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ABSTRACT: We have been developing anovel method for systematizing the
concepts behind the information stored in many disparate databases containing
materialstest data. The conceptua structure produced will be used as abasisfor the
development of software systems which integrate engineers access to many
different databases. The major problems and the reason why the meanings of the
concepts require explicit structuring are that (a) the everyday vocabulary used is
ambiguous, (b) the same dataiitem will have many valid names, (c) similar
information is obtained by different laboratories using different methods and
different scientific conceptua structures. There are also many organizational
problems concerning responsibility, authority and maintenance. The complexity of
the relationships between concepts requires a new technique of unusual
sophistication in its handling of defaults and inheritance.
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Alcoa Technical Center (ATC) isthe premier light metals research facility in the USA. It
provides technical support for research programs and materiastesting facilities for the
Aluminium Company of America(Alcoa). The testing facilities are distributed amongst of
the order of adozen different divisions and there are several hundred data repositories for
test data results only some of which are computerized.

We have been devel oping a novel method for systematizing the concepts behind the
information stored in these many databases as a basis for the devel opment of software
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systems intended to help engineers find the information they need, irrespective of where it
is physically stored or who originally arranged for the measurements to be made. These
terminology problems have already been comprehensively described by Westbrook and
co-workers [Wes91][Waw89].

The difficulty of finding dataiis such that there is the possibility that many more
experimental tests are done than is necessary particularly where very smilar materials
property data can be measured by very different techniques using equipment in different
divisons. For example, certain chemical compositions can be determined by x-ray energy
absorption spectroscopy and also by wet-chemical analysis. The system under
development isintended to help engineers find the information they need, irrespective of
any mismatch between the engineer's query and the actual naming system used in each
database.

Our analysis of the concepts has used a new software tool “CODE” produced by the
Artificial Intelligence laboratory of the University of Ottawa for the capture and structuring
of complete sets of interrelated concept ontologiesin particular areas of knowledge
[Sku90a]. Thistool has already been used to systematize the concepts used in specific
software engineering and communications engineering projects (the latter in English and
French simultaneoudly [Sku90b]), but thisisthe first attempt to use its uniquely
sophisticated inheritance rel ationships to describe awider engineering domain; that of
materials testing and materials properties. The research also makes some use of the
concept structures developed for ALADIN, an ATC knowledge-based systems project
which encapsulates much of the knowledge of an expert duminium aloy designer in the
form of frames [Hul87].

Much of the structuring of conceptsis a consequence of the physical fundamentals
underlying materials properties and universally true facts relating properties to
manufacturing processes. The results of this research will therefore be generally useful in
the development of data dictionaries, data interchange procedures and next-generation,
more broadly-based materials knowledge-based systems [Sar89][Sar90] [Sar91].

Problem Specification

At Alcoa Technical Center over 1100 engineers, researchers, and technical support
personnel are involved in materials research which includes testing, product design, aloy
development, and advanced materials research. The autonomy of the various
organizational groupswithin ATC hasled to the generation of many diverse data
management systems using a multitude of formats. These include paper systems, ASCII
files, and proprietary formats for spreadsheet, database and statistical software systems
which reside on either desktop or super-mini platforms.

Current paper systems spanning 60 years coupled with the deployment of diverse
computerized data systems for storage and retrieval of automated materia tests and
analyses have resulted in large quantities of data. The growing volume of datahasled to
additional costs and timeto retrieve historical information. These costs and a general lack
of understanding and accessibility of previous results has led to the regeneration of
expensive tests, or the use of approximationsin cases where exact tests cannot be
duplicated. These additional efforts reduce ATC 's ability to reduce the research-to-
production cycletime.
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Independent Groups

The nature of ATC 'sresearch requires the sharing of data across disciplines and
organizational boundaries. Each group isfree to create and maintain its own data systems
using procedures which satisfy its own requirements, for the most part ignoring the needs
of other groupsto obtain or sharethe data. This hasresulted in islands of data with only
localized knowledge about the existence, availability, structure and meaning of the
information contained within the data systems. The current environment provides no
simple way to determine what types of data exist or how to obtain information in atimely
manner.

The situation at ATC isthus not dissmilar to that of the world community of materials
database users. Users cannot be forced to coordinate and integrate their systems and
integrated systems will only be developed if the benefit outweighs the effort as seen by
each group. The mgor differenceisthat the cost of developing coordinating systems can
be bourn by an existing central body and paid for from consideration of the benefit to ATC
asawhole over aperiod of many years. In the external community such central bodies
only exist by coordination (usually voluntary and part-time) and do not have the assurance
of long term funding to develop software systems.

The Project

To address these issues, a project was initiated in 1990 to begin to understand ATC 's
technical data environment. Only recently have researchers and management become
aware of the importance of treating data as a primary "product’ of a research facility, and
that the management of that resourceis critical to the Corporation. The goals of this
project areto “identify ATC 'scritical requirements for data exchange” and “ provide
solutions which facilitate data access’.

Before these goals can be met, afundamental understanding of the complexity of ATC's
current data environment is required [1][Dow91]. This understanding can be gained by
determining what types of data exist, where the data resides, who maintainsit, and how to
accessthe data. Thisknowledge will be the foundation upon which amodel will be built
which accurately describes ATC' s dataenvironment . The model will serveasa
framework for the implementation of adatadirectory and is more detailed in the
classification of materials and properties than other compilations of data sources [Waw89)].
The information model and data directory isthe first step in the development of adata
dictionary and, eventually, adata delivery system. This paper describes the methodol ogy
used in creating the information mode.

Representing Fundamental Concepts

An important early step in the design of databases or knowledge-based systemsisthe
listing and documenting of the basic concepts underlying the area of interest. Thishasto
be done because these concepts represent the categories into which datawill be arranged,
and the classification of these concepts will influence the eventua structure of the database
or knowledge-base [Nir88 Len89 Sar90 Sku90a] The structure of the relationships
between these concepts must be well defined if the information content, the knowledge,
embedded in the dataiis to be represented without distortion. Thisis particularly important
where a number of differently trained people are involved with the construction of the
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system, as has been the case for the many databases at ATC, if the whole collection of
information isto make sense.

General Techniques

When faced with any information structuring problem the anayst has a variety of
representation schemes that can be applied. Which representation is most appropriate
depends on the degree of formality required and the complexity of the task [Sar91]. If the
information structure is going to become input for for some other software then it must be
formally structured whereas human users can be presumed to be ableto read text in a
variety of forms. Recently developed software tools make it possible to use complex
formal representations easily [AIL90][Par89].

Thefirst task isto acquire alist of the important objects that must be represented,
secondly these objects must be grouped in a variety of ways and relationships between
these groups sought.

Hierarchy = The simplest technique for arranging sets of conceptsisin ahierarchy
which can be elaborated by permitting severa kinds of inheritance (“is-a’,
“is-similar-to”, “has-a’, “is-result-of-measurement-by” etc.).

Network Networks arise when hierarchies are extended to represent multiple
inheritance where a concept can have more than one parent.

Thesaurus A list of terms and their equivalents or synonyms are always necessary
when integrating a number of systems devel oped independently.
Structured thesauri also record broader and narrower terms and thus form
amultiple inheritance network (though using only two kinds of
inheritance relationship, those of specialization/generalization and
“relatedness’).

Dictionary  Dictionaries give definitions of concepts in terms of some base set of
mutually agreed concepts. They are usualy only usable by human
readers. A datadictionary isdifferent, it is a catalogue of variables and
fieldnames used in a database.

Encyclopedia Encyclopedias give more than a bare definition of aterm, they include
examples of use and illustrative material. Bare dictionaries use useful to
systems devel opers but end-users usually require encyclopedias as well.

Indexes Terms may be arranged in several ways: alphabetically, by keyword in
the context of aphrase, as a sub-term aphabetically from amagor term (as
in most book indexes), or in a conceptua classification (asin the contents
page of abook). Human usersfind avariety useful.

The software tool CODE (described in detail later) addresses most of these different
needs for systems developers. McCarthy’s Data Thesaurus [McC87, McC88] combines a
structured thesaurus with aformal, extensible data dictionary which defines allowable
values for each type of variable.

Ontology and Taxonomy

Ontology isthe study of knowledge: why we know what we know. Informal systems
such as databases and knowledge-bases this becomes more atechnical than a philosophical
study [Len89]. An ontology is abest guess at the organizing principles underlying some
body of knowledge and it istypically expressed as a classification of concepts. Such
classifications are usually termed taxonomies (by analogy with the biological taxonomy of
living things) because they attempt to classify on the basis of some fundamental and
important principle rather than on some convenient but superficial characterigtic.
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Thisiswhat we have attempted to do for ATC' s data environment: produce an ontology
of al the objects, variables and values that appear explicitly or implicitly in the constituent
databases and document this ontology as a taxonomy of the basic concepts of materials,
tests, laboratories and equipment.

Knowledge Acquisition and Representation

Traditionally, data models such as the entity-relationship method [ Tsi82, Rum90,

Dat90] and, more recently, semantic data models [Hull87, Sar90] have been used to
describe conceptual models. The tasks of building data models have usually preceded the
task of designing the actual database used to store the datain agiven enterprise. Our task
isexactly thereverse in that dataon materialsis aready stored in a variety of databases
across the divisions of an organization and the need is for a conceptual model that serves
asthe basis for integrating these databases for the purposes locating the information.

Any effort to integrate the schemas of the databases containing the materials data leads to
the problems referred to earlier: divergent and contradictory naming, differently
represented metadata and the scatter of property datafor particular materials across
databases in different divisions [Wes91]. Nevertheless an integrated schemaiswhat we
need. It will have to have a more complex structure than most database schemas in order
to take account of the diversity of its multiple constituent databases. This means that we
will have to be very precisein our terminology. The size of the task also meansthat (a)
non-materials experts will have to perform much of the work, and that (b) many different
people will have to beinvolved in building different parts of the schema. Therefore a solid
and well documented set of concepts and termsis a necessity. The need for systematic
methods for devel oping this conceptual model becomes apparent.

Methods

In searching for methods for devel oping the underlying “ conceptual model” for
materials information it became clear that using the traditional methods used for database
design would not be sufficient for our purpose. Advanced representational methods in
artificial intelligence such as frame based systems and object oriented systems seem
appropriate for this task, but on closer evauation no systematic methodology for
developing conceptual models, especially in ascientific and technical areas, can be found.

Most methods used in the devel opment of these systems have been one-shot or ad hoc
in the sense that they do not make explicit the assumptions made on the characterization of
the concepts that popul ate the system (e.g. [Hul87]). The KADS methodology does
provide some structure to the knowledge acquisition process (administrative review
procedures etc.) but does not include specific methods to aid the characterization and
interrelating of the concepts after capture but before being programmed into the knowledge
base [Bre85][Hic89]. More detailed aid is available from the knowledge acquisition
portion of the KEATS system which provides tools for segmenting interview transcripts as
hypertext and for drawing network rel ationships between knowledge frames but its built-
in inheritance capabilities are restricted [Mot88][Gui88]. The SPLINTER [Zuc89b, Zuc89c¢]
and ONTOS [Nir88] systems represent sophisticated concept structures but are university
research tools not suited to use at ATC. Very recent work in the devel opment of
ontological structures for the purpose of knowledge acquisition for building text-intensive
knowledge bases, machine trand ation and thesaurus building have started addressing this
shortcoming [Nir88, Par89].

In our effort to build conceptual models we have used the a software tool CODE
developed at the University of Ottawa. CODE's sophisticated inheritance features
permitted us to develop multiply-inherited concepts with the ability to identify and easily
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resolve inheritance conflicts. We were able to modify concept definitions and attributes
while maintaining accurate graphical representati ons which were most useful for
discussions with ATC experts whilst discussing details of particular databases.

CODE: a Tool for Conceptual Analysis

The basic underlying structure of CODE isbased on frame based representations from
artificial intelligence and from object oriented technology. The system itself is
implemented in Smalltalk and is commercially available on avariety of machinesincluding
Sun workstations and Apple Macintoshes. CODE makes explicit the representational
assumptions made in the development of concept hierarchies. It aso has avariety of
facilities for editing, browsing and modifying the conceptua hierarchies. Wewill provide
abrief summary of the CODE system by defining the primitive structures of the system
[AIL90].

CODE Primitives

Conceptual descriptors. A conceptua descriptor (Cd) isaframe or an object that is
used for characterizing a concept. The conceptual descriptor is set of related information
units known as properties. Conceptual descriptors usually denote classes of concepts.

Property: Property isaunit of information that can be added, removed and modified
from a conceptual description. Properties can also be inherited to sub-concepts (sub-
classes or instances). All properties have the following subproperties: 1) name, 2) a
body, the text of the property itself, 3) flags, indicating the inheritance conditions, 4)
source of inheritance and additional information on date and the name of the author who
modified the property last

Concept Hierarchy: Concept hierarchy in the CODE system is an organization of concept
descriptors with the specification of inheritance of properties from ageneral class of
concepts to concepts of amore specific class and from a specific class to an instance of
the class. Multiple inheritance of properties can be encoded.

Property Categories. In order build, maintain and modify concept hierarchiesin a
systematic manner, the properties themselves are categorized into system properties and
user properties. System properties are properties shared by all concept descriptors, they
include name of the concept, super-concepts from which properties are normally inherited,
sub-concepts that are either divided into digoint sets (kinds) or not and whether the
concept descriptor itself isainstance of another concept descriptor or hasinstances of its
own. User Properties arethose that are encoded by the developersto characterize a
concept further than can be accomplished by using the system properties alone.

There are three categoriesof user properties. They are: attributes (adjectives), related
entities and constraints. An example of an attribute for the concept “materia” would be its
composition. (The attribute “composition” would have avalue consisting of alist of
elements and percentage ranges.) The category related entities isarelationship from
conceptsto other concepts unrelated by inheritance. For example, the relationship between
“indentation test” and “hardness’. Constraints allow for the specification of bounds or
conditions on the property category or attributes.

An important system property category is definitions. These properties are used to store
adefinition of the concept descriptor in any format. An equational definition or atextual
definition would be an example of the definition property.

There are other property categories such as operations, functions, procedures, and
states. CODE isflexible enough that the users of the system are allowed to create new
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categories for user properties. For example, if in defining a concept there are unresolved
issues, one could add a property category called “unresolved issues’ that can be referred
to for future clarification and which would be inherited by dependent concepts.

Inheritance

The flags which control inheritance are crucial to the unique flexibility of the CODE
system. They control on a concept by concept basis how individual properties are
inherited by sub-concepts. Inheritanceis aways useful for materials concepts [Dem88]
but many different kinds or relationship and value must be inherited (or delegated) in
different ways [Zuc89abc, Dem91]. Thereisfundamenta difference between inherited
value which must be identical in sub-concepts and those which are merely defaults.

TABLE 1 & Inherited explanations for Yield Stress

EXPLANATI ONS

TDM Concept is a concept used by Technical Data Managenent Project of Al coa.

Material and Surface Property is a fundanental attribute of
materi al s.

Mechani cal Property is a property of a material that is associated
with elastic and inelastic interaction when stress is applied, or
that involves the relationship between stress and strain; the inposed
stress may be either static or dynamc.

ASTM definition. For exanple, nodulus of elasticity, tensile strength,
endurance limt.

(Repl aced force with stress in the ASTMdefinition. This is due to
the distinction between material and specinen.).

Strength Property is a strength, where strength is the stress at
which a material "fails". A material can have many fail ure npdes and
t herefore many strengths.

Uni axial Strength is strength property that is neasured when force
is applied along a single axis. It is a stress at which failure
occurs where failure requires further definition. For exanple,
plastic col |l apse, fracture, etc.

Yield Stress is where the failure is defined to be where the strain
is no |longer elastic and where the specinen achi eves permanent
def ornati on.

TABLE 1 shows the inheritance sequence of the EXPLANATI ONS property (one of the
category of def i ni ti ons) for the concept Yield Stress. This text is produced automatically
by CODE. It can be seen that some care is required to ensure that broader definitions
properly include all the narrower definitions; note also that the terms “force” and “ stress’
must be used carefully. The need to be consistent so that software can use the concept
structure is enough to force a much more precise type of definition than might be expected.

The EXPLANATI ONS property isinherited with flags <i r n> meaning that it applies to
instances (class properties are only inherited by sub-classes), that it is refinable and
necessary. Refinable properties can only be changed in descendantsin alogically
consistent manner by specialization. Modifiable properties, conversely, could be changed
completely.4 Other flags are fixed, universal, private, sufficient, optional, and typical .;
some define when a property inherits and others define whether the value of a property
also inherits: so every concept has an EXPLANATI ON but the text of the explanation is
different (refined) in each case.

4 Bamkin hasidentified the handling of exceptions as a problem for inheritance systems. CODE’s use
of inheritance flags to precisely specify the type of inheritance on a property-by-property basis removes
most of the difficulty [Bam91].
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During editing, any changesto the properties are propagated, using the inheritance
flags, to all sub-concepts and the system prompts the user in case of conflicts. The
Grapher tool alowsthe user to display the concept hierarchy graphically. The user is
allowed to display any number of graphical viewsto display subtrees starting from any
concept in the concept base. The user is aso given the facility to move parts of the
subgraphs for better readability. The Grapher can also display individual concepts and
their propertiesas a semantic network.

CODE hasthe usual facilities for storing concept hierarchies as compiled images or as
text files (for transfer between machines) and for pretty-printing text and graphics for
better readability. There are severa additional facilities that are available such as afirst
order deduction system (FOLDE) and ClearTak , an english-like language for verb and
noun phrasesto provide for some semantic interpretation. Aswe do not use these
subsystems for our analysis they are not discussed further.

Concept Structuring for Materials Information

Some of the same basic elements of materialsinformation and the rel ationships between
them are required in computerized systems designed to support many different kinds of
users. materials designers, failure analysts, materials selectors and laboratory and database
administrators [Wes86]. The hope isthat much of the structuring performed in the course
of this project will be common to many other sets of materials databases and therefore
might never have to be repested.

However there are problems:. inheritance representations are easy at first, but become
difficult and arbitrary at detailed levels, i.e. different people produce different concept
trees. If only arestricted set of allowable relationshipsis permitted (e.g. only “is-a” and
“related-t0”), then intrinsically complex relationships will be encoded differently by
different people. If arich set of descriptionsis allowed, then some relationships could
arguably be represented in any one of severa ways. Thisis an area where standardization
is expected to be required as data dictionaries become more sophisticated; asthey will have
to beif meaningful datainterchange isto be achieved [Sar90,91].

Relationships and Adequacy

Thetask at ATC, after the construction of a concept structure, isthe generation of a
complex database schema which encompasses al the constituent schemas. However
before such a schema can be produced some kind of idea much be reached as to the scope
of itsimplicit data mode.

Codd's formal definition of adata model is the description of the capabilities of a
database structure in terms of what can be stored, what kind of relationships are enforced
and what operations can be done on the data when retrieving or updating it [Dat90]. Itis
distinguished from a database schema which is the description for a particular database
structure which usually has only one set of data, one database, associated with it. When
deciding what kind of data model should be ideally used to represent materials for any
engineering purpose [Wes86], there are three fundamental issues that have to be
addressed:

(1) Istherepresentation adequate? Isit able to represent the data and relationships
inaway which is useable without a distortion of the truth ?

(2) Canthe datamode cope with the many different and independently invented
designations for materials, properties, tests and processes ?
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(3) Isthe datamodel able to make a useful distinction between structural matters
(syntax) and the meanings (semantics) so that both can be handled
appropriately ? An example: atensile test on ametallic specimen can give at
least four types of strength property measurement: yield point, 0.2% proof
stress, ultimate tensile stress and fracture stress. These must be distinguished
correctly.

A database used by engineers must supply facilities so that (a) al these data can be
stored, and (b) when data are retrieved, the user isinformed when “similar” information is
available in addition to that which was requested (not just identical data under adifferent
name). For this particular problem a number of techniques are possible:

(1) useanetwork or object-oriented database with some kind of default
inheritance for both the terms and the data

(2) useareational database to store the data, coupled with an separate index to
handle cross-references and conflicts, plus dictionaries and encyclopedias for
user-oriented help [Bam91]

(3) as(2) above, but instead of using an index derived from traditional exhaustive
keyword manipulation, using an ‘active thesaurus derived from an
investigation of the important concepts from an ontological point of view.

In the current problem the dataitself is stored in avariety of existing databases and we
just have to handle the description of the content and cross references intelligently. Our
approach hereisto usejust the active thesaurus from the third technique.

Hierarchical Sructures: Limitsto Applicability

Trees are used for nearly all conceptua structure of materials information, but, at some
level of detail, they fail to capture some important relationship. The most common
exampleisthat of orthogonal concepts: deformation stresses can be either compressive or
tensile, and the onset of plasticity can defined as either the yield point or the 0.2% strain
proof stress. These two classifications are independent and neither could really be
considered a child of the other (unless an arbitrary decision is taken for the purpose of
standardization). Another exampleisthat grades of polymer can be characterized by
branching frequency and by chain length, again these are orthogonal properties, best
represented in tabular form.

The essay “The Architecture of Complexity” bySimon [Sim81] discusses the criteria by
which one can decide whether hierarchical representations are appropriate and useful. The
criteriathat show when a set of objects form good hierarchies are arrived at by considering
the interactions between members of the same set, and interactions between sets. If these
interactions (defined in the broadest possible manner) form some kind of sequence from
genera to particular (even if only localy to those immediate setsinvolved), and if the
sequence has discontinuities from level to level, then a satisfactory hierarchical description
is possible which, without further elaboration, represents the important relationshipsin the
system. There are many types of relationships between materials concepts where such
discontinuities do not exist and thus where hierarchical descriptions can only be coarse
approximations [Sar90].

CODE handles orthogonal concepts through the use of “kinds’ of sub-concepts, e.g.
tensile and compressive kinds of uniaxial loading, and proof and yield kinds of stress
level. Bamkin has independently shown that this same principle can be represented in a
relational (tabular) database [Bam91]. FIG.1 shows how the Grapher represents normal
sub-concepts with an ‘s’ annotation, and the two kinds of sub-concept witha‘kl’ and
‘k2' notation.
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Compressive
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Hardness k2 _
Yield Stress |

FIG.1 & Kinds of Sub-concept

Testsand Properties

The concepts and fields present in a particular database, such as strength, hardness,
Rockwell C number, yield strength etc., have relationships with each other which are not
usually made explicit - but they have to be described and made explicit if either (a)
standard interface to data visualization software servicesis hoped for, or (b) if data
interchange with other materials databasesis planned.

The most popular and apparently natural representation of relationships between
materials concepts isthe hierarchical, tree-like structure, possibly with multiple cross-
links, as used here with CODE. Thus information could be subdivided into property
information or test information, atest could be an indentation test or atensile test, and a
property could be ahardnessor ayield point. A cross-link of one type would be that
hardness properties are measured by indentation tests, another type would be that yield
point could be related to both elastic and plastic property classes.

The data from the same set of tests existsin anumber of different databasesin avariety
of “states’ or “bases’ depending on whether it israw data, validated data or fully evaluated
information. The information which describes which state pertainsto a particular piece of
data, and the audit trail of the process, is information which the system under development
will eventually have to maintain [Bam91]. Thus the concepts relevant to this process are
classified even at this early stage.

Summary of Abstract Materials | ssues

Examination of the conceptual structures of many materials databases indicates that there
isno one, ssmple correct data model structure, but that thinking about interactions and sets
of concepts does give some guidance as to when to use which type of representation:
orthogonal concepts imply tables, sequence and discontinuity in interaction imply trees,
both require conceptua ontologies. The limitations mean that there is aways a need for
taxonomic support tools: dictionaries which define terms with respect to some basic
vocabulary, thesauri which relate termsto other terms, and encyclopedias that inform on
the meaning of aterm with extrainformation and examples.

Data Modelling at Alcoa Technical Center

At Alcoa, our initial modeling activity was to determine and define a set of common
terms which could refer to information contained within the range of databases maintained
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at ATC . Thisinvolved acompilation from avariety of resourcesincluding an ATC
glossary of common terms, documentation on individual ATC databases, lists developed
by ASTM committee E-49, the Common Reference Vocabulary [CRV89] and reference
books on material properties. Thefirst task was to define terms and place them into a
conceptua structure.

A limited number of “high-level” concepts were identified as the major waysin which
engineers or designers might want to locate data. We knew that modeling only one view
of the data (e.g., based on the type of test run and not on the property measured) would
not give the user interface to a data directory enough flexibility and thereby rule it useless
before coding even began. These high-level concepts could be expanded to amost any
level of detail. If any one concept was expanded to its fullest, information which might be
pertinent to Alcoa, or othersinterested in material properties and testing, could be
documented.

We agreed to limit the analysis to include only those concepts necessary to implement a
data directory. In particular, the model had to include the types of tests performed at ATC
since some queries might be formulated based on a particular type of test. Sufficient detail
was also required to distinguish tests from each other. Thisincluded the types of results
which are produced since it is these results which are most likely be stored in databases.
For example, to implement ATC 's data directory, it isimportant that a Tensile Test yield
values for Tensile Srength and Yield Stress and optionally for Elongation and Poisson's
Ratio. However, it isnot necessary to record detailed information about the machine on
which the test was performed, or an exact description of either the testing method or the
shape of the specimen used. If moreinformation isrequired, our model could be
expanded to include details omitted in the first pass.

Conceptual Analysis

Early in the project, it became apparent that a method to capture all the detailed
information and the inter-rel ationshi ps between concepts was needed. Aswe were
devel oping our methodology of classifying and relating concepts, the volume of
information grew rapidly. Traditional tools such as paper, word processors, spreadsheets
or relational databases were inadequate for capturing the complex inter-relationships that
were evolving among our concepts. We needed atool which would alow usto maintain
and visualize our model. CODE was used for capturing and structuring our concept
ontologies [Sku90a].

Major Concepts

We have identified 5 major conceptsin our domain: Applications (of materials or parts),
Data Sources (Tests), Entities (Organizational Groups at ATC, Manufacturing Divisions,
Databases, Materials, etc.), Material and Surface Properties, and Process Parameters (see
FIG. 2). Each of these has been divided into sub-concepts extending several levels, with
most of the effort to date concentrated in identifying Data Sources and Materia and
Surface Properties. Currently, nearly 200 concepts have been identified and this number
will grow substantially as we expand the other major concepts and refine thesetwo. A
free-text definition of each concept was recorded to document agreements made as we
were modelling, and to provide a means for users of adata directory to determine if
terminology used at ATC hes the type of information they require.

DRAFT Thu. Nov 19. 1992 11



Applications

Data Sources

TDM
Concept

Organizational Entities

Material and
Surface Properties

7N

Process Parameters

FIG.2 & ATC Top-Level Concepts

Detailed Example

TABLE 2 shows the remainder of the pretty-printed listing (excluding the
EXPLANATI ON properties shown in TABLE 1) of the description of Yield Stress at an early
stage in the construction of the concept base.

TABLE 2 & Yidd Stress Concept Description

Cd Narme Yield StresS
Super Concepts Uniaxial Strength

ATTRI BUTES

Name A Character String.

Alias Yield, Y.S., Yield Strength, Tensile Yield, Fty.

Potential Subconcept Elastic Limt, Proportional Limt, Reduction of
Area, Strain-Hardening Exponent, Strain Rate Exponent, True Fracture
Stress, Yield Point, Yield Strength.

Unit Unit ; the unit of neasurenent.

Val ue one of nuneric value, synmbolic value ; a nuneric value can be
either a single nunber or a matrix.

RELATED ENTI TI ES
Stored In a set of Information Store.
Tested By a set of Test.
Valid For a set of Material.

UNRESOLVED | SSUES
Strength Stress Strain Issue Need to resolve stress strain
relationship with strength as related entities. For exanple, Proof
stress and inelastic property..

TABLE 3 shows an excerpt from the full listing of the entire concept hierarchy in the
form in which CODE models are transferred between machines or archived. Note the
inheritance flags and the labelling of every value asto where precisely it has been inherited
from, both where the property wasfirst created and where the value of the property comes
from. Thereisaso some housekeeping information to help with version control.
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TABLE 3 & Excerpt from Full Text Concept Description

Cd Name: Yield StresS
Super Concepts: Uniaxial Strength

done by (n h v) <TDM Concept> & <Yield StresS> : Sub.

status (n h v) <TDM Concept> & <Yield StresS> : nil.

| ast update date (n h v) <TDM Concept> & <Yield StresS> : 26 July 1990.
creation date (n h v) <TDM Concept> & <Yield StresS> : 15 June 1990.
level (r n v) <TDM Concept> & <Yield StresS> : 5.

ATTRI BUTES
Potential Subconcept (i r n) <TDM Concept> & <Uniaxial Strength> :
El astic Limt, Proportional Limt, Reduction of Area,
St rai n- Hardeni ng Exponent, Strain Rate Exponent, True Fracture
Stress, Yield Point, Yield Strength.
Unit (i r o) <Material and Surface Property> & <Material and Surface
Property> : Unit ; the unit of neasurenent.

Benefits of Having a Conceptual Model

The major benefit isthat it provides asingle place to document and record information
about all the data stored and maintained within the organisation. Thisisonly feasible
because the conceptual model records the information in away which breaks through the
diverse and imprecise naming schemes already in use. Success of linking diverse
vocabularies depends on our ability to treat terms as semantic objects and to relate them
based on their conceptual content [Eva9dlb]. The model can aso be used as:

> aframework from which to elicit feedback from expertsin narrow fields

ameans to obtain agreement between divisions to establish standardization of
terminology

>
> abasisfor systematic description of al stored data types
>

areference which can be used in the specification of awide variety of new
systems; perhaps most new systems

Further Application of the Concept M odel

Once a comprehensive data model is produced which accurately reflects the data
environment, a progression of follow-on work can be performed; planned in three phases.
These phases are such that if the project is terminated at the completion of any one of the
phases, significant gains in the understanding and utilization of technical datawould still
have been achieved.

Thefirst phase isthe design and development of an on-line data directory accessible by
every researcher and engineer. We envision this system to be one in which users can
issue queries to find information about the existence of databases, classes of data, and
organizations which maintain particular databases. 1t would point the user to aDivision
that could provide more information. A prototype of this system is currently being
designed which will most likely be deployed in a distributed X-Windows environment
accessing an obj ect-oriented database with hypertext capabilities. CODE itself istoo
complex for casual users; its strength isin providing facilities for constructing and editing
hierarchies, not consulting them.
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Our plan for phase 2 consists of the expansion of the data directory into a passive data
dictionary. Thedictionary would provide details about the actual database tables and
fields. 1t would relate fields to standard terms, and specify units, retrieval mechanisms,
and key fields required for retrieving data.

The actual delivery of datawill be the primary objective of phase 3. Engineers could
retrieve datafrom avariety of established electronic databases via the uniform interface
established in phases 1 and 2. The user would be shielded from having to know database
schemas, locations, or retrieval methods. The critical issues will involve creating a
communications environment to enable interoperability among diverse systems and the
mobilization of resourcesto computerize currently paper-based data repositories.

Potential extensions

Once the dictionary has been established and covers a broad spectrum of ATC's
technical databases (at the end of Phase 2) it should be possible for expert systemsto be
built to facilitate navigation and dissemination of the various databases. For example, an
expert system receiving a query requesting data pertaining to a certain chemica
composition derived from x-ray energy absorption spectroscopy could also suggest data
for that chemical composition derived by wet-chemical analysis. It iswhen expert systems
begin to be developed that the true benefit of having a solid concept structure in place will
be felt.

Futureissues

Many organizational and technical issues remain to be addressed:
> How to maintain the concept model and data directory to include new/changing
research activities?
> How to change the mind-set of divisions from “datais divisional property” to
“datais Alcoa's property”?
> How to computerize the vast amount of paper ‘legacy systems?

> How to implement data management standards and ensure they are well
understood and commonly used?

Research Issues for Materials Conceptual Structures

Apart from its usefulness to Alcoa, formal conceptual structures for materials
information have a wide application and generating them in the wider community involves
additional research issues.

Automatic Generation

ATC was able to begin to structure concept relationships using the results of a survey of
ATC databases which had been produced for another purpose. In general, finding
appropriate concepts from alarge technical vocabulary is very time consuming even before
the inheritance semantics are added to the system. Developing semantic networksis
expensive and, when more than one organisation is concerned, possibly controversial.
They are certainly epistemologically and computationally problematic [Eva9lb]. Systems
for producing initial semantic networks from computerized terminology databases have
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been developed for some medical fields [Evadla] and their use for materialsinformation
should be considered.

Conceptsand Data

McCarthy recommended that a data thesaurus be devel oped which combined both data
about individual materials (instances) and their classification relationships [McC88].
Although the current project has attempted to deal with just concepts, the essence of
materias information makes a complete split impossible and undesirable [Sar91].
Sophisticated databases find that they have to deal with conceptual information as data, not
just as part of the database schemadesign [Bam91l]. Inheritancein conceptsis different to
inheritance in data[Bam91], but dealing with exceptions and classification into classesis
till problematic and controversial. Nevertheless the payoffs for using inheritance are
large [Bam91] since it levers knowledge and reduces bulk and repetition.

The view that classification into classesis fundamentally flawed and that inheritance
based on prototypical materialsis more soundly based has much to recommend it
[Zuc89b, Dem9l]. Thereistherea point that concepts intermediate in the class hierarchy
have data associated with them that is not strictly deducible from the data attached to
individual instances. Such intermediate level reasoning is characteristic of the early stages
of engineering design and materials selection [Sar91].

There is often no real disagreement as to the substance of meanings of terms, just
disagreements as to how the meaning should be represented in some particular restricted
formalism (e.g. CODE, or DB2). Therefore we need to use general descriptive tools that
do not force us to make unnecessary and difficult decisons. CODE is probably rich
enough - we have even used arestricted set of facilities because it takes too much timeto
learn avery rich set of options. Thisislikely to be a problem with any sufficiently rich
tool.

Summary

More than half a century of organizational autonomy has resulted in amultitude if
diverse technical data systems; some are automated but many are not. Numerous naming
conventions and definitions have emerged which are not well-understood or accepted
outside the group that defined them. Hence the development of a conceptual data mode to
accurately reflect adiverse technical organisation is acomplicated and complex
undertaking. The description must be both formal (explicit and accurate) and adequate (to
sufficient detail and with enough discrimination). It must be robust enough to:

display the network of relationships between concepts
account for multiple types of inheritance
provide for many aternate indexing schemes
provide mechanisms for multiple naming schemes
define terms completely
deal with ambiguous everyday language
Wefed that the model we have developed is an adequate representation of ATC'S
technical environment, and although we are still faced with the issue of keeping the

mnodel current we believe that it is asolid foundation on which to build data directory and
data dictionary systems.

MMMMMM
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