
Data Integration in Engineering Environments

Martin Sch�onho��, Markus Str�asslery, Klaus R. Dittrich�

�Department of Computer Science yABB Corporate Research Ltd.

University of Zurich CHCRC.C2

Winterthurerstr. 190 Segelhof

CH{8057 Zurich CH{5405 Baden{D�attwil

Switzerland Switzerland

E-mail: fmschoenjstraessljdittrichg@ifi.unizh.ch

Abstract

The life cycle of a complex engineering product is nowadays supported by a set of CAx

tools, each depending on its own data management system. The project IDEE1 aims at the

integration of heterogeneous local engineering applications into a tightly coupled database

federation.

In this paper, we initially present IDEE's general and schema architectures and explain

what di�erent kinds of local applications we are dealing with. The main part then covers

issues of the federation's global data model and how it is in
uenced by our application

domain: We �rst discuss the choice of the object-oriented database standard ODMG{93 as

our global data model. Then we show how di�erent levels of global object identity lead to

usability speci�cations of objects which represent data from rather di�erent local systems.

Finally, our analysis of the requirements and possibilities of global version management

suggests a versioning approach also based on usability speci�cations.

Keywords: federated database systems, integration, data model, object identity, version

management, usability speci�cations.

1 Introduction

Today, all phases of the life cycle of complex engineering products (tendering, development,

production, commissioning, maintenance, etc.) are supported by a set of heterogeneous com-

puter applications. Each of these CAx tools has its own underlying data management system.

Consequently, information is spread over and replicated in various data management systems.

This causes several serious problems:

� The transfer of data from one tool to the other has to be done through �les at best, and

entirely by hand at worst.

� Data consistency cannot be enforced, since updates in a�ected systems have to be carried

out manually. The responsibilities to propagate updates are not formally de�ned and

automated. No support for global versioning exists to keep track of changes.

� Access control is handled individually by the various systems and might therefore be easily

inconsistent.

� There are no global views on all data which are relevant for a product or project. No

support is available to identify which versions of di�erent parts are used in which versions

of a product. Queries overlapping di�erent domains like tendering and engineering cannot

be handled automatically.

1This project is part of the Swiss Priority Programme for Information and Communications Structures (SPP

ICS, 1996{1999) sponsored by the Swiss National Science Foundation under project number 5003{045354.
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Figure 1: The di�erent integration aspects within the IDEE architecture

Commercial product data management (PDM) systems are often advertised as the panacea

for most of the above mentioned problems. But the current generation of PDM systems only

manages the containers (�les) in which the data are stored, instead of the data itself.

In the project IDEE (Integration of Data in Engineering Environments), we regard all the

heterogeneous applications as local data management systems (although some of the applications

are purely �le-based). The goal of IDEE is to integrate these systems into a tightly coupled

database federation using an object-oriented data model. Versioning of design data (at the object

level) on the global layer and system-wide consistency are the main requirements imposed by

our engineering domain. Other aspects covered by the project are the inclusion of global views

and queries on the distributed data, work
ow management, and the coupling of versioning and

work
ow with an appropriate access control concept (see �gure 1).

To ensure the applicability of our approach in a productive environment, this project is

executed in cooperation with an industrial partner, the electromechanical company ABB (Asea

Brown Boveri). The IDEE system aims at integrating typical engineering applications, which

are, e.g., in use in the gas turbine development and production departments of ABB in Baden,

Switzerland. In a �rst step, IDEE will focus on the integration of data from design calculation

programs, geometrical CAD data, and corresponding bill-of-material (BOM) data.

The remainder of this paper presents an overview of the IDEE project, problem analysis,

and �rst design decisions. In section 2, we show the IDEE architecture, including integration

alternatives for engineering applications (subsection 2.3). Section 3 discusses our choice of

ODMG{93 as the global data model (subsection 3.1), explains usability speci�cations for object

identity (subsection 3.2), and presents the global versioning approach (subsection 3.3). The

paper concludes with our plans for future research in section 4.
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Figure 2: Four level schema architecture for IDEE

2 The IDEE Architecture

2.1 Schema Architecture

The IDEE four level schema architecture (see �gure 2) has been derived from the reference

schema architecture for tightly coupled federated database management systems proposed by

Sheth and Larson [SL90]. Loose coupling [HM85] is not applicable, mainly because we need to

support a centralised global view in IDEE.

In our architecture, di�erent external schemas provide specialised views on parts of the fed-

erated schema. We introduce a single federated schema to logically centralise the data, thus

facilitating the enforcement of global integrity constraints. Global constraints ensure the consis-

tency of engineering designs across several local systems. The auxiliary schema comprises the

descriptions of data not available in any of the local systems, global constraints, and federation

management information.

In the domain of IDEE, we often have to deal with applications which are used for exper-

imental designs, i.e. their local schemas change almost as often as their data. It is neither

manageable nor necessary to propagate each of these local schema changes to the component

schema of the federation. Therefore, a component schema represents, in terms of the global

data model, the parts of the local schema the component is willing to share in the federation.

Thus, our component schema is a combination of the originally proposed component and export

schemas of [SL90].

2.2 Operational Integration

When running the federated system, global applications working on the federated schema try to

access local systems, while updates in the components are propagated through the integration

layer. To translate operations between the schema levels, mappings must be de�ned. Two



approaches are distinguished in [BNPS89]: structural and operational mapping. When using

structural mapping (sometimes also called schema mapping), correspondences between elements

of two schemas (and some of their operations) are de�ned. But in some local systems of our

engineering domain, the semantics of local data is completely hidden in the local applications

and schema information is not available. Therefore, and because we are faced with highly

heterogeneous local systems, structural mapping is not applicable. Hence, we use the operational

mapping approach.

Operational mapping does not de�ne schema, but only operation correspondences, thereby

implying the use of object-oriented techniques: A common coupling interface encapsulates the

data in the di�erent local systems. Each individual local implementation inherits and re�nes

this coupling interface, thus exploiting two important advantages: The integration process is

clearly de�ned (implementation of the interface operations) and integration work is reduced due

to the reuse of inherited design and code.

2.3 Coupling Local Systems

Di�erent existing applications o�er di�erent ways to access their data. Since we want to preserve

local autonomy as much as possible, existing interfaces will be used to couple local systems to

the integration layer whenever applicable. So far, �ve di�erent groups of local systems have

been identi�ed, based on how the coupling modules may access local data (see �gure 3).

� Systems using a database management system (DBMS)

Coupling a CAx tool that uses a commercially available DBMS is done by (operational)

mapping from the component schema to the local database schema.

� Applications with an external programming interface

Such an interface o�ers commands which are equivalent to the user interface controls, as

well as operations which access internal structures of user data.

� Applications with an internal storage module interface

A storage module interface provides the opportunity to access low-level application data

(e.g., lines or 3D objects of a CAD program). Application objects and operations of higher

abstraction (construction of assemblies, calculation of the centre of gravity of a complex

part) are not accessible.

� Shared data �les

If a local system does not o�er any means to access data via the application itself, the

data �les of the application can be used. This raises the problem of synchronising access

to the �les.

� File exchange

In case that the application's data �le format is unknown or subject to frequent changes,

the remaining possibility is to exchange �les of some known (preferably standardised)

exchange format. Compared to shared data �les, the synchronisation problem is even

worse in this case. Hence, data in exchange �les will be read-only at the global layer.

In order to ensure global consistency within an engineering environment, we have to mon-

itor the updates that are autonomously carried out within local applications. Monitors report

changes to the global layer which cares for their proper propagation to sibling systems. Hence,

the control 
ow is not strictly top-down, but also bottom-up. Several implementations of mon-

itoring facilities are possible:
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1. The local system may explicitly generate (e.g., through triggers) noti�cations or events

and send them to the integration layer.

2. A local agent (e.g., a wrapper) can monitor the target application and inform the integra-

tion layer about updates.

3. Trail �les or log �les produced by the local application can be observed to collect informa-

tion about recent changes.

4. If the local application delivers no information at all, regular calculations of �le checksums

are at least a way to discover that some data have changed locally. The exact changes

have to be determined separately.

The implementations can be further subdivided depending on whether accesses of local

applications to their local data are directly caught, or whether alerters are used which are

attached to the data.

3 The Global Data Model

In IDEE, like in many other tightly coupled federations (e.g., COMANDOS [BNPS89], ZOOIFI

[H�ar94, HD92]), an object-oriented global data model is used as this kind of model is regarded

to be most suitable for the task. Their features [ABD+89] provide a rich expressiveness (i.e. the

degree to which a real-world concept can be directly represented), which allows for the integration

of almost any less or evenly expressive data model [SCG91]. While all IDEE-required features

for global data models are covered, a few useful ones are missing in object-oriented models, for

example, support for multiple semantics would be helpful to solve integration con
icts [SCG91].

Among the features of object-orientation, encapsulation is especially important for IDEE since

operational integration is based on the encapsulation of heterogeneous component systems under

a common object-oriented interface [BNPS89].



In this section, we explain why we have chosen ODMG{93 [Cat95] as the global data model

of IDEE. Afterwards, we point out how the realisation of two aspects of the data model, namely

global object identity and global version management, is heavily in
uenced by the application

domain of a federation for engineering data.

3.1 ODMG{93 vs. STEP

Initially, we considered the following kinds of possible data models for IDEE:

� A new IDEE-speci�c data model would obviously be perfectly suited to our needs. But

since it is unlikely to �nd support for it in industry, we judge the necessary e�orts for

design and implementation not worth the possible bene�ts.

� Data models used in other research projects and prototypes were not chosen for the same

reason, namely the lack of industrial support.

� Commercially available proprietary data models (as used in some object-oriented

databases, for example) were excluded, because we did not want to be stuck with some

vendor.

� A standardised data model therefore had to be chosen, although industrial standards lack

the latest research results, in favour of a rather pragmatic approach. However, standards

increase portability of both data and applications, because they are supported by many

di�erent vendors. It is therefore necessary for the industry to enforce standardisation, and

reasonable for IDEE to follow standards, too.

Since our project applies federated database technology to engineering data and applications,

both, database and engineering standards were considered. The choice was reduced to the

most prominent representatives of either side: ODMG{93 [Cat95], the database standard of

the Object Data Management Group, and the ISO STandard for the Exchange of Product

data, STEP [ISO94]. For IDEE, the advantages of ODMG{93 vs. STEP turned out to be

overwhelming.

The case for STEP The strengths of STEP can be found in the speci�cation of constraints

and especially in the availability of standardised schemas (called \application protocols") for

many di�erent application domains, e.g., general technical CAD drawings [ISO94, Part 201,

explicit draughting] or car design [ISO94, Part 214, core data for automotive mechanical design

processes]. If all local systems in a federation used (parts of) a standardised STEP schema as

their component schema, the same schema could be used as the federated schema. Thus, neither

schema nor semantic heterogeneity needed to be resolved during schema integration [BLN86].

However, our area of gas turbine development is not yet covered by a STEP protocol | we

would depend on our own non-standardised schema.

Applications with a STEP interface are still rare in industry. However, the extension of any

non-STEP systems with a STEP interface is \at least theoretically possible" [Dig92]. For an

environment where all local systems have a STEP interface, the IDEE architecture (�gure 1)

could obviously be simpli�ed, because a single coupling module would be su�cient for all local

systems. But with ODMG{93 as the global data model, a similar simpli�cation is possible: Local

systems with an existing STEP interface can be integrated through a single coupling module

which translates STEP schemas into their ODMG{93 equivalents [L�uh96].

The case for ODMG{93 Advantages of ODMG{93 over STEP exist especially on the

modelling side. Due to its heritage as an exchange �le format, STEP can only represent static

structures, it is only structurally object-oriented [Dit86] and therefore provides only structural



expressiveness [SCG91]. ODMG{93 additionally allows for the de�nition of methods and there-

fore behaviour | it is behaviourally object-oriented [Dit86] and has behavioural expressiveness

[SCG91] (which, of course, is advantageous for integration).

Related problems with STEP as the global data model are due to its poor database support:

It has no query language, no transactions, and is not well suited to be used by global users

and applications. Apparently for these reasons, no STEP-based database management system

is available. Hence, a DBMS with another data model would be needed to store the data of

the auxiliary schema. To provide global applications with a more database-like interface of the

federation layer, the other data model had to be layered above STEP. The necessary mapping

between STEP and the other data model had to implement database concepts like queries and

transactions on top of STEP.

ODMG{93 on the other hand, has been equipped with enough functionality to meet the needs

of database application developers. Besides the common features of an object-oriented data

model (data and object types, interface de�nitions with attributes, relationships, and operations,

inheritance, etc.) the ODMG{93 object model also comprises several database-speci�c aspects

like key and transaction semantics. ODMG{93 also de�nes the object query language OQL.

Several (unfortunately only partially) ODMG{93 compliant database management systems exist

on the market. However, not everything is perfect with the still evolving ODMG standard. For

example, OQL may be suited for database experts, but rather not for engineers. A simpler

interface for ad hoc queries is certainly necessary.

3.2 Object Identity

In object-oriented database management systems, each object has a unique identity which is

independent of its state, immutable during its existence, and never reused [KC86]. But in object-

oriented database federations, global object identity can only be partially provided without

compromising local autonomy [EK91, H�ar94].

Two approaches to tackle this problem are rather obvious: Either the requirements on global

object identity are generally weakened (as done in COMANDOS [BNPS89]) or local autonomy

is reduced. The variety of systems we face in our application domain makes it unacceptable to

take only one of these approaches into account. On one hand, weakening object identity to the

least common denominator for all possible local systems would lead to the total loss of object

identity, because some local systems do not support identity at all. On the other hand, trying

to reduce local autonomy excludes local systems from integration for which autonomy cannot

be reduced.

Hence, we will adapt an approach which was introduced in the ZOOIFI project [H�ar94,

HD92]: the concept of usability speci�cations. This concept incorporates three levels of object

identity which represent integration alternatives for global classes. For each global class, the

speci�ed level of global object identity determines which operations are applicable on the class'

instances and which ones are not. The integrator must choose the appropriate level of identity for

each class, based on its local representation(s). The global user perceives the chosen integration

alternative as restrictions on the database functionality of global objects.

The strongest level of object identity in ZOOIFI is permanent identity, which does not

impose any restriction on global objects. Objects are required to be always identi�able in their

local system and to participate in global serialisation2. A typical candidate for permanent

identi�cation is, for instance, a global object which is based on a tuple in a relational database,

given the tuple's primary key cannot be changed. Such a tuple can always be identi�ed via the

primary key and \locked" using the local transaction mechanism.

2This is usually implemented by means of some kind of local \locking" during global transactions. Such \locks"
can be literal �le system locks, but the use of semaphores or local transactions is possible as well.



A weaker form of identi�cation, temporary identity, is valid only during a single (global)

transaction (this concept is the one implemented in COMANDOS; it is also called session oid

[EK91]). As an example, take a global object which represents one record from a structured �le.

If the �le consists of records without keys, the object can be temporarily identi�ed through its

position in the �le. Only if the �le is \locked" by the global transaction, the object can be read

from the local system (usually as the result of a global query) and even be updated. But the

object may not participate in a global relationship, because the local system is free to reorganise

the �le as soon as the global transaction releases its \lock". Since there is no key, it is impossible

to identify the same record afterwards.

Finally, an imaginary identity is used for objects whose global representation cannot be

related to the local representation, once the objects have been loaded. Examples for this weakest

level of identi�cation are data streams, and, similar to our example above, structured �les for

which no local \locking" mechanism is available. In this case, the local system may rearrange

records immediately after the �le has been read. Obviously, such objects are read-only.

The ZOOIFI project was focussed on the homogenisation problem in database federations.

For the purpose of IDEE, the concept of usability speci�cations must be applied to ODMG{93

(ZOOIFI de�ned its own object model) and to the other aspects of our project, especially the

version management.

3.3 Version Management

Using and changing versions of a particular engineering object (e.g., a product or a component)

is the very nature of a design activity. Objects are reused and should evolve during the engi-

neering process. Therefore, the global system must be able to identify and trace changes of the

engineering object during its lifetime.

3.3.1 Requirements

In its context of engineering design, version management in IDEE has to consider the following

requirements:

� A global user wants to see a version of a product (e.g., a gas turbine) as a whole in any

phase of the life cycle. References to parts of the product (e.g., the turbine blades) must

be transparently resolved, i.e. the system must \know" which version of which part in

which local system belongs to which version(s) of the product.

� Access to di�erent versions of an object (in queries, for example) is necessary. Changes

from one version to the next should be traced and a history of versions kept (who did what

and when).

� Version management controls how objects are shared between di�erent users. It should

be possible to distinguish di�erent modes of access to a speci�c version, such as read-

only or read/write. Furthermore, access to a version should be restricted according to

the current state of a design. A version should be kept private to its designer as long

as it is incomplete. Group access can be granted when the design becomes usable for

others who work on the same project. When the design is released (usually to be actually

manufactured), it is made public and may be used as a part in other projects, too. These

object sharing mechanisms are commonly known as workspaces (e.g., [Kat90]).

� In engineering design, the version history of an object can usually be visualised as a tree.

This leads to the often useful distinction between versions and revisions3. A version is

an alternative to its predecessor (thus creating a new branch in the version tree), while a

revision is an improvement or correction (see �gure 4).

3Subsequently, \versions" subsume \revisions" as long as their distinction is not necessary.



revision revision revision

revision

version

version

A.2 A.3A.1 A.4

A.2.B.1 A.2.B.2

A.2.A.1

Figure 4: Versions and revisions

� Since constraints often change along with the designs they are imposed on, constraints must

be versionable as well. This allows a constant evolution of the constraints by enforcing

them only for data newer than a speci�ed version. A similar argument holds for tools

or calculation routines which operate on small sets of input data, but produce very large

outputs which are better not stored permanently. These outputs are only reproducible if

the correct version of the tool or routine is attached to its input data.

Numerous data models with integrated version management have been proposed and im-

plemented, many of them especially developed for the needs of engineering databases (e.g.,

[Kat90, KBG89, DL88]). Since the global data model of our choice, ODMG{93, does not support

versioning4, we will model a versioning mechanism by means of existing ODMG{93 constructs.

3.3.2 Coping with Di�erent Local Systems

Global version management in a federated system has to cope with the di�erent capabilities

and restrictions of the di�erent local systems. From the discussion in section 3.2 we can derive

that only objects with permanent identi�cation can be part of a global version history. Since a

global version history implies global relationships between objects, temporary or even imaginary

identi�ed objects cannot be part of it5.

We can generally subdivide local systems into three groups according to their support for

the implementation of global versioning on their data:

� Local systems which provide an interface to their local version management that comprises

the minimal functionality required to couple the global versioning scheme

Such applications can be integrated into global version management without any restric-

tion. However, since many di�erent version and revision numbering schemes are used in

the industrial practice, it is required to provide an adoptable coupling between the global

and di�erent local versioning schemes.

� Local systems which only partially provide the required functionality

Usually, these applications allow only support of a linear version history, i.e. only revisions.

Global objects which represent data from these applications can therefore only be versioned

with the same restriction.

� Local systems which do not provide any versioning mechanism, which can be used by the

global layer

4Object versioning will not be included in the new standard ODMG{97 either, but has been deferred until a

later release [ODM97].
5In future, we may consider to let a local versioning mechanism maintain a part of a \logically global" version

history. It is then possible to keep global versions of certain temporary identi�ed objects, e.g., objects based on

relational tuples whose primary keys may change, but for whom referential integrity is nevertheless guaranteed

by the local relational database management system.



This group also contains applications which o�er version management for a local user, but

do not provide (enough) insight into their mechanism, let alone an interface. In this case,

the federation can access only one version (the last or current version [Kat90]) and no

di�erence to a non-versioned application exists from the global point of view.

If no local versioning scheme is available for federation use, we must follow either a \local" or

a \global" approach to cope with this situation, i.e. either a local versioning mechanism is added

to the local system, or versions are managed and stored on the global layer. Both approaches

o�er several variants which have to be evaluated carefully and individually for each local system.

We discuss their merits and de�ciencies next.

Local approach There are several ways to extend a local system with a versioning mechanism:

� Where applicable, the most simple way is to introduce a version management tool to

be used separately from local applications (like the GNU RCS for �le-based systems, for

instance). A slightly more advanced solution is the extension of local applications with an

interface for the versioning tool, such that local users perceive the tool as a part of the

application. The versioning tool can be employed to perform local versioning by both, the

global system and local users.

� Alternatively, a local versioning extension can be provided for the federation's use only,

i.e. as an integration utility of the federation. Such a utility versions local data on the

local system solely for the demands of the global versioning mechanism and invisible for

local users.

These variants of the local approach have the advantage that not only data which is exported

through the export schema can be versioned, but data sets that completely describe certain

parts. This feature becomes essential if the exported data is itself not su�cient to run a local

application, but represents only a fraction or even a summary of the required information.

An example are the stress calculations for a turbine blade which depend on many di�erent

parameters. Most of them have a small impact on the calculations and are used for (mostly

experimental) \�ne-tuning" only. The important parameters are exported into the federation,

because they represent the main characteristics of the design. To revert to an old version, all

parameters of this version must be restored, otherwise the main parameters would be combined

with the wrong, unrestored \�ne-tuning" data. It is therefore necessary to save all relevant

parameters each time a new version is created.

Global approach The global approach stores all but the current version on the global layer.

Each time a new version is created by a global user, the current data are read from the local

system and stored. When a global user wishes to go back to the old version, its data are written

back to the local system and replace the current version. Note that this approach requires the

implementation of transparent access to (old) versions of an object on the global layer and to

the current version which is stored.

From the example above we know that this global approach usually requires to put all version-

relevant information into the export schema. This leads to very large schemas and makes the

approach not very appealing. But under the following conditions, it shows its bene�ts:

� If a local system allows us to update existing data but not to store newly created (version)

information, we simply cannot use the local approach. Our choice is restricted to either

dealing with large schemas or not using global versions.

� If things are even worse and we cannot write to a local system at all, the global approach

allows us to keep at least a history of revisions (and only revisions, since we cannot create



branches in the version tree by going back to an old version). In this case, it is not

necessary to export all data needed to restore a version. Hence the export schemas need

not be extended. The price to be paid is the loss of intermediate results, which might

become useful at some time, but cannot be reproduced.

� The global approach is also well suited if we do not want to write versions back to local

systems. It can be an acceptable tradeo� to be satis�ed with a read-only version history,

if an object represents data originating from several local systems which do not support

local versioning. The bene�ts for adding local mechanisms may simply be not worth the

work.

� The global approach combined with a local addition allows to fully restore old versions

without the massive extention of export schemas. The exported part of the version is stored

on the global layer, as usual. Additionally, restoration information is exported which allows

to restore the \�ne-tuning" data (from local log-�les or savepoints, for example).

Consequences Most consequences of either choice will �nally be transparent to the global

user, who does not care whether the versions he uses are stored on the federation layer or in

local systems. But, comparable to the usability speci�cations for object identity in section 3.2,

the global objects' abilities to be versioned can be restricted through the capabilities of local

systems they are based upon. The versioning mechanism in IDEE must therefore distinguish

objects which are fully versionable, only \revisionable", or not versionable at all.

4 Future Work

The next steps of IDEE comprise the detailed design of the integration layer, especially the

versioning mechanism based on ODMG{93. A demonstrator will be implemented to validate

the design.

In the long run, support for integrity constraints, transaction management, view and query

facilities as well as work
ow management and access control features can be added to the

federation layer of IDEE. A generic integration framework is planned to extent the applicability

of IDEE to other application domains.
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