion consists of association sentences and constraint
sentences. Each association and each notation of the
schema is represented by a single sentence in the text
notation. An association sentence is a sentencein anat-
ural language that relates the concepts underlying this
association. By way of example, consider the project
management application domain. In the framework of
this AD, there are associations between the concepts
Person and Task. In the SCM text notation, this associ-
ation can be written as Person performs Tasks

In the association sentence, the concepts of the
application domain are capitalized. Severa formsof the
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sameword or word combination may be used to refer to
the same concept. In the following example, the con-
cept Task appears in different association sentences in
singular or in plural: Person performs Tasks Task is a
part of a Project — Employeeis aPerson=

The most fundamental constraints are specified in
the association sentences. These constraints are as fol-
lows: the binary functional dependence, the binary
equivalence, and the mandatory constraint. All three
types of constraints are illustrated in the example
above. An arrow at the end of an association sentence
indicates the binary functional dependence; in the
example above, this means that a task can be part of
only one project. An equivalence sign at the end of an
association sentence indicates the binary equivalence;
i.e., an employeeisasingle person, and conversely. If a
concept is underscored, then this concept is mandatory
in the corresponding association. The mandatory con-
straint is used twice in the exampl e above meaning that
each task is a part of at least one project and each
employee is a person. The composition of al the con-
straints in the example above is reduced to the two fol-
lowing statements: each task is a part of exactly one
project, each employee is exactly one person and each
person can be only one employee.

More complicated constraints are formulated using
constraint sentences, which follow the corresponding
association sentence. Every constraint sentence begins
with an indention and is enclosed in square brackets as
isshown in the following example. Person hasa Skill at
a certain skill Level [(Person, Skill) — skill Level]
This constraint indicates that each pair of the concept
instances Person and Skill is assigned a single skill
level (more precisely, a single instance of the concept
skill Level). This constraint is an example of a static
instance of a template specified in the association con-
text (Person, Skill, skill Level). To explain this thesis,
we introduce the concepts of a static constraint, a tem-
plate instance, and a constraint context.

A constraint is said to be static if it is formulated
exclusively for a current state of the schema. By the
state of a schema, we mean the set of states of all its
associations, while the state of an association is the set
of instances contained in it. An instance of an associa-
tion isthe set of instances of its concepts. One can cite
adistant analogy between an instance of an association
and arow in atable: both are the set values (instances)
of conceptsin thefirst case and of tablefieldsin the sec-
ond case.

In the framework of an integration system, only one
state of the schemais the current state at each moment
in time. As time goes on, the state of the schema
changes. Each change step is performed as a result of
completing a transaction. At the moment of comple-
tion, we may assume that the integration system can
access two states of the schema: the preceding and the
next one. A constraint formulated with regard for both
the preceding and the next states of the schemaiscalled
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dynamic. The dynamic constraintsin the SCMs make it
possible to model the dynamic behavior of the schema
contents at the conceptual level without taking into
account the implementation details.

The implementation of static constraints usually
reguires decisions concerning the storage structure and
the data access paths (methods); the implementation of
dynamic constraints requires algorithms that dramati-
cally depend on these decisions. For example, the static
constraint each task isa part of only one project implies
the following decisions concerning the implementation
in the framework of a relational DBMS: (a) there is a
table with the primary key [41] corresponding to the
concept Task; (b) this table must have an indexed field
not included in the primary key and corresponding to
the concept Project.

An example of adynamic constraint is provided by
the description of any finite state machine. Assume that
we want each of the tasks registered in the system to
have a code consisting of afixed number of characters;
moreover, we want the code of each task to be as differ-
ent from the codes of the other tasks as possible. First
of al, we introduce the concept Code into the system:
A Task hasaCode

Task @@ Code=

Assume that there is a criterion of code similarity.
Then, the dynamic constraint can be formulated as fol-
lows: newly added tasks must have codes that are the
least similar to the codes of the existing tasks. Since
several tasks can be created within the same transac-
tion, this constraint can be more accurately formulated
asfollows:. the total value of the pairwise code similar-
ity criterion for the existing and newly created tasks
must be minimum.

Structurally, the formulation of dynamic constraints
isthe same as the formulation of static constraints. The
syntax isasfollows:. if aSCQL query that isapart of a
dynamic constraint involves the next state of the
schema, then it is preceded by the symbol “[T" (see a
discussion of SCQL queries for constraint formulation
below).

The static constraints are more fundamental from
the viewpoint of the description of the essence of an
application domain. They play akey rolein the imple-
mentation of thefinal schema. However, thereisawide
class of application domains in which the dynamic per-
spective plays as important role as the static one. For
example, thisclassincludes all the application domains
that are modeled using finite state machines. The
dynamic constraints are most useful in such domains.

It must be noted that the SCM isthe first conceptual
model used in designing information systems that
makes it possible to formulate dynamic constraints.
Neither ORM, nor ER, nor other conceptual modeling
techniques provide such mechanisms.

In the SCM, a constraint can be specified in two dif-
ferent ways. as an instance of atemplate or as a propo-
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sition formulated using the SCQL predicate calculus,
which is the predicate calculus extended by the SCQL.
A constraint template is a proposition having a fixed
structure with a certain set of parameters. One of these
parametersisawaysan SCQL query that representsthe
context of the constraint; the result of this query must
satisfy the template proposition. Examples of templates
are the constraint templates of the functional depen-
dence, equivalence, and mandatory constraint.

For example, the parameters of the functiona
dependence are as follows: (a) the set of determining
concepts, (b) the set of defined concepts, (c) the SCQL
query that isto be constrained.

The proposition of each template is formed as fol-
lows: in the framework of the result of the given SCQL
guery, every combination of the instances of the deter-
mining conceptsis assigned asingle combination of the
instances of the concepts being defined. A particular
instance of the given template is specified by a particu-
lar SCQL query, and particular sets of the determining
concepts and the concepts being defined.

A constraint sentence formulated using a template
has the following syntax in the SCM: [<SCQL query>:
<template instance>]. For example, the constraint a
person can have only one skill level for each skill isfor-
mulated using the functional dependence template as
follows:

[(Person, Skill, Skill level):
(Person, Skill) — Skill level]

Here, (Person, Skill, Skill level) isthe SCQL query
that retrieves the contents of the corresponding associ-
ation (see the description of SCQL below). Retrieval of
an association contents is the simplest variant of a
guery. If a constraint sentence immediately follows the
corresponding association sentence, then the SCQL
query may be omitted; for example,

@A Person has a Skill at acertain Skill level
[(Person, Skill) — Skill level]

The definition of al possible constraint templatesin
the SCM is beyond the scope of this paper. A formaliza-
tion of some constraint templates in the SCM can be
found in [33].

Consider another method of constraint formaliza-
tion, which is based on the SCQL predicate calculus. In
the framework of this extension of the predicate calcu-
lus, the concepts of the application domain are consid-
ered as sets (the sets of admissible instances of con-
cepts), and the results of SCQL queries are considered
as relations defined on the concepts of the application
domain. This predicate calculus admits the following
abridgements:

(a) A variable defined on a certain concept has the
same name as the concept itself (maybe extended in
parentheses by the specification of itsrole in the prop-
osition). (b) The use of the variable A(role) correspond-
ing to the concept A without explicit declaration is
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equivalent to declaring this variable to be an instance of
thisconcept: A(role) O A. (c) Theuse of an SCQL query
as a predicate is equivalent to the claim that this query
returns at least one instance. (d) The use of a concept
variable without the existential quantifier is equivalent
to declaring this variable with the existential quantifier
[placed after the other nearest quantifier (up thetreeif
the proposition is represented by atree).

For example, the constraint equivalent to the last
example above is formulated in the form of the SCQL
predicate cal culus as follows (a compl ete notation):

[Operson O Person [ skill 0 Skill O} 4
skill level 00 Skill level
{ (person, skill, skill level)
O (Person, Skill, Skill level)}]

In the abridged notation described above, the same
proposition is as follows:

[OPerson(1) OSkill O, ; Skill level
{ (Person(1), Skill, Skill level)}]

The extension of a name by a role is illustrated
above by the digit one in the parentheses after the con-
cept Person. In this context, this extension isfairly use-
less and can be omitted. Such an extension is useful
when the same concept is used in a proposition several
times. Inthat case, the conceptsthat have different roles
are considered to be different variables. In other
respects, the SCQL predicate calculus has the princi-
ples of proposition construction as the ordinary predi-
cate calculus. The fundamental principles of the SCQL
predicate calculus were proposed in [33, 36].

Thus, the SCM is a conceptual model that enables
one to model application domains with complex con-
straints including dynamic ones and the constraints for-
mulated using the extended predicate calculus. The
SCQL query language, which will be described below,
isapart of the SCM.

The constraints in the SCM, as in other modeling
techniques, represent finer specific features of the
application domain than the concepts and associations
between them. The more powerful the constraint lan-
guage of amodel is, the greater number of features can
be represented in the schemata of the model. The pres-
ence of the SCQL predicate calculusin the SCM makes
it possible to construct amodel of an arbitrary applica-
tion domain with any desired degree of accuracy with-
out specifying theimplementation details. Intheframe-
work of the SDIS, the constraints in the SCM can be
used for the following purposes: (@) to help users get an
in-depth understanding of the structure of the applica-
tion domain; (b) to control the implementation of the
information systems development using the require-
ments represented in the form of an SCM schema; (c)
to check whether a particular implementation of an
information system meets the requirements represented
in the form of an SCM schema.
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Note that the text notation of the SCM isfairly close
to the natural language, which makes it possible for
non-IT expertsto useit. Thereis aso agraphica nota-
tioninthe SCM, which isimmaterial for this paper and
is not described here for this reason. By way of exam-
ple, which will be used throughout this paper, we con-
sider the following schema of an application domain
concerning project management. Thetext notationisas
follows:

Person performs Tasks

Person has a Skill at a certain skill Level
[(Person, Skill) — skill Level]

Person hasan Age — Person can havea Phone

— Employeeisa Person

= Task isa part of aProject

— Person can belong to a Project Team

In the next section, this example will be used to
illustrate SCQL queries. The bold type is used in the
association sentences to describe the execution context
of SCQL queries, which is thoroughly described in the
next section.

3. SEMANTICALLY COMPLETE QUERY
LANGUAGE AND ITS PROPERTIES

The semantically complete query language (SCQL)
is used for two purposes. (a) to formulate SCM con-
straints (see the preceding section); (b) to interact with
the semantic data integration system (SDIS) based on
the SCM.

Thefirst task assumes only dataretrieval; the second
task assumes data retrieval, data modification, and
modification of the schema itself. In this paper, we
focus on data retrieval because it plays the key role in
the semantic integration. The modification of the data
and of the schema using the SCQL is the subject of a
separate study.

The SCQL queries are constructed on the basis of
the concepts of the application domain. They have a
simple structure and a meaningful signature of the
result (see below); as applied to the SDIS, this facili-
tates the process of the system creation and use. Asin
any other query language, the expression of any SCQL
guery (below it isreferred to simply as expression) isa
tree of operations. The operations in the leaves of this
tree are called leaf operations; the other operations are
called intermediate. Any operation is an instance of an
operation type. The SCQL has the following types of
leaf operations: association selection and logical selec-
tion. It also has the following types of intermediate
operations: composition, union, difference, and trans-
formation. Below, we consider the semantics and the
syntax of all these operationsin detail.

The association selection is the selection of al the
instances of an association that are present in the cur-
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rent and in the next state of the schema (see the defini-
tion of these states above). Due to the semantic com-
pleteness property, the SCM and SCQL do not use the
proper names of associations, and the associations are
referenced using the sets of concepts on which the cor-
responding associations are constructed. Therefore, the
set of conceptsis the only parameter of the association
selection. It is assumed that the association selection
refers to the association whose set of conceptsis speci-
fied as the selection parameter.

The association selection is specified by listing
some concepts of the application domain with the coma
as a separator; for example, (Person, Skill, Skill level).
The order of the conceptsin the list is immaterial; the
selection above can be equivaently reformulated as
(Skill, Skill level, Person).

The concepts specified in a selection parameter can
be extended by specifying the role that they play in the
expression; the role is given in parentheses after the
concept name. Such extended concepts are called role
concepts. The concept with the empty role name is a
degenerate case of the role concept. This concept is
assumed to be different from all other role concepts of
the same concept for which a role is specified. For
example, (Person (Project(of the Person)) is the associ-
ation selection whose result includes the role concept
Person with the empty role name and the role concept
Project(of the Person). It makes sense to use role con-
cepts if the same concept is used in an expression in
several different roles. In this case, different role con-
cepts are considered as semantically different but refer-
ring to the same concept; for example, Project(of a Per-
son) and Project(of a Task) are different role concepts
of the same concept Project.

An association selection can be aso represented as
a set of role concepts under the condition that no con-
cept can appear in this set severa times in different
roles. Because the sets of role concepts are used instead
of the proper names of associations, SCQL queries can
be formulated using only the concepts of the applica
tion domain. An association selection is the only
method in the SCQL for accessing the current state of
the schema (in the framework of dynamic constraints,
this is aso true for the next state). All other types of
operations are used to transform the data obtained using
associ ation selections.

The next SCQL operation isthe composition. There
are two types of compositions—the inner and the outer
ones. The inner composition is a particular case of the
outer composition, and it adheresto simpler principles.
For thisreason, wefirst describe the inner composition.
The inner composition is the mathematical superposi-
tion of the results returned by several subqueries (in
relational algebra, an analog of theinner compositionis
the natural join [42]). The superposition is performed
when the role concepts of the subqueries are identical.
For example, consider the subqueries in the form of
association sdlections (Person, Task) and (Task,
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Project). Then, their inner composition has the signa-
ture consisting of the concepts Person, Task, and
Project. Here and in what follows, the signature of an
operation including the composition is interpreted as
the set of role concepts that describe the structure of
this operation result.

The execution of the inner composition can be also
described in terms of three relational algebra opera-
tions—Cartesian product, selection, and projection—
which are not explicitly available in the SCQL. From
this point of view, the execution of the inner composi-
tion proceeds in three steps: (@) finding the Cartesian
product of the subqueries results; (b) selection of the
instances in the Cartesian product that contain identical
instances of the same role concepts; (¢) projecting the
result in such a way that each role concept is repre-
sented in the projection only once.

The general notation of the compositionisthelist of
the subqueries being composed separated by comasand
enclosed in parentheses regardless of the order. For
example, ((Person, Task), (Task, Project)) is the inner
composition of two association selections. This nota-
tion does not impose any restrictions on the arity of the
subqueries signature. There are also two other special
forms of notation for the composition in the SCQL.:
path expression and star expression. Both notations are
used only for compositions of selections of binary asso-
ciations.

A path expression is a chain of role concepts sepa-
rated by dashes. Each dash denotes one selection of the
association constructed on the role concepts specified
on two sides of the dash. Thus, achain asawholeisthe
inner composition of all the association selections
assumed for each of the dashes. For example, (Person-
Task-Project) is an equivalent notation of the composi-
tion described above.

A star expression is a star-like structure consisting
of the selections of binary associations with a single
central role concept. The format of the star expressions
is as follows: (the central role concept-[ peripheral role
concepts separated by comas]). For example, (Person-
[Task, Project]) is a star expression equivalent to the
composition described above. It makes sense to use a
star expression when the number of peripheral concepts
isgreater than two. The special notations of the compo-
sition make the queries clearer. The query developer is
freeto choose which notation to use based on the query
structure and his or her own preferences.

Theinner composition isvery easy to use dueto the
following properties: (a) It has a single parameter that
specifies the set of the subqueries being composed. (b)
It does not require an explicit formulation of the crite-
rion for the subgueries join. (c) The resulting signature
isformed in anintuitively clear way asthe union of the
signatures of the subqueries being composed. (d) The
meaning of each element of the signature is preserved
because the role concepts of the elements directly cor-
respond to the concepts of the application domain rep-
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resented in the SCM schema. (e) In some cases, intu-
itively clear path and star expressions can be used.

These properties of the inner composition signifi-
2 cantly simplify its understanding, makeit easer to mas-
ter the language, and create queries.

The other type of composition isthe outer composi-
tion. It isadistant analog of the outer joinin SQL. Like
the inner composition, the outer composition is based
on a set of subqueries. The difference is that the sub-
gueries are additionally subdivided into two categories:
the inner and the outer ones. The outer composition
must meet the following constraints: (a) at least one
subquery isinner; (b) the signatures of all theinner sub-
ueriesform aconnected hypergraph; (c) each outer sub-
guery containsin its signature at |east one role concept
common with each inner subquery.

The execution of the outer composition proceeds in
three steps: (a) inner composition of all the inner sub-
queries, (b) selection of al adjacent instances (see
below) of the outer subgueriesfor each instancei of the
inner composition; (c) partial inner compositions for
each instance i within its adjacent instances.

Here and in what follows, two instances of distinct
subgueries are said to be adjacent if they contain iden-
tical instances for each common role concept. The
result of performing an outer composition asawholeis
the set of instances of al partial inner compositions. It
isclear that, if an outer composition includes only inner
subqueries, then it is reduced to an inner composition.

Outer compositions can be represented in the same
ways asinner ones. The difference isthat the outer sub-
gueries are marked by the symbol + after the subquery.
For example, ((Person, Task), (Task, Project)+) is the
outer compoasition of the inner subquery (Person, Task)
with theinner composition of the outer subquery (Task,
Project)+. The same composition notation of a path and
star expressions is written, respectively, as follows:
(Person-Task-Project+) and ((Task-[Person]), (Task-
[Project]+)).

The logical selection operation is a leaf operation
that hasthe predicate parameter based on role concepts.
The result of alogical selection is the set of all combi-
nations of the role concepts that do not contradict the
predicate. A logical selection is written as a logical
predicate enclosed in parentheses. For example, the
result of the logical selection (Age < 30 AND Phone >
20000) consists of al possible combinations of the
instances of the concepts Age and Phone in which the
ageislessthan 30 and the phone number is greater than
20000.

Every logical selection must be an inner query of a
composition and must be based on the role concepts
that are included in the signatures of the other subque-
ries in the same composition that are not logical selec-
tions. In this case, the composition acquires an addi-
tional filtering effect because all the instances that con-
tradict the predicates of the nested logical selectionsare
filtered out. For example, the query “select the tasks

PROGRAMMING AND COMPUTER SOFTWARE  Vol. 32

235

performed by people younger than 30 years’ is formu-
lated as follows: ((Task-Person-Age), (Age < 30)) in
the full notation. For the predicates based on the same
role concept, an abridged notation can be used. In this
notation, the last query can be reformulated in the form
(Task-Person-(Age < 30)).

Thus, SCQL does not have an analog of the
SELECT operator of the relational algebra because the
same filtration effect is achieved by including alogical
selection in the composition. It can be shown that, if a
composition includes several logical selections, then it
can be transformed to a composition with a single log-
ical selection based on the predicate that isthe conjunc-
tion of the predicates of the initial logical selections.

The union operationin SCQL isused to combinethe
results of several subqueries. Asthe inner composition,
the union has no additional parameters except for the
subqueriesthemselves. The union operation is executed
in two steps: (a) selection of clusters of instances; (b)
composition within these clusters.

The selection of clusters of instances is performed
according to the following rules. (a) If two instances of
different subqueries are adjacent (see above), then they
belong to the same cluster. (b) If two instances of dif-
ferent subqueries can be assigned to different clusters
without violating rule (a), then they belong to different
clusters.

The composition within a cluster is the inner com-
position performed taking into account only the
instances of the subqueries that belong to this cluster.
Theresult of the union operation asawholeisthe set of
all the instances obtained at step (b).

The signature of a union is formed as the union of
the signatures of the subqueries. Thisis an advantage of
SCQL over the similar operation in other query lan-
guagesthat often require that the subqueries be reduced
to a common signature before the union. It follows
from the union description that, if the signatures of all
the subqgueries are identical, then the result is the set of
al distinct instances of the subqueries. In this case, the
union operation is close to the union used in the rela
tional algebra. If the signatures of all the subqueriesare
different, then the closest analogin SQL isthe complete
outer join.

The union is written by listing the queries being
combined in parentheses separated by the key word
union. By way of example, consider the following
guery: for each person, select the projects in which he
performs tasks or to which he is assigned, and specify
all those tasks. This union is written as ((Person-Task-
Project) union (Project, Person)). This example illus-
trates the simplicity of the union operation in SCQL.
Indeed, the subqueries need not be reduced to a com-
mon signature, nor the role concepts in the subqueries
are required to have the same order. Moreover, the
resulting signature is semantically clear because it is
based on the concepts of the application domain. For
this reason, | believe that the union operation in SCQL
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issimpler to understand and use than similar operations
in other query languages.

The next operation in SCQL is the difference. It is
always constructed of two subqueries and is used to fil-
ter the results of thefirst subquery by theinverted result
of the second subquery. Theresult isthe set of instances
of the first subquery that have no adjacent instancesin
the result of the second subquery. The differenceisthe
only operation in SCQL for which the order of the sub-
gueriesisimportant.

It follows from the definition of the difference that
its signature coincides with the signature of the first
subquery. The advantage of the SCQL difference over
its analogs in other query languages is that it does not
requirethat the signatures of the subqueries beidentical
and the role concepts in them have the same order;
moreover, the signature of the differenceisbased on the
concepts of the application domain. The notation of the
difference operationisasfollows: (<thefirst subquery>
minus <the second subquery>). For example, the query
get the phone numbers of all the people that have no
high skill level in any skill is formulated as follows:
((Person, Phone) minus (Person, Skill, (Skill level =
“High"))).

The last intermediate operation in SCQL is the
transformation. It is built from asingle subquery and is
used to transform its signature. The resulting signature
of the transformation operationisexplicitly specified as
its parameter; it consists of the role concepts of three
types: calculated, aggregated, and copied concepts. The
copied role concepts are the role concepts of the query
that are directly moved to the result without any
changes. The calculated role concepts are not directly
present in the subquery signature but are calculated
using a non-aggregating function. The aggregated role
concepts are not contained in the subquery signature
but are calculated using an aggregating function. The
resulting signature of the transformation operation can-
not consist only of aggregated role concepts: it must
contain at least one copied or calculated role concept.

The transformation operation is performed in four
steps: (a) Each instance of the subquery is extended by
the values of the calculated role concepts using the cor-
responding functions. (b) The extended results are pro-
jected by the copied and calculated role concepts with-
out duplication of instances. (c) Each instance of pro-
jection (b) isassigned agroup of theinitial instances of
the subquery that were projected to the given instance
of the projection at the preceding step. (d) Each
instance of projection (b) is extended by the values of
the aggregated role concepts cal culated using the corre-
sponding aggregating functions over group (b) that cor-
responds to the given instance of the projection.

The set of al extended instances of the projection
obtained at step (d) is the result of the transformation.
Thus, the SCQL transformation operation performs all
the transformations of the subquery that are related to
the controlled change of its signature. In other query
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languages, analogs of this operation are the projection,
grouping, and calculation of aggregating and non-
aggregating functions.

There are two equivalent notations for the transfor-
mation operation: SELECT <role concepts> FROM
<subquery> or <subquery>.<role concepts>. The user
is free to choose any of them. For example, the query
get the average age of people in the team of each
project is formulated as SELECT Person, AVG(Age)
FROM or as (Project-Person-Age).(Person,
AVG(Age)). Here, AVG is the aggregating function of
taking the average. The completelist of the SCQL func-
tions and the description of their syntax are beyond the
scope of this paper.

The transformation operation has some advantages
over the similar operations in other query languages.
The first advantage is that it is parameterized only by
the resulting signature and by the subquery; the other
languages require that the additional parameter specify-
ing the grouping method be explicitly provided. The
second advantage is that the signature of the transfor-
mation remains semantic; i.e., it is based on the con-
cepts of the application domain. This simplifies the
understanding and the use of the transformation opera-
tion.

We have considered all operations of the SCQL.
Using these operations, practically any query on the
SCM schema can be formulated. Another essential part
of the SCQL isthe context mechanism, which makesit
possible to deal with indirectly related concepts as if
they were related directly. A context determines the
possibleways of shortening SCQL queries. The context
that isin effect at the current moment is called the cur-
rent context.

Any context is a set of associations of the SCM
schema. Any set of associations, including a context,
can be considered as a hypergraph constructed from
concepts, which are used as the hypergraph nodes, and
associations, which serve as its edges. Consider the
connected subgraphs of the hypergraph that corre-
spondsto acertain context. Theinterrelation of the con-
cepts in such a subgraph can be obtained in the same
way as if these concepts were directly related by an
association, i.e., by listing the desired concepts. For
example, if a context includes the associations
(Employee, Person) and (Person, Phone), then the rela-
tion between the concepts Employee and Phone can be
obtained using the query (Employee, Phone) without
the need to explicitly formulate the composition
(Employee-Person-Phone).

It isseen from this example that the indirect relation
guery isaspecia case of the association sel ection oper-
ation (see above). Taking into account the context
mechanism, the association selection is executed asfol-
lows:

« |f the specified set of concepts corresponds to an
SCM schema association, then the query returns all the
instances of this association as its result.
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Fig. 1. Architecture of the semantic data integration system proposed.

« |f the specified set of concepts belongs to a con-
nected subgraph of the hypergraph corresponding to the
current context, then —all the alternative paths that con-
nect the specified concepts one with another are found,;
—the associations belonging any of the alternative paths
are combined into a unified set of associations;, — the
inner composition of the resulting set of associationsis
constructed and projected by the desired concepts; —all
theinstances of this projection arereturned asthe query
resullt.

» Otherwise, an error is reported: no relationship
between the specified concepts can be established
either directly or indirectly.

The associations that are alwaysincluded in the cur-
rent context are marked by bold type in the SCM text
notation (see the example in Section 2). Other associa-
tions can be included into the current context by a user
or automatically according to various rules. Recall the
example considered in Section 2. If the current context,
in addition to the associations indicated in that exam-
ple, also includes the association (Person, Project), then
the average age of the participants of each project can
be obtained using the query (SELECT Project,
AVG(Age) FROM (Project-Age)) or using the equiva
lent query (Project, Age).(Project-AVG(Age)). Both
gueries can be reduced to the equivalent query (Project-
AVG(Age)).

The use of the context mechanism makesit possible
to make queries much simpler and to modify their
semantics without modifying their structure. For exam-
ple, if we replace the association (Person, Project) in
the context with associations (Person, Task) and (Task,
Project), then the same query (Project-AVG(Age))
acquires a completely different meaning: for each
project, get the average age of the people who perform
its tasks.
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If it isrequired to preserve the semantics of a query
independently of the context, then the query must be
formulated using the association selections that refer to
the associations that are included in the schema. For
example, the preceding query must be reformulated as
(Project-Task-Person-Age).(Project, AVG(Age)) inthis
case. The current context is not involved in the execu-
tion of this query because al the relevant relationships
between the concepts are direct. Thus, the SCQL com-
bined with the context mechanism makes it possible to
considerably simplify the structure of the conceptual
queries, which justifies the choice of the SCM-SCQL
as the basis for the semantic data integration system
proposed in this paper.

4. ARCHITECTURE OF THE SEMANTIC DATA
INTEGRATION SYSTEM

The semantic data integration system proposed in
this paper (it is referred to as the system in the follow-
ing consideration) uses the SCM-SCQL as the data
access interface, which makes it possible to endow this
system with some unique functional capabilities. The
main software components of this system are the data
storage, adapter, integrator, domain integrator, object
manager, client, and the semantic navigator (seeFig. 1).

The information systems to be integrated reside on
so-called data servers and provide their datato the inte-
gration system for shared access. The shared data stor-
ages may be managed by various DBM Ssincluding the
most popular relational DBMSs Oracle, MS SQL,
MySQL and others. Along with the data storage, an
adaptor and an integrator must reside on the same
server. The adapter maps the contents of the storage to
the part of the SCM schema that it publishes. Each
adapter publishes it sown part of associations and con-
straints of the global schema while using a unified (for
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all the adapters) set of concepts. The mapping of the
storage to the global schema is sufficiently flexible to
ensure that two different but semantically equivalent
storage structures can be mapped to the same SCM
schema. This enables us to preserve the data access
interface when the storage structure is modified without
changing the semantics, for example, when the query
execution or the information storage details are opti-
mized. The principles of such amapping are considered
elsawhere (seg, e.g., [38, 40]).

The integrator implements the protocols used to
exchange data between the server and the external soft-
ware components. The integrator interacts with the
object managers, which can reside both on the data
server and on the dedicated servers, to obtain data con-
cerning the structure of users forms and other shared
data. Each integrator is connected to one of the domain
integrators, which form a hierarchical structure. The
domain integrators supply each integrator with infor-
mation concerning the structure of the globa schema
published by other integrators.

The user’s computer runs two components: the
semantic navigator and the client. The client interacts
with the navigator to obtain information concerning the
structure of the global schema, the schema modifica-
tion, execution of SCQL queries (including data modi-
fication), to obtain information concerning the structure
of the user forms, published components, and so on.
The semantic integrator uses the client to supply the
structure and the contents of the global schema to the
user.

Consider the principles of the system operation
using atypical scenario as an example. We assume that
all the relevant servers are fine-tuned, and the parts of
the global schema that map the structure and the con-
tents of each data storage are published via the adapt-
ers. The main steps of the system operation in the usage
(not tuning) mode are as follows:

— The user examines the SCM schema and formu-
lates an SCQL query (which may modify data and the
SCM schema).

— The semantic navigator sends the query to the cli-
ent, and the client sends it to the integrator.

—The integrator requests from its domain integrator
the information concerning the distribution of associa-
tions over the data servers to find out which other inte-
grators must take part in the query execution (if this
guery is adistributed one).

« If the domain integrator has no relevant informa-
tion, it requestsit from the higher level domain integra-
tor (this operation is repeated recursively).

— The integrator separates the query into parts and
sendsit to the remoteintegrators, while thelocally exe-
cuted part is sent to the local adaptor, for execution. If
the query is a data selection query, then the integrator
collects the results of the distributed query and returns
the combined result to the client; if the query is a data
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modification one, then the integrator uses the transac-
tion manager to manage the distributed transaction.

» The adaptor executes the local SCQL query by
mapping it to a query on the DBMS (for example, to a
SQL query) that manages the particular data storage.

» The remote adapter executes its part of the query
using its adapter and returns the result to the calling
integrator or usesthe transaction manager to declarethe
changes a part of the global transaction.

— The semantic navigator visualizesthe result of the
guery execution.

—Theuser initiates the completion or the rollback of
the global transaction: the client sends the command to
the integrator, and the integrator uses the transaction
manager to complete or roll back the global transaction.

The information concerning the change of the glo-
bal schema (the set of concepts, associations, and con-
straints) is sent to the corresponding domain integrators
within the same transaction. This ensures the integrity
of the global schema at any time from the viewpoint of
any client connected to various data servers of the sys-
tem; this also solves the problem of automatic integra-
tion of any new information system at the moment of
the publication of each part of the global schema.

The implementation of such a large-scale system
involves details that cannot be considered in a single
paper. In this paper, we focus on the issues concerning
the semantic navigator because its functionality is cru-
cial for our purposes. The semantic navigator can func-
tion in two modes: work with the global schema struc-
ture and inspection of user forms. In the first mode, the
user can browse through the published elements (con-
cepts, associations, constraints, and the structure of the
user forms), navigate through the related elements,
change, delete, and add elements, modify SCQL que-
riesand save them for further use. In thefirst mode, one
can use the published forms to solve application prob-
lems and navigate through those forms. Prior to pre-
senting the details of the system operation, we describe
the structure of user forms.

Each form has a unique name, which can be used to
request its structure from the object manager. The
form's structure is a set of interrelated interface ele-
ments, which are visualized using specia software
components; the software components are also pub-
lished by object managers. The visualization compo-
nents satisfy the following well-known principles of
designing component-oriented architectures:

(a) Each component hasits own structure of proper-
ties; the user of acomponent instance may modify these
properties to adjust the component to his needs.

(b) The components form a hierarchy of property
inheritance: the descendant component inherits al the
properties of the parent component.

In addition, all the visual components of the system
under consideration have the following general proper-
ties:
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(8 an SCQL query that is visualized by the compo-
nents; (b) afilter (a predicate) constructed from role
concepts that is used to filter the query result before its
visualization; (c) aset of input and output links between
the interface elements; (d) alocation of the component
on the form; (€) a position of the cursor and selections
of rows and columnsin the query resullt.

An interface element is a named instance of a com-
ponent declared in the framework of a user form. The
element name is used to enable the elements reference
each other within the form. For each interface element,
theinitial values of its properties are defined, including
its position on the form that the element takes when the
form is loaded. Any of these parameters, including the
SCQL query, the filter, and the links between the ele-
ments, may be changed by the user while working with
the form. Thus, the form can be adjusted to the user's
needs at run time; the modified variant of the form can
be saved for local use or published under a new name
for the shared use.

A link between the interface elements is used to
transfer data between them; this link is a non-visual
component. The general properties of the links are as
follows:

(a) an interface element (data source); (b) an inter-
face element (datahandler); (c) the signature of the data
being transferred (a set of role concepts).

The data are transferred from the source element to
the handler element in accordance with the given signa-
ture. The data to be transferred between the elements
and the method for their processing are defined by the
link type and by its additional properties.

Consider the most important master—detail link. The
datatransferred over thislink serve for the addition fil-
tration of the contents of the handler element. Since
both the signature of the SCQL query being filtered and
the signature of the link are constructed from the con-
cepts of the application domain, there is no need for the
formulation of additional predicates: the filtration is
performed on the basis of the equality of the values of
all the coinciding role concepts (as in the inner SCQL
composition),

The data transferred over the master—detail link are
formed by one of the following methods: (a) The values
of the role concepts listed in the link signature are
extracted from the current row of the table being visu-
alized; this method corresponds to the conventional
meaning of the master—detail link. (b) The combina
tions of values of therole conceptslisted inthelink sig-
nature are extracted from the rows selected by the user.
(c) The combinations of values of the role concepts are
extracted from the columns selected by the user; the
link signature is automatically modified. (d) The com-
binations of values of the cells of the role concepts are
extracted from the cells selected by the user; the link
signature is automatically modified.

Such a structure of the user forms enables the end
usersto create new forms (for working with distributed
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and heterogeneous data) without the help from IT
experts; these forms have the following functionality:
(&) browsing and modification of data based on the
results of SCQL queriesrepresented by various compo-
nents (grids, trees, diagrams, etc.); (b) master—detail
linksand other links between theinterface elements; (c)
filtration of the data visualized by the interface ele-
ments; (d) tuning the location and other properties of
the interface elements.

It should be noted that the tools that are presently
available make it possible to develop formswith asim-
ilar functionality only with the help of professional pro-
grammers using high-level programming languages.

The possibility of semantic navigation between
forms is an important capability of the proposed navi-
gator. The semantic navigation consists of three phases:
(a) the user selects some combinations of values of the
role concepts; (b) the system finds the semantically
related forms to which the user can navigate in the con-
text of the chosen role concepts; (c) the user indicates
one of theforms, which isthen loaded and tuned for the
selected combinations of the values of the role con-
cepts.

The execution of the first phase—selection of some
combinations of values of the role concepts—com-
pletely depends on the visualizing component. For
example, the following selection modes are available
for grids: (a) al values of the current row; (b) combina-
tions of all values of the selected rows; (¢) combina-
tions of all values of the selected columns; (d) combi-
nations of the values of the selected cells.

The second phase—finding the semantically related
forms—is performed by the navigator using the object
manager; it can proceed in several modes: (@) al forms
for which the signature of the main interface element
(see below) contains at least one selected concept (or
role concept); (b) al forms for which the signature of
the main interface element contains al the selected
concepts (or role concepts); (c) al formsfor which the
signature of each interface element contains at least one
selected concept (or role concept); () al forms for
which the signature of each interface element contains
all the selected concepts (or role concepts).

Here, the main interface element is the element that
has no input master—detail links (there may be several
main elementsin aform).

In the last phase of the semantic navigation the user
chooses a form from the list of semantically related
forms and instructs the system to load it in the context
of the selected combinations of values of the role con-
cepts. The context form loading means that, upon the
form initiaization, the system modifies the current fil-
ter of the interface element that was used as the basis
for determining thisform as asemantically related. The
modification of the filter consists of its conjunction
with an additional predicate that representsthe equality
of the common role concepts of the signature of the
interface element and the role concepts selected by the
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Fig. 2. Architecture of the prototype: client/server technology based on the SCM—-SCQL.

user. Asaresult, thisinterface element will display only
the instances of the corresponding SCQL query that
completely contain one of the combinations of the role
concepts selected by the user (thisissimilar totheinner
SCQL composition); i.e., the user is presented the
information in the context of the selected combinations
of the role concept values.

Thus, the proposed architecture of the system pro-
vides semantic navigation and filtration mechanismsin
a distributed heterogeneous environment without the
need for programming. To my knowledge, the proposed
system of semantic data integration has no full-func-
tional analogs.

5. CONCLUSIONS

The application of the SCM and SCQL asabasisfor
a semantic dataintegration system facilitates the devel -
opment, integration, and understanding of the global
schema; it also speeds up and facilitates the develop-
ment of an integrated system with rich functional capa-
bilities without the need for programming. A high
degree of facilitation is a result of the semantic com-
pleteness of the SCM, which also impliesthefollowing
properties: (a) the possibility to work with the schema
exclusively in terms of the application domain; (b) sta-
ble semantics of associations, which remains intact
when new associations are added; (c) the SCQL query
language with some special properties.

The specia properties of SCQL that smplify the
formulation and examination of queries are as follows:
(a) The queries are formulated using the concepts of the
application domain and without using the proper names
of associations. (b) The queries have a semantic signa
ture constructed in terms of the concepts of the applica-
tion domain; the signature is constructed according to
simple and clear rules. (c) The composition operation
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does not require an explicit join criterion and is per-
formed according to intuitively clear rules. (d) The path
and star expressions significantly facilitate the notation
of the composition operation in the particular case of
binary associations. (€) The transformation operation
does not require an explicit grouping criterion. (f) With
the help of the context mechanism, the relationship
between indirectly interrelated concepts can be
requested by simply listing the relevant concepts. (Q)
The semantics of aquery can be changed by modifying
the current context without modifying the query struc-
ture and so on.

The architecture of the semantic data integration
system has the following advantages: (a) It enables end
usersto create fully functional user forms for the work
with distributed heterogeneous data without resorting
to IT experts. (b) It makes it possible to automatically
integrate information systemsoncetheir local schemata
are published. (c) It supports semantic navigation and
filtration mechanisms in a distributed heterogeneous
environment without the need for programming. (d) It
makes it possible to improve the implementation of an
information system without changing the data access
interface.

The author has developed a prototype that demon-
strates the possihility of apractical implementation of a
semantic data integration system based on the SCM—
SCQL. The prototypeis available at site [40]. This pro-
totype is developed in the framework of the client—
server technology based on the SCM-SCQL. Its archi-
tectureisillustrated in Fig. 2, and it has an independent
practical value.

This technology is designed to develop client—
server systems in which the server functions as an
adapter that publishesthe contents of the datastoragein
the form of an SCM schema; the server also executes
SCQL queries. In contrast to the semantic dataintegra-
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tion system, this technology does not include other
software components and, therefore, it does not allow
oneto integrate several adaptersinto aunified informa-
tion space. In the framework of the client—server tech-
nology, the client directly interacts with the adapter. A
typical scenario of thework with aclient—server system
developed on the basis of thistechnology is as follows:
—an application forms an SCQL query and sends it to
the adapter through the client; — the adapter trandates
this query into a SQL query using the knowledge base
that describes the mapping of therelational schemainto
the SCM schema and sends the SQL query to the rela-
tional DBM Sfor execution; —the RDBM S executesthe
SQL query and returns the result to the adapter; — the
adapter transforms the result to the form of the initial
SCQL query and returns it to the client; — the applica-
tion receives the data from the client and processes
them.

The knowledge base is a hierarchy of XML docu-
ments. Each document describesthe SCM schemafor a
certain application domain and its mapping into arela-
tional schema. The document nesting is used to orga-
nize a hierarchy of application domains in the part—
whole framework. In future, it is supposed to develop
adapters for other (not relational) types of DBMSs.

A full practical implementation of the proposed
architecture of the semantic data integration system
requires additional studiesin the following directions:
— mapping of the SCM schema to other schemata in
addition to the relational ones; — mapping of the SCQL
gueries to other query languages in addition to SQL; —
mapping of the SCQL queries to SQL queries with
simultaneous run-time optimization; — support of enu-
meration type domainsfor concepts; — extensions of the
SCQL for working with metainformation; — principles
of data access management in the framework of the
semantic integration system; — detailed architecture of
each software component, i.e., of theintegrator, domain
integrator, object manager, and semantic navigator.
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