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Abstract

An underpinning to the notion of Computer Integrated Enterprises is information integration; that
is, the integration of information resourcasd decision logic across the enterprise so as to achieve
fundamental synergies. This concept requiredain basic extensions to two previously separate
paradigms: information modeling and metadata managemanparticular, both paradigms must
consider not only data resources but also contextual knowledge in a unified way; further, they have tc
converge as a singletegrated method rather than belonging to two distinct stages of a life cycle.
Toward this end, a modeling system is developed bas#teohwo-Stage Entity-Relationship (TSER)
approach [3, 4, 5, 7] and the metadatabase method [5, 6, 8].

This paper presenthie metadata modeling system, focusing on its basic concepts, design, and
current implementation. In addition, the prototype environment of the metadathbifgs system
creates is illustrated through some examples taken from a Computer Integrated Manufacturing case.
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1. Introduction

The basic objectives of an integrated enterprise information system are generally considered tc
include the following: data sharing via common databases and communication links, shared executabl
programs via common system and application interfaces, common user interfaces, and a commo
enterprise model. Iraddition, from a decision-making perspective, the system might also be
envisioned as the basis for a fusion of decision regimes in the enterprise toward fusgtiengies
throughout.

Achieving integration, however, is a challenging problem for several reasons: The data structures
used in subsystems may be complex and often incompatible with each other, and many tasks require
large volume of data processing and couamications. Moreover, with the trend toward
computerization, there is an increasing requirement to consolidate information resources with database
and their application knowledge, and to effect real-time access to information resacness the
enterprise.

Since the early 1980’s, thjgoblem has drawn growing national research attention. Examples
include the Air Force’s Integrated Information Support System project [L5\#tienal Institute of
Standards and Technology’s Integrated Manufacturing Data Administration System [9], MULTIBASE
by Computer Corporation of America [10, 14], and the Computer Integrated Manufacturing Program at
Rensselaer Polytechnic Institute [5, 6].

One approach to achieving the desioetnmonality is to impose homogeneity such as using a
single software technology or physical design for all subsystems. However, there are two fundamenta
issues thatnake this approach impractical to completely redesign systems in the near future. Firstly,
the large investment in existing systems cannot easily be replaced. Secondly, ever-evolving technolog
and enterprise and subsystemquirements make it necessary to allow for plural system
implementations.Thus, research is being pursued to make it possible to achieve the objectives of
integration while still preserving thigexibility of subsystem design and reasonable independence in
implementation. The ongoing efforts on the topic of distributed and heterogeneous databases
[11,13,16] are an important class of research in this general direction. More fundamentally, however, il
really represents a basic premise that integration will be achieved at a logical level through information
rather than relying entirely on standards or otkimnilar means aiming at attaining physical
homogeneity. This notion is referred toafermation integration, which signifies both the integration
of enterprise information resources and the integratibenterprise functional systems through
information.
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A promising approach to the integration problem based on this coiscepgain control of the
organization’s information resources (databases, coikmowledge, and physical information
processing resources) at the metadata level while allowing autonomy of functional subsystems at the
actual data level. In other words, the integration is accomplished through globally coordinating the local
systems’ data models and contextual knowledge which govern how these systemsviitie eath
other to achieve synergy, as opposed to managing directly their transactions in conventional manner
such as global serializaticand schema integration. Toward this end, an information integration
approach using a metadatabase is developed [5,6,8]mé&taelatabase, serving as an enterprise kernel
for integration, contains a global information model describing organization subsystems including their
data resources, applicatitnowledge, and interactions in the contexts of the overall enterprise. In
addition, the metadatabase identifies the control strategy and its implemeaotatearning what and
how information is shared and under what circumstances it is used across these subsystems.

Therefore, this approach presents nevallenges in concept and technology not only for the
established areas of data and knowledge engineering, but also for the evolving efforts on metadat
management and information modelingssentially, the requirements for a metadatabase entail (1)
new methods integrating data and knowledge througtheuinformation management life cycle (from
modeling to representatioand processing), (2) new methodology unifying enterprise metadata
management withnformation modeling, and (3) new technology and architecture utilizing the
potentials of metadatabase to simplify the complexity of global information control.

These three fundamental requirements stem from the basic teattmacatteristics of enterprise
wide information integration; on this basis, the metadatabase model is operationalized to facilitate
solving integration problems. The first requirement is basically due to the scope of metatkataed
herein. The adaptive, run-time, and on-line natafeinformation systems development and
managemenin computerized enterprises implies the second requirements; i.e., enterprise information
resources have to be developed and managecamiaual basis and in a cohesive manner for such
environments. The third requirement implements the benefits of metadatabase for distributed data an
knowledge administration, which is a problem not yet satisfactorily resolved by traditional distributed
technology.

The current implementation of the metadatabase approach is described in this paper, with a focu
on metadatabase modeling. The basis for metadatabase modeling is the Two-Stage Entity-Relationsh
(TSER) approachvhich is extensively documented in [3, 4, 6, 7]. The modeling system itself is
discussed in detail in this paper to satisfy the first requirement mentioned above. The implementatior
and operation of the metadatabase are also discussed through a prototype currently under developme
at Rensselaer, thereby illustratitige other two requirements. A general description of some basic
metadatabase processing methods is included; their details, however, aretheysape of the paper
(see [6,8] for more detalils).
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The concept of metadatabase is further discussed in Section 2, while Section 3 provides ar
overview of the TSER modeling methodology. Section 4 describes the design and functionditidies of
metadatabase modeling environment; it is then illustrated in Section 5 with an example taken from a
computerized manufacturing case. This modeling system is incorporatedneta@database prototype
to demonstrate the whole metadatabase approach, as preseSttiom 6. The conclusion and
discussion of future work is the subject of Section 7.

2. The M etadatabase

The notion of metadata is as old as the traditional data dictionary systems which are the subject o
the recent Information Resources Dictionary System by the Natlostitute of Standards and
Technology (NIST) [2]. This notion is further extended in the emerging technology of repository for
systems development usit@pmputer-Aided Software Engineering (CASE) tools, as promoted by
IBM and other firms in the industry. Most of the previous metadata systems are limitedtireyhéit)
are tightly coupledwith a single database system; (2) perform only the passive, schema and
“dictionary” type of functions; and (3) focus narrowly on data modeld structures. To bring the
problem into prominence, we formulate the metadata system for information integration as a
metadatabase. This concept asserts and emphasizes the role of the metadatabase as an on-line kern
for all systems in the enterprise towards functional synergies and the fact that it is, in its own right, a
combined data and knowledge base capable of both passive and active uses in integration.

2.1. Goals and Approach: The Concurrent Architecture

The objective of the metadatabase madedio achieve enterprise information integration over
distributed and potentially heterogeneous functional systems while alltkgsg systems to operate
concurrently (i.e., without relyingn schemata integration and global serialization). Three progressive
levels of functionality are provided; namely, repositfoy passive), global query (or semi-active), and
systems integration (or active).

From a user’s perspective, a passivetadatabase is essentially an organization-wide repository
whereby users can obtain information in a timely manner without having tomalyexact personal
communication, knowing where information resides, nor how to aitce¥he metadatabase provides
an enterpris&iew and local views of the information contained in the individual subsystems, thereby
supporting decision-making activities of those who are not users of spadifsystems. This view
and decision logic consolidation is a type of integrationftgtitates system-wide information sharing
and management. In addition, the metadatabase also supports “run-time” systems development wit
“build-time” CASE capabilities. Since the metadatabase contains existing information models
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covering a life cycle of systems development, the metadata can be used for developing new applicatior
or maintaining old ones without startifiggm scratch; e.g., providing such capabilities as “what-if”
analyses for design alternatives and reasonable initial models.

When the metadatabase is employed directly in the processigbafl information, a more active
role in integration is assumed for it. The contents, i.e., metadata, will be yseditte model-assisted
or knowledge-based capabilities for global information retrieval and uptlditde the metadatabase
does describe such activities, it will not interfere with routine ttarasfers between subsystems nor
with self-contained subsystem operation.

A number of methods and techniques have been developed for the metadatabase to effect both i
passive and active functionalities.

At the core, the metadatabase employs a new represemtatbnd called the GIRD model which
is described in SectioR.2 to (1) combine data models at functional, structural and implementation
levels withcontextual knowledge, (2) represent the combined metadata into a generic metadatabas:
structure, and (3) support new metadata processing methods. The resultant system, therefore, achiev
an important class of metadata independence: It represents the logic of the enterprise as a whole rath
than being coupled with individual (local) database systems; it corresponds logically to local schemata
but does not supercede them; and it incorporates new models into it through ordinary metadate
transactions without necessitating metadatabase recompilation. Based on thenGdeD new
processing methods combine relations, rulebase and routine processing techniquamified a
metadata management environment referred to as the metadata manager. It provides estagrise
with metadata analysis and design capabilities as well as the usual passive repository functions. Thes
capabilities allow the users to perform new applications or changes to existing ones with either the life
cycle approach or the rapid prototyping methodology. It is worth nittisigamong them is the ability
to support “what if” simulations with the metadata; e.g., assisting application managers to know just
how the current application is related to others, sottietmpact of changes is understood before they
are undertaken.

In addition to the metadata manager, the metadatabase managemenirsysties a global query
manager and a system integrator manager. The global query manager makes use of a set of methc
utilizing the metadatabase as on-line assistémcguery formulation and processing. In particular,
these methods enable a direct approach without relying on an active, governing global schema as th
intermediate between user-oriented enterprise models and local heterogeneous implementations. The
allow queryformulation through direct traversal of functional and structural models whereby users
articulate in terms of information models rather than specific syntax of query languages and schemata
The user is not expected to provide technical detéimy local systems nor to learn a technical query
language (e.g., SQL). Metadata are tapped into to assist semantic ambiguities detection, diagnosti
feedback, and even information analysis. In a similar way, the direct approach further uses structura

4



Cheng Hsu, Gilbert Babin, M'hamed Bouziane, Waiman Cheung, Laurie Rattner, and Lester Yee. "Metadatabase Modeling for E
Information Integration.” Journal of Systems Integration. 2(1). January 1992. pp. 5-39.

and implementation models to optimize global queries, generate local-bound code, and assembl
results; all with assistance frothe metadata. On-line intelligence is also provided through contextual
knowledge throughout these stages. Especially, operation rules (e.g., buglasssand data
conversion rules in the metadatabase are utilizedetmlve semantic ambiguities and data
incompatibilities among local systems.

The active role of the metadatabase effatisgration of multiple systems through a concurrent
architecture implementing the contextual knowledge and global data management requirethents
enterprise information models [6]. In order to enable such capabilities, a new programming approach
has been formulated: tHeule-Oriented Programming Environment (ROPE) which calls for a new
“rule” section on top othe usual data typing for efficient execution, management and maintenance of
distributed knowledge models. Figure 1 is an illustration of the architecture of the manufacturing
enterprise applications using the ROPE concept.

[insert Figure 1 about here]

The contextual knowledge are formulated as (1) operating rules for event-based data pr@2essing,
control rules for inter-system data flow, and (3) decision rules for global, concurrent decision making;
thus are represented and implemented as productites. Similarly, global data management
requirements are also derived from the structural maondsules. Together, they are distributed into
shells according to the concurrent architecture and managed through the system integrator manager.

Each local functional system is “empowered” withatsn shell responsible for monitoring the
events that have a global conceerecuting the rules assigned to it, and communicating with other
shells. The concurrency is, therefore, achieved not only at the usual level of allowing local autonomy
(i.e., the shells do not intervene with routine, local operations), but also at a fundamentai fetel
requiring global serialization of transactions (i.e., each shell executasrtsules without the direct
control of the metadatabase). The metadatabgstems integrator, instead, functions basically as a
distributed rulebase management systerthis regard and globally manages the (changes to) rules in
these shells. The creation, maintenance and processing of these shells is conducted by using ROPE.

2.2. Representation and Storage: The GIRD Model

Because the nature and structure of metadatacanglex, a representation method is needed to
organize the contents, and a modeling methodology is needed for obtaining the metadata. The TSEF
based Global Information Resources Dictionary (GIRD) modebkas developed as a representation
method [8]. An overview of the model is given in Figure 2, which is alssxample of the functional
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level representation using the TSERodeling methodology (see Section 3.1). The detailed data
structures (TSER structural level constructs) of the GIRD can be found in [8].

[ Insert Figure 2 about here ]

The GIRD model represents the four major classemefadata mentioned in Section 2.1:
enterprise functions (as reflected in application systems), functional models, structural mmudiels,
implemented information resources (including users). Each of them may include both data models ant
contextual knowledge. Note that from an information management’s perspectiveslassof
metadata represents a basic stage in the information systems life cycle and reflects the perspective wi
which a certain group of users understands the enterprise as a whole. Each class is repseaented
rounded rectangle in Figure 1. When implemented, all four classes are structured andgatitedin
a unified way and can be retrieved both individually and collectively to recover the original models at
each distinct modeling stage, traverse models across stages to facilitate enterprise-wide management,
to use parts of existing models to develop models of new or evolving systems.

Enterpriseapplication systems are the highest levadescriptions of the basic organization
subsystems. This level reflects an executive-level view of the subsystems and is primarily focused or
how these subsystems interact with one another. fariwdonal models (e.g., semantic dataodels,
data flow models, and high-level CASE models) are nuatailed in scope and describe the major
modules and the decision logic contained within each subsystem. A functional model teélects
enterprise view of the mid-level managers who see their enterprise as a series of logically relatec
processes.Sructural models (data models and rule models) represent the data-structure and rule
structure translations of the higher-level, functional moddikis class of metadata describes the
underlying logical schemata of databases and knowledge basesflants the enterprise as viewed by
information systems people.

Each of these three views supports decision-making for both system development and informatior
managemenat some level in the enterprise. By reflecting the different orientations that enterprise
members use in describing the organization. All of thestadata (models) may either describe
individual (local) subsystems or pertain to a consolidated view for the entesprsavhole. In the
metadatabase model, we assume the existence of a global strmetwakll in conjunction with
individual functional models as a minimum degree of logical completion.

Finally, the resources class of metadata describes the actual (distributed, heterogeneous)
implementation models of local subsystems a@ligbal level. That is, existing on top of local
subsystems’ own metadata (e.g., Oracle schema and access methods in VMS), this class of metade
reflects the hardware and software resources in the enterprise and profodestion on directory,
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global access (security), and control and communication networks to support flaedtidnality of
the metadatabase system.

The various relationships among these four views are depictdteliywve rounded diamonds in
Figure 2.

The GIRD representatioemploys the TSER modeling methodology. TSER provides one set of
constructs for functional modeling and another set for datd-rule-structure modeling. (As noted
previously, Figure 4s an example of a TSER functional model.) It also defines and includes
algorithms that automatically generate structural models from the functional models [3]. This
methodology supports the information modeling task of the metadatabase approach.

3. The Modedling Method: TSER

The Two-Stage Entity-Relationship (TSER) modelJy&]s first developed to integrate some tasks
of system analysis with database design in complex enterprises and was later expanded to includ
knowledge representation. It entails two levels of modetiongstructs devised respectively for
semantics-oriented abstractions (i.e., the functional consuletitseed below) and cardinality-oriented
(normalized) representations (i.e., the structural constructs defined below) of data and production rules
The constructs allow for top-down system development, as well as bottom-up design, i.e., reverse
engineering of existing applications or software packages into the TSER constructs. There are rigorou
TSER algorithms which map from semantic to structural models and these algorithms ensure that the
resulting structures are in at least third normal form [3]. TSER algorithms also integrate views, thus
allowing systematic consolidation of any number of data models. The integrity constraints btiié into
TSER constructs are usedfaxilitate the management and control of the metadatabase. The basic
elements and functionality of TSER are summarized in Section 3.1.

3.1. The Modeling Constructs

A. Functional (Semantic) Constructs: User-oriented semantic-level constructs for object-hierarchy
and processes representation; used for syateaiysis and information requirements modeling; and
referred to in TSER as the Functional (or SER) Level Modeling Constructs. Used exclusively
capture semantics.

Subject

Primitives: Contains data items (attributes), functional dependencies (among datdriteans),
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SUBJECT rules (triggerand dynamic definitions of data items belonging to a single
SUBJECT), and class hierarchy (generalizes and aggregates SUBJECTS).

Description: Represents functional units of information such as user wiegvapplication
systems, and is analogous to frame or object.

Context

Primitives: Containsnter-SUBJECT rules (characterized by references to data ivefoaging
to multiple SUBJECTS), typically includes directions of flows for logic (decision and control)
and data (communication, etc.).

Description: Represenisteractions among SUBJECTs and control knowledge such as
business rules and operating procedures and is analogous to process logic.

Note:

) The full contents (as applicable) must be specified for all SUBJECih® deaf level of the
SUBJECT hierarchy.The class hierarchy implies integrity rules for applications, but its
presence is not required.

)] Rules are constructed in the form of (a subset of) predicate logic where all clauses must only
consist of the logical operators and ttegta items that have been declared or defined in the
SUBJECTSs (except for certain key words suctdaandexecute.). A data item may be defined
to represent an executable routine, algorithm, or mathematical expression.

B. Structural (Normalized) Constructs: Used as a neutral normalizedpresentation of data
semantics and production rules from functional model for logical database dmsigreferred to in
TSER as the structural (or OER) model. There are four basic constructs described below.

Operational Entity (OE)

Entitiesidentified by a singular primary key and (optional) alternative keys and non-prime
attributes.

Plural Relationship (PR)
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Association of entities characterized &#ycomposite primary key and signifying a many-to-
many and independent association.

Functional Relationship (FR) PR PR |

A many-to-one association that signifies characterigtiénheritance relationships. FRs
represent the referential integrity constraint implied by the existence of foreign keys.

The arrow side is called thietermined side and points to either an OE or a PR, while the other
side is called thdeterminant and is also linked to either an OE or a PR. The primary key of
the determined side is included as a non-priraéribute (i.e., a foreign key) of thdeterminant

side.

Mandatory Relationship (MR) 1

A one-to-manyfixed association of OEs. MRs represent the existence-dependency constraint,
and are symbolized as a double diamond with direction.

The “1” side is linked to thewner OE while the arrow side points to tbened OE.
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Note:

@ In both top-down design and reverse engineering, the structural motyplidally derived
automaticallyfrom the functional model by using the TSER normalization and mapping
algorithms.

2 While there usually are multiple functional models representing different views or application
systems of an enterprise model, there always exists only one integrated structurdbntbdel
global system.

C. TheMapping Algorithms: Used to map the functional mod@éiéo structural models and to link

both types with their respectivaetadata representations (i.e., the GIRD model). These algorithms

which are reported in [3,4,6], generate and decompose views, produce relatitver olata structures,

and determine integrity constraints for schema design. They also include proceduareating the

metadatabase structure and other logical database and rulebase designs for certain generic models.
In sum, underlying these constructs are two types of primitives: data items and predicate logic.

Therefore, the basic structure of TSER metadata is charactbyiZ@dl data representation as relations,

(2) knowledge representation in the form of production rules, and (8)theepresentations being tied

via data items.

3.2. The Modeling M ethodology

From the perspective of an information modelipigpcess, TSER may be described as follows.
First, we might emphasize that there are actually a variety of modedirgpectives supported by
TSER, including data modeling, knowledge modeliagg¢ functional modeling that combines both.
Each of these three may be undertaken individually and independently.

The set of constructs for functional modeling is comprised of SUBJECTs and CONTEXTs and is
used torepresent data semantics and knowledge as viewed from an application level or a system:
analysis perspective. These constructs may be employed in their entirety or just subisatg of
depending on the perspective and tasks intended. To illustrate how SUBJECTs and CONTEXTs may
be employed separately to perfosame major tasks for data or knowledge modeling, they are
compared to certain traditional notions in Table 1.

For instance, to perform traditional data modeling tasks, for, say, relational database design,
CONTEXTs would not be required (or even the intra-subject knowledge might be omitted). A model
using SUBJECTSs alone would suffice the requirements of semantic data modeling, deddterthe
normalized structure (OER) through the attendant mapping algorithms. Whibe, otiher hand, both
SUBJECT and CONTEXT are used, the resulting model would encompass what is usually referred to
as functional models aftructured systems analysis. Again, in the case of TSER, the functional level

10
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model would include data semantics and knowledge which would then be struntoradrmalized
combined representations, i.e., the structural level model.

Table 1. The TSER Modeling Portfolio

Functional Constructs Perspective Comparable Methods

Subject (used alone) Data Modeling Semantic Data Models and
Object-Oriented Models

Context (used alone) Knowledge Modeling Process and Flow Models, apd

Rule-Based. Models
Subject and Context Functional Modeling Functional Models
(e.g., DFD and IDE§)

The structural modeling constructs are one type of entity and three special types of associations the
refine the representation of data and production rules captured in the functional model of logic design.
They, too, may be decoupled from the functional constructs and used for modeling in their own right.
In this manner, they can be compared to the traditional Entity-Relationship model except for the
rigorous definitions in TSER. These definitions ensure proper data structures and intéggifgr the
design of databases or rulebases or their combination.

The metadata is represented by connecting the first two setsstructs and structuring them into
TSER meta-models; the result, along with other classes of metadata, is a metadatabase. This proce:
which corresponds to the common life cycle of systems analysis and design, is depicted in Figure 3
where a typical manufacturing enterprise is used for illustration purposes.

It is worth noting that théhree classes of metadata in Figure 3 correspond to the meta-subjects in
Figure 2. Therefore, three of the four classes of metadata in the metadatabasarendetirmined
directly from the metadata modeling methodology itself, i.e., the TSER definitions and constructs.

[Insert Figure 3 about here]

In the usual case where th@dels of more than one system are being developed, a three-step
procesdor basic global information modeling is used. First, a functional model (hierarchy) for each
application system is created; second, each leaf-level model is mapped to its corresponding structur:
model; and third, the several structural models are consolidated single global structural model
using dependency-theoretical principles (e.g., normalization). When systems integratonely
formulated on top of this basic model, step 2 wdwddexpanded to provide a single functional model.
That is, the several functional models would be integrated into a global functional model by creating anc

11
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populatinginter-application CONTEXTs with the control knowledge and operating rules that define the
interactions among application systems.

The above logic is depicted in Figure 3, which includes both top-down modeling and reverse
engineering approaches. Unlike top-down modebmigich is precise and standard when using the
TSER method discussed above, reverse engineering calls for a general guidegeespecificity
depends largely on the particular systems to be reverse engineerifidne general guideline employs
TSER functional constructs to represent the local models andgtbered from there following the
usual (top-down) methodology. For example, base relations, views, or data files would be represente!
as subijects, with additional data semantics being modiailedunctional dependencies, intra-subject
rules, or contexts. A specific algorithm is presented in [6].

4, The Software Environment of TSER: a CASE System

Based on the TSER methodology,CASE-type of integrated data and knowledge modeling
environment for the metadatabase system is developed. réferred to as the Information-Base
Modeling System (IBMS). IBMS assists users to design an enterprise information systemadad
Global Information Resources Dictionary (GIRD) structure for its metadatabase. Management of the
metadatabase @chieved using the Metadatabase Management System (MDBMS), which provides
query and system administration capabilities.

Figure 4 depictan overview of the software architecture. The major elements of MDBMS have
been described in section 2.1, while the IBMS is the focus of this section. MRBMIBMS are
actually integrated in the sense that each can be accessed separately by users and can also invoke €
other before, during or afterperation. At present, the system is coded in C and LISP and is
implemented on an extended relational platform using VAX/Rdb, with C and LISP shells. The
implemented metadatabase structure (GIRD) includes Rdb sclmemgrity constraints in C, and
VAX file management utilities. Since the metadatabase modeling capabilities are primarily pbyided
the IBMS layer, it is discussed in detail below.

[Insert Figure 4 about here]

4.1. Thelntegrated Modeling and M anagement Environment

The first two layers shown in Figure 4, metadata manageifMBBMS) and information
modeling (IBMS), arecoupled architecturally to form a unified physical environment. Thus, these
layers reflect more of a logic@ilinctional distinction rather than any intended physical separation of
implementation. This design, inspired by theetadatabase objective of facilitating enterprise

12
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information integration, allows MDBMS users to invoke the modeling capabilities whenever necessary
for active global control. In a similar way, the design also provides IBMS users with access to
MDBMS as well as Rdb. Therefore, IBMS is currently designed for three types of users, namely (1)
general information modelers, (2) enterprise administraionserned primarily with the integration of
heterogeneous system models, and (3) metadata managers foc@sedrprise information resources
management. These views of IBMS are depicted in Figure 5, which also illustrates the components
and processes that create the metadatabase.

[Insert Figure 5 about here]

Modelers are the basic type of users for wHBMS has been developed. They use IBMS to
create models of existing or new application systems at various levels of specification. In this capacity,
IBMS allows integrated top-down analysis and design activities as well as reverse engineering and
access to individual modeling capabilitid®@MS also performs interfacing/integration with selected
software systems.

The other two types of users actually need both modelingnaaiagement capabilities for
metadata; thus they magccess the system through either MDBMS or IBMS. Enterprise
administrators use the system to get an enterprise-wide picture of the information mdat=litate
their managerial tasks. These users are primarily engaged in global information management; i.e.
administering the heterogeneous structures oéttierprise information system as a whole. IBMS
supports both access to specific information models and the integration of dififgfeniation
models. Lastly, metadata users are most interested in the types of information resources avbadable in
enterprise, and the management of such resource types. This category of user is most likely to invok
MDBMS through (the assistance of) IBMS, even though they might approach their problems from the
perspective of information modeling and engineering.

The following three subsections describe how the IBMS suppoetsnformation modeling and
management tasks of the three classes of users.

General information modeling

Modelers areresponsible for creating the functional and structural models for both data and
knowledge; they may interact witmy of the modeling components. Information modelers would
typically start with some type of structured system analysis. IBMS facilitates such top-down analysis
and design by providing a user interfacethhe functional model module. IBMS has automated
algorithms to simplify the task of mapping these models into their respective rule/data smaortals
and from these latter models to the target rulebase/database schemata.
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Modelers are not restricted to this top-down use of IBMS, however, and may enter data and rule
structure models directly, by using the appropriate structural model module. The results of modelers’
efforts may also be inpuhto the metadatabase. To ensure approved metadatabase updates, the
decision as to whether and when to populate the metadatabase with the modelinig resudts by the
modelers.

While modelers may select individual IBMS modules to manually document a system at its
various levels of detail, they may prefer to take advantage of the integrated algtmdhegtomatically
map from functional model® schemata designed for the target database management system. A
specific task that is facilitated by the use of thagbmated algorithms is the translation of existing
models (e.g., functional models: IDEF, Data Flow Diagram; semantic moBelkity-Relationship,
Object-Oriented; andtructural (data) models: Relational, Hierarchical, Network, etc.) into target
schemata.

The modeler is also responsible faeating the initial metadatabase, i.e., the standalone global
information resources dictionary (GIRD)This function is done once — to establish the GIRD
structure for the enterprisélhen, as the models of enterprise systems are constructed with IBMS
tools, the modelers may automatically populate the GIRD struatitinethe metadata describing the
systems. Asdescribed in Section 2.2, metadata includes descriptors of the application systems,
interface systems, and the database and rulebase schemata. Thus, information desdtbatigpniaé
model hierarchy and the logical database designs are maintained, as are semsindmts, synonyms
and the locations (physical and logical) of the data, rules, models, and systems.

Modelers thus ensure that approved system models are contained in the enterprise repository. Th
responsibility is consistent with modelers’ authority in the enterprise. As shown in Figure 5, this type
of user is represented by the middle terminal, connected to the Information Modeling System (Module
1).

Enterprise information administration

In addition to the generic use afformation systems modeling, IBMS can be used to facilitate
high-level information management tasks for enterprise administrators. This typerafteracts with
the parts of the IBMS system that contain the functional models o¥adheus (and, perhaps,
heterogeneous) systems and their respective data- and rule-base schemata.

These users are particularly interested in bridd¢irgboundaries among the standalone systems as
well as overseeing the structures of thegstems per se. IBMS can provide standalone functional
models and the schemata for their data- and rule-bakesn, for example, enterprise administrators
plan to develop new system resourcesvben they seek a better understanding of the interactions.
Perhaps more importantly, IBMS also supports a central task in enterprise information administration:
the design and modeling of effective interfaces/ integration across different systems.
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The enterprise administration category is depicted in Figure 5 by the upp&mustl, connected
to Module 2: Information Models Integration System.

Metadata management

Similar to the enterprise administrators, the third type of users, metadata managers, requires al
enterprise-wide view. This type of user may be distinguished from the enterprise administrators just a:
data managers may be distinguished from database managers. Metadata manageag then,
responsible for ensuring that information resources are availalali aothorized enterprise users.
Their primary use of the IBMS involves querying and maintaining metadata.

This type of enterprise user differs from the other types in one basic characteristic: these users ar
generally outside of the information systems sphere per se and are concernetharithusiness
functions; i.e., they arunctional area managers. Effective functional administration often requires
information concerning various enterprise systems. Some of these information requirements are well
known and structured, while others are ad hoc. IBMS supports functional managers’ need for
information by providing them with information (metadata) concerning the availatoenation
resources.

This class of users is shown as the bottom terminal in Figure 5, entering IBMS through Module 3,
Metadata Management System. Their primary interactiovitis the Global Information Resources
Dictionary (metadatabase).

4.2. Design features

The major functionalities of the modeling system are reflected in the menu of IBMS (see Figure 6).
Features of the IBMS can be summarized as follows.

[Insert Figure 6 about here]

a. An integratedenvironment. As indicated by the flows in Figure 5, all modules of IBMS are
available to any class of users; i.e., Module®,Bnd 3 are actually an integrated interface and
control subsystem for the modeling environment. IBMS secuanigbles users to access
modules consistent with their enterprise authority and responsibility.

b. Multiple interface methods. IBMS suppottgee methods: menu-driven, graphic (icon), and
interactive (language).

C. Automated algorithms for the following tasks:

(1) Mapping Functional models to structural models: thagpping algorithms are based on
functional dependencies specified in functional models.
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(2) Mapping structural models to database schemata: IBMS currently supworts
relational database systems: VAX/Rdb and Oracle. It is worth noting that Hiviéhly
generates the data definition language (DDL) code¢Herschemata but also generates
codeor commands implementing the integrity constraints embedded in the structural
model.

(3) Populating the metadatabase: IBMS generatesndatapulation language (DML) code
to populate the metadatabase according to the GIRD structure.

d. Self-documenting. At akteps in the modeling process, IBMS generates a variety of reports,
documentation and diagrams as requested by users.

e. Error checking when entering the functional model.

f. Access to individual modulesThe users are not required to follow a prescribed modeling
sequence. lparticular, users can work directly with the structural model (OER), perform
reverse engineering and model integration at any level, as well as conduct the customary top-
down design starting with the functional model (SER).

5. Integrated Manufacturing Case

The above approach is illustrated below with a modeadixemple. This example is taken from an
actual Shop Floor Control System at Rensselaer Polytechnic Institute Computer Integrated
Manufacturing (CIM) laboratory. The CIM system consists of six functional subsystems: order entry,
computer-aided product design, process planning, production platMiagufacturing Resources
Planning — MRP Il), shop floor contr@nd work in progress tracking. To illustrate the semantic
hierarchy modeling capabilities, the shop floor control (SFC) system is decomposedtimeitnain
modules: material information, work order management, and workstation control.

5.1. The modeling process

A functional model (see Table ®jas first developed using SUBJECTs and CONTEXTs for this
CIM system. Figures 7a-c show the resultant functional modeling hierarchy, where Figure 7a is the
highest-level functional model @fhe CIM system. Each subsystem was modeled as a SUBJECT
(rounded rectangle) with subsystem interactishewn as CONTEXTs (rounded diamonds). Note
that the SUBJECT “Shop Floor Control System” from Figure 7a is decomposed into a model of the
three modules shown in Figure 7Bhe sub-systems are also represented as SUBJECTs (Material
Information, Work Order, Workstation) and their interactions as CONTEXTs (Temp_Smmeume,
Allocate Material, Queue). In figures 7a and 7b, the arrows emanating from the CONTEXTSs indicate
the flows of information and control.
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[Insert Figures 7a-c about here]

As described in Section 3.1, each of the CONTEXTs in these figures contains production rules and
operating knowledge that define the dynamics among SUBJECTs. Each SUBJECT, on the othel
hand, ischaracterized by an encapsulation of data semantics describing the statics of information. Tc
illustrate the contents of SUBJECTs and CONTEXTS, Figure 7c shows the data items, functional
dependencies and rules contained in two SUBJECTs (WorkordeWankistation) and the inter
subject knowledge contain in the CONTEXT (Queue).

The next step in this case was to derive a structural model from the functional model developed
above. Applying TSER normalization algorithms to the data itemasfunctional dependencies shown
in the “Work Order” SUBJECT produces the structural submodel in Figuréfter repeating this
derivation for the remainder of the SFC functional model, an integrated structural model resulting from
consolidating this “WorkOrder” submodel with similar submodels mapped from the other two
SUBJECTs (Workstation and Material Information) in the SFC Systeabtained, as shown in
Figure 9. Similarly the completed SFC (sub)model is consolidaiiddthe global CIM facility model
(but not shown here).

[Insert Figures 8 and 9 about here]

The consolidation of submodels begins by identifying the identical constructthpse, having the
sameprimary key) among the structural submodels. Each such set of identical constructs is mergec
into a single construct (note, during the initial mapppigse, identical constructs within submodels
have been merged.) The second step in consolidation is representiogetge keys (referential
integrity constraint) arising between construntslifferent submodels (those arising within submodels
have already been specified in the initial mapping) by creating Functional Relationships (FRs). Both
submodels and consolidated structural models are normalized and are anteniaiplet to the
automated algorithms for schema generation. The same process waplalibd to other subsystems
(i.e., order entry, MRP Il, design, process planning and WIP tracking) to obtain the enterprise
information model. All structural models for these subsystems would then be consolidated to yield a
global integrated model.
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52. Useof IBMS

This section demonstrates the wddBMS in modeling the above SFC system by integrating the
SFC model with models of two other systems in the CIM laboratoy then populating the
metadatabase.

The graphic mode is used to develop a functiomadiel for the SFC system. First, a hierarchy is
created by defining SUBJECTs and CONTEXTs, and decomposing SUBJECTSs into lower level
functional models. Figure 10 shows the functional model definition screen to create the model shown
originally in Figure 7b. An important step in this process is the gldéfahition of data items. Global
definition allows the user to define the format only once for an item used by many SUBJECTSs in the
system. Figure 11 shows the assignnwrdata items to a SUBJECT (WK_ORDER). During data
item assignment, IBMS helps the user by displaying a list of all defined items and marking the items
already assigned to the SUBJECT. The user may also define new items that are then added to the li
of defined items.

[Insert Figures 10 & 11 about here]

Once the data items have besssigned to a SUBJECT, the functional dependencies (FDs) are
defined for that SUBJECT, as shown in Figure 12. IBMS provideaghewith the list of data items
already assigned to the subject, so that the user may easily select the ones involved in the FDs. Ar
number of FDs may be specified for each SUBJECT.

[Insert Figure 12 about here]

Application knowledges stored in CONTEXTs and SUBJECTSs using a production rule format.
Any numberof statements can be included in the “IF” and “THEN” portions of the production rule.
There is no limit to the number of rules contained in either a CONTEXT or a SUBJHETresulting
SFC functional model is partially shown in Figures 7a-c.

The functional model is then mapped into a structural madelg the automated algorithms.
During the mappinglBMS determines the primary key of each SUBJECT, and may also request
additional semantics (iarder to resolve ambiguities) from the user. The user is allowed to replace a
system-determined primary key with an alternative key if one exists (Figure 13a). In Figure 13a, since
the list of alternative primary keys is NIL, an error message waddlt if the user attempted to select
an alternative key.

Each SUBJECT is then decomposed according to dependency theory and the functional
dependencies given. As shown in Figure 13b, one type of addisensntics defines existence
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dependency, which implies a “fixed association,” anteisned an MR in the TSER approach (see
Section 3.1) The fixed association constraint declares that an instancewh¢deside exists only as

long as itsowner does. In Figure 13b PART_ID becomi® owner of an MR also involving

WO _ID. By answering “Y” (for yes) the user indicates thatgizstem should delete any instances of

a work order (WO _ID) that is associated with a deleted part (PART _Thjs is a strong integrity
constraint, and reflectthe semantics of this particular facility. The resulting SFC structural model
(Figures 8and 9) is mapped into a target database for its own implementation and application.
Currently, IBMS supports the mapping (automated schema creation) for two systems: VAX/Rdb and
Oracle.

[Insert Figures 13a-b about here]

Finally, the SFC model will be integrated with the models developed separately for the five other
systems in the CIM laboratory (see again Figure 7a). The model integration and creation of the globa
enterprise model requires the functional and structural models of all three systems, and is achieved b
selecting the options for functional model integration and structural model consolidation, respectively.
Then, metadata from all the system and global models are used to populate the metadatabase.

Turning to the metadatabase itself, the significance and design objectives of the metadaidbhse
are demonstrated and discussed through a prototype in the next section.

6. The Metadatabase Prototype: Some Examples

A prototype metadatabasgstem for information integration is currently under development at
Rensselaer. This system is implemented for the Computer Integrated Manufacturing Laboratory. The
order entry, process planning and shop floor control systems are employed as depicted in Figure 1<
The orderentry system is implemented as a VAX/VMS file system, the process planning system
developed as a dBASE llI+ application on an IBM PC/ARd the shop floor control system runs
under PC/Oracle DBMS. Thmetadatabase is the fourth system and resides on a Digital MicroVAX
running Rdb through the host language C. A heterogeneous hardware and software environment we
intentionally developed to help convey how tietadatabase approach can help with information
integration.

[Insert Figure 14 about here]

The metadatabase operates in three modes providing three levels of functionality:
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1) Repository/Enterprise Information Resources Model (Passive Mode)
2)  Global Query (Semi-active Mode)
3) Systems Integration (Active Mode)

In the passive mode, the metadatabase functions as an on-line logical kernel wisersby
throughout the enterprise can gain access to an integrated model of the entéhmisecond level,
semi-active mode, builds on the passive mode and prowibekel-assisted global query capabilities
retrieving actual data from local systems. Finally, the third level, active mode, serves as the knowledge
base supporting the control of system interactions and updates to local systems.

To bestillustrate how the metadatabase achieves information integration, some examples of its
operation are developed below, using a scenario for this environment. Key features and functions o
the metadatabase are introduced through these examples.

6.1. Enterpriselnformation Resources M odel (Passive M ode)

The passive mode metadatabase serves primarily for enterpriseinf@ensation managers and
system developers as a stand-alone enterprise information resources repository. Aofariety
information ranging from summary views of an enterprise to data-element details is provided by the
metadatabase in this mode.

There are foumnique features of the passive metadatabase. First, it contains the contextual
knowledge about data resources armmbines both in a unified representation for easy retrieval.
Second, the metadatabase supports life-cycle represenpétioondels ranging from planning and
analysis to design and implementation. Third, the passive metadatabase usr® g0 obtain
overviews as well as perform “What if?” types of analysis on proposedpplications or changes to
existing enterprise information resources. Finally, plassive mode metadatabase supports the
integration of information modeling (using currdanctional views in the enterprise) with metadata
management itself. These features of the passive mode are based solely on the cdment of
metadatabase. All the information necessary for information integration can be retrieved and then
presented in the appropriate format to the user.

To show the capability of the passive mode, consider a scenario in which we are developing a nev
application to better support managemenggd to track customer orders. This example illustrates
how the passive metadatabase can support both informaimagement and systems development.
The following four information requests illustrate the multipErspectives of the systems planning,
analysis, and design life-cycle for developing a new application system: an order tracking system.

(1) Investigate what information resources we have.
(2) Investigate what information we have about orders and parts.
(3) Develop an information model for the order tracking system.
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(4) Investigate implementation details for the order tracking system.

What follows are excerpts from an actual run of the passivge to provide answers to the above
requests. For the first request, the metadatabase préiserggisting information resources that are
available — classified according to the major enterprise subsystems. We have the ability to delve intc
many levels of detail on any of the systems included in the metadatabase. (i.e. Systém
Functional Model- Structural Model- Data-element Level Physical Implementation Level)

The second request embeds the knowledge that the data-element “part” would be invthieed in
order tracking system, and, as such, the gaeeks all information relating to part (e.g., “PARTID”).

The metadatabase presents this information in Figure 15.

[Insert Figure 15 about here]

For the third request, the metadatabase presents a graphical diagram to help an analyst determi
whether an existing model component can be reused in developing the mib@ehefv order tracking
system. If the new model cannot be built from components of any existing model, the metadatabas:
modeling facility is also availabl® develop it. This new model, when completed and approved, will
be integrated with the present global enterprise model. The graphical representation of a ipaid eif
in the metadatabase was shown in Figurard® was generated by reverse modeling directly from the
contents of the metadatabase (i.e., Figure tOrputed from metadata and not a stored graphical file).

The fourth request presents what model components will be affected if a data item is redefined or
deleted. This is the metadatabase sensitarniglysis capability that a systems developer would utilize.
Clearly, to involve “PARTID” in the new order tracking system one roossider the implications on
existing uses of that data item as shown in Figure 16.

[Insert Figure 16 about here]

From reviewing the results shown in Figure 16, one can see that “PARTID” is involved in all three
applications: Shop Floor Control, Process Planramgl Order Entry. It is also involved in a number
of rules and physically implemented in a number of files. This data item is logically equivalent to four
other data items (with different names and types) from other systems.

These four types of query highlight some of the functions thatpassive mode provides to
support managers’ and developers’ needs for integrated information. They also establish a foundatiol
upon which global queries can be based.
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6.2. Global Query System (Semi-active M ode)

Enterprise users often want to retrieméormation from local subsystems without being burdened
with technical modeling or implementation details. Toward that #gredsemi-active mode supports
end-users’ need for local data irrespective of where such datst@exd. This semi-active mode
provides a global query system (GQSlhe global query capability simplifies access to data from
multiple (andeven heterogeneous) local systems. Users interact with the single integrated global
enterprise model instead of manually searching, reconciling,candolidating information from
multiple databases and file systems.

The GQS processes quertbst involve any number of local systems without requiring the users
to know much about the existence or contents of specific local systems. Three features make the glob
query system distinct from other distributed query systems. First, the system supports a syntax-fre:
interface for end-users; i.e. the systhaips and guides query formulation by applying information
contained in the metadatabase. For example, GQS automatically uses the metadata concerning glok
equivalence among data iterttsbuild queries across local systems. Second, end-users are spared
many tedious processing details since the global query system generates code to gpérnage
interacts with any number of local systems and consolidates results automatically in the background
Third, GQS has an adaptive interface for metadata retrieval; that is, the menu items provided to user
for query formulation areomputed based on the current contents of the metadatabase and the menus
automatically change whenever metadatabase contents change.

Consider this global query example:

“Find the customer order IDpart ID, part description, and quantity completed for
Gilbert Babin’s order which has a desired date of 10/25/90.”

This request requires that we access data from all three application systems: order entry, shop floc
control and process planning. (Note: The user posing this query need not to be awaregtieaythe
traverses multiple systems.) The user engages the system through the model-assisted dialog menus
formulatethe query and marks the data fields needed along with any conditional statements. (In this
query example, “Date desired=10/25/90” and “Customer name=Gilbert Babin.”) @isce
formulation is completed, GQS decomposes the query into an optimizefd@edl-bound subqueries
that are determined by tleystem using the metadatabase. Then, each subquery is sent across the
network to the respective local systems to be serviced; GQS disseminates these subqueties using
native query languages tife local systems involved (in this case, dBASE Ill+ for Process Planning,
Oracle/SQL for Shop Floor Control, and file system acdesghe Order Entry System). Each
application’s locakhell (Section 2.1) receives a request to process the subquery. Upon reception, the
subquery is executed by calling the local DBMS with the file containing the generated subquery. The
results are then sent badky the local shells to the GQS where they assembled logically and
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presented to the user. Figure 17 shows a model-assisted query formulation Sdssioger does not
need to know the information model; it is presented heemalustration of the model network stored
in the metadatabase. This network is used by GQS itself to guide the query formulation process.

[Insert Figure 17 about here]

The shaded lines show the particular path followed by the user to formulate this query. Note the
relationship between the data items (listed at the bottom of the model) and the systems in which the)
are stored (shown at the top). The items tagged with asterisks have been requested in the query. Al
observe that the rounded boxes represent SUBJECTtharstjuared boxes the corresponding data
structures (OEs and PRs) of the enterprise model.

In demonstrating the passive and semi-active modes, the examplestmva how the
metadatabase supports a variety of needs for integnafieination. The metadatabase functionality
also incorporates an active mode that manages and cdh&dlgeractions among information system
beyond the previous modes. This active mode is described in the next section.

6.3. System Interactions (Active M ode)

Maintaining control of interactions amomgultiple systems is quite complex since individual
systems tend to evolve separately over time and may be distributed physicdthgiaatly. Global
control is necessary, however, to achieve logically complete information integratiam éoterprise.
The metadatabase facilitates this complex and difficult task by serving as a knowledge-base for the
enterprise and thereby opening up many possibilities for simplification in the design of the
environment. In particular, as discussed in Section 2.1, the active mode operation of the metadatabas
employs a concurrent architecture incorporating distributed rule-oriented shédlsdbsystems. In
this mode, the operating, control, and decision knowledge that has been modeletétattaabase
become operational. The individual shells (Figure 1) process these rules for their respective application
The ROPE concept is implemented lsing, at the present time, existing software technology.
Specifically, the rules embodied in these shells are not hardcoded as would be the case witt
conventional techniques; instead, they are represented into a separate section of the shell code accordi
to the rulebase model of GIRD. This section is interpreted by the rest of the code for execution, and is
also updated directlfrom outside. This way, the logic of the shells can be changed, maintained, and
managed in just about any ways without necessitating the shell code to be recompiled at every change.
The following example demonstrates the significancthe$e concepts in achieving information
integration of the stand-alone Order Entry System with the Shop Floor Control System.
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When an order is entered into the Order Entry System and is committed to the order database,
trigger is activated (based upon a rule in the metadatabalkis)trigger fires rules that extract the new
order, convert it to the destination format, export it to the Shop Floor Control System and then execute
the order. The local shell is responsible for activating the trigger; i.e., it must be able tdahddtact
change occured in the Order Entry System database. The knowledge for inter-systentigata
metadatabase is used to determine the data elements and corresponding tables that need to be monitc
for changes. This monitoring can be event-triggered or temporal-based. Once a change is detected (t
comparing an old copy of the table with the current one), messages are generated mthsent
applications influencedly that change. By detecting the committing of a new order, the Order Entry
System active mode shell fires a series of rules that will generate messages to update the Shop Flo
Control application. Another shell (Shop Floor Control active shelfpives these messages and
process them.

In summary, three levels of functionality are providedthg metadatabase for information
integration. In the passive mode, users lavepository of metadata. In the semi-active mode, users
havethe ability for ad-hoc retrieval of information from anywhere in the enterprise through a guided,
enterprise-specific global query systerRinally, in the active mode, the tasks for managing the
complex interactions amorgystems is achieved by activating the knowledge already contained in the
metadatabase. Thus, metadatabase technology is used to integrate the management and control of
enterprise information resources.

7. Conclusion

This paper presents a metadatabase modeling approach for information integration in computerize:
enterprises characterized by heterogeneous and distributed environments. The concept of metadatabe
was discussed with a general description of its basic methods (Section @psadldistrated through a
prototype that has been, and still is, under continual development at Rensselaer since 1988 (Section 6)

It is worth emphasizing that the scope of the metadatabase goes beyond the conventional notion ¢
data dictionary or repository and includes the organization’s operating (i.e., contextual) knowledge.
knowledge is combined with data models to achieve all three levetgetadatabase functionality:
metadata management, global query, and (concurrent) systems integration (see Section 2.1). Th
inclusion of contextual knowledge in its own right also facilitates managing knowledge resources, and,
increasingly, the imperative to re-use them. Specific#iily,various knowledge-based systems in a
complex organization should have a global repository to supgaerprise-wide knowledge
management. The repetitive or predetermined decision logic should be modelssbpétt to its data
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content to facilitate computerization; similarly, for logical consistency, communicagirotscols and
control procedures should be related to the data resources they affect.

Since the metadatabase includes both data models and contextual knowledge pertaining to th
enterprise, its owmnodel requires new capabilities that encompass and combine these two previously
separate domains of metadata. Toward that end, a metadata system is developed that includes (1) a d
and knowledge modeling environmdrdsed on the Two-Stage Entity-Relationship methodology, and
(2) a metadata management environment that is integrated with the modeling environment. The Two
Stage Entity-Relationship methodology has been described (SectioniBusingted with a case taken
from integrated manufacturing (Section 5).

The metadataystem includes three main functions to: (1) create functional models, structural
models and implementation schemata for both data and knowledgete@gte heterogeneous sub
system models across the enterprise; and (3) manage the metadata repository. The mappings betwe
functional and structural models, as well as between structural models and implemectastioata,
are automated.The resulting global information model is implemented into a metadatabase of the
enterprise; creation and population of the metadatabase are fully automated at¢odrarigformation
model. The system also supports the creation, storage and management of the metadagabase a
standalone global information resources dictionary for all enterprise users. Further, infomuatiia
at all levels can be recomputed from the metadatabase at any time for use in new systems developme
efforts. Whenever necessary, these models can be integridtedew models to update the global
enterprise model and the metadatabase.

All of these elements are based on a single architecture and are integrated in the sensea of using
unified representation method and modeling logic. As a focus of this paper, Sections 4 and 5 discusse
in detailthe software implementation of the modeling environment, IBMS, a major subsystem of the
metadatabase management system.

The significance of the metadatabase system is demonstrated through a metadatabase prototy)
(Section 6) that brings together the concepts and results menéiboed. The metadatabase prototype
was discussed frorhe users’ perspective to show how this approach effects information integration.
Although the demonstratiosystem has been developed for a computerized manufacturing
environment, the complexity and nature of the heterogeneity addressed are clearly applicable tc
computerized enterprises in other domains.

The metadatabase systemmains under continual improvement and extension. Planned
enhancements to the existing modeling functionality includeodel-assisted user interface to facilitate
the modeling task and a graphicapresentation of structural models. Major extensions will focus on
(1) the development of a new software technology implementing the ROPE concept and a modeling
language for the metadatabase, (2) the incorporation of the object-onmmtatigm into metadata
modeling and processing, and (3) reverse engineering (i.e., convextatipnal and other traditional
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schemata, semantic models, and functional or data flow models into TSER madsis)under
investigationis the viability of using a control-theoretic method such as Petri-net modeling for TSER
model validation.
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