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ABSTRACT

ALADIN Is a knowledge-based system that aids metaflurgists
in the design of new aluminum afloys. Affoy design is characlerized
by creativity, Intuition and conceptual reasoning. The application of
artificial intefligence 1o this domain poses a number of challenges,
including: how to focus the search, how to deal with subproblem
interactions, how to integrate multiple, incomplete design models and
how to represent complex, metallurgical structure knowledge. In this
paper, our approach to dealing with these problems s described.

1. INTRODUCTION

ALADIN (Aluminum Alloy Design INventor) Is a knowledge-
based system that aids metallurgists in the design of new aluminum
alloys. The alloy design task produces a material composition and
thermal-mechanical processing (TMP) plan whose resuling alloy
satisfies a set of criteria, e.g., Ultimate Tensile Strength. The system
can be operated in several modes. As a decision support system, #
accepls alloy property targets as Ilnput and suggests afloying
additives, processing methods or microstructural features to meet
the targets. As a design assistant, it can evatuate designs supplied
by a metatlurglst, or provide information that s useful for design from
a knowledge bank. As a knowledge bank, it provides information to
supplement the usual sources such as books, joumnals, databases
and speclatized consultants.

Alioy design in an industrial setting involves teams of exparts,
each of whom Is a highly-trained specialist In a different technical
area. The primary application objective of ALADIN Is to systematize
and preserve the expertise ot such teams, as an expert system.
There Is some hope that by fusing together multiple sources of
knowledge from different experts, a system wil ba daveloped that
exceeds the capabilities of Individual experts. Al the same time the
expertise can be applied more widely to design problems. We also
hope with such a system to shorten the design cycle, which s often

on the order of five years, from specification of properties until
commarcial production begins.

Alloy design ralses a number of issues as an Al problem.
First, the search space Is comblnatorially complex due to the number
and amount of elements that may participate in the composition and
the number of attemative processing plans™. The knowledge
available to gulde the search Is pdmarily heurlstic, galned over many
years of experimantation, coupled with some metallurgical models.

.Thhmsoan:hhuboonwppododby!hoAhmImmCompmyoMm«m
“The MOLGEN system {14] focused primarfly on process planning.
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As a result, there exist multiple partial mods!is of alloys which relate:

* composition to aﬂéy propeties,
« thermal-mechanical processing to alloy properties, and
« micro-structure to alloy properties.

This raises two questions for Al: what is the approprdate architecture
for the explict representation and utilization of multiple, paraliel
theories, and how Is search to be focused in this architecture?

A second Issue Is the degree to which design decislons are
dependent. Each change in composition of process alters a number
of properties. This level of dependence results in a level of
interaction among sub-problems which exceeds that experienced In
the planning lterature, and is not amenable to simple constraint
propagation techniques due to the size and complexity of the search

space.

Issue three Is the result of Issues one and two. The
complexity of the search places a tremendous burden on how to
focus attention in complex solution spaces.

Lastly, issue four is concemed with representation.
Knowledge of the relationship between alloy structure and its
resuttant properties Is at best semi-formal. Much of it is composed of
diagrams of 3D structure and a natural fanguage description.
Quantitative models rarely exist. The problem lies In reprasenting
spatial information in which structural varations are significant.

The rest of this paper dascribes the alioy design problem in
more detail. This is followed by a description of the ALADIN
problem-solving architecture. Then there ts a discussion of
knowledge representation, mufti-mode! reasoning, and focus of
attention.

2. ALLOY DESIGN REASONING

An afloy design problem begins with the specification of
constralnts on the physical properties of the material fo be created.
The objective of the designer Is to identfy element addilions with
percent levels and processing methods that will result In an alloy with
the daeslred characteristics. The line of reasoning that designers use
Is similar to the generate-and-test model. The deskgner selects a
known matedal that has properties similar to the design targets or
other Interesting features. The designaer then alters the properties of
the known matedal by making changes to the compostion and
processing methods. The effects of these changes on the various
physical properties are estimated, and discrepancies are kentifled to
be corrected in a later teration.

In order to select fabrication varlables that lmprove the
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The general trend of execution is to start generating a plan in
the Meta plane, and to complete the alloy design within the
processing plane. However, it will always be necessary to jump back
and forth between spaces and levels and to backtrack.

The qualitative and quanlitative levels of the Structure,
Composition and Processing spaces are activated as appropriate, to
generate hypotheses that specify design variables in their own range
of expertise. Hypotheses generated on other planes and fevels

constrain and guide the search for new hypotheses In many ways.
An existing qualitative hypothasis obviousty suggests the generation
of a quantitative hypothesis. Certain microstructure elements can be
produced by compasttional additives, while others are produced by
specilic processes with the composition restricting the choices
available. The final product of the design process is a plan in the
composition and process Spaces. More details on the ALADIN
architecture are availabls in {11}

4. KNOWLEDGE REPRESENTATION
ALADIN utilizes three forms of knowledge representations:

1. Declarative knowledge base of alloys, properties,
produdts, processes, and metallurgical  structure
concepts;

2. Production Rules in the form of IF-THEN rules of

effects, rankings and preference orderings, processing
of user commands, decisions about whan o call upon
knowledge in other forms, and others:

3. Algorithms knowledge expressed as
detailed physical, chemical,
Statistical, etc. calcufations.

functions:
thermo-mechanical,

4.1. Declarative Knowledge

The ALADIN system contains representations for metallurgical
charts, alioys, physical propedties, compositions and processing
methods [8). Each of these Classes of knowledge admit a relatively
simple representation using well known ideas about schemata
(frames) and inheritancs. The repressntation of microstructure

Presents some interesting problems and Is discussed in more detail
here.

- Microstructure Is the configuration In three-dimensionat space
of all types of non-equllibrium defects [7] In an ideal phase,
Metallurgical rasearch has shown that many microstructural features
have important consequences for macroscoplc properties.  The
objective of the microstructure representation In ALADIN Is to
classify and quantify the microstructure of alloys In order {o facilitate

Although much of the heuristic knowledge about alloy daslign
Involves the microstructure, #t is usually poorly represanted.
Metallurgists have attempted to describg microstructural features
Systematically [7] and there is also a fleld called quantitative
metallography that describes quantitative Information about the
three-dimensional microstructure of alloys {15]. In practice, nelther
of these approaches Is commonly usad. Instead, mstallurgists rely
on visual Inspection of micrographs, which are pictures of metal
surfaceg taken through a micrascope. Information Is communicated

with these pictures angd through a verbal éxplanation of thelr
essentlal features. -
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In order to represent microstructure data and rules it was
necessary to develop a symbolic  representation of alloy
microstructure. The two main fealures of an alloy microstructure are
the grains and the grain boundaries, and are described by an
enumeration of the types of grains and grain boundaries present.
Each of these microstructurat elements are in tum described by any
avallable Information such as size, distribution, etc., and by its
relations to other microstructural elements such as precipitates,
dislocations, etc. This representation allows important facts 1o be
expressed even If quantitative data is unavallable, an Important
example baing the presence of precipitates on the grain boundaries.
It is Interesting to note that most of the expert reasoning about
microstructure  deals  with qualttative facts, with quantitative
information typically not available.

4.2. Procedural Knowledge

Most of the procedurat knowledge is encoded in OPss
production  rules [5, 1} in well-known ways.  However, some
procedures are best represented as algorithms, for whose coding we
have chosen Common Lisp (13]. Especially important is the fact that
alloy design requires the simultaneous use of both qualitative or
symbolic reasoning and the application of suitable mathematical
models. Tha subject of coupling symbolic and numeric methods is of
general interest, Accordingly, Kitzmiller and Kowalik [10] point out
that in order to: solve many problems in business, science and
englnaering, both insight and preclsion are needed.

ALADIN currently contains the following types of mathematical
routines:

* Regresshons, In order to interpolate and extrapolate from
alloy properties to those of new alloys;
* Models of structure-insensitive properties, such as
density; :
« Solutions of systems of multi-dimensional constraints:
* Retrigval of constraints from phase diagrams,

ALADIN couples qualitative and Quantitative reasoning In several
ways. The design Is made at two levels, first on a qualitative and
second on a quantitative fevel. Examples of design dacisions that
are made first are what alloying elements 1o add and whether the
aloy should be artificially aged or not. These declsbons are followed
on the quantitative fevel by a determination of how much of each
altoying element should be added and at what temperature aglng
should take place.

The ALADIN system altempts to couple symbolic and numaric
computation deeply by not treating algorithms as black boxes. A

5. MULTIPLE DESIGN MODELS

tt ks a feature of the alloy design domaln that several partly
independent models of alloys are used. The simplest modal of afloys
deals only with the relationship between chemical composition and



about other properties, eg. Beryllium causes embritilement in
Aluminum. Quantitative comparisons can also be made between
alloys of varying composition, everything else belng equal. This
yields some useful quantitative knowledge about properties through
regression.

A more complete modet includes the relationship between
thermo-mmechanical processes and properties. Since only
composition and process descriptions are needed to manufacture an
alloy, it could be assumed that no other models are needed to design
alloys. As a matter of fact, historically many alloys have been
designed with composttion and process models only. The progress
of research In metallurgy is giving new Insights in the relationship
between the microstructure of afloys and theilr physical properties.
The deepest understanding of afloy design tharefore involves models
of microstructure effects on properties and models of composition
and processing effects on microstructure.

The microstructure decisions serve as an abstract plan that
cuts down the number of altematives in the composition and process
spaces. In this way the role of the microstructure has both
similarties and differences with abstract planning as described by
Sacerdoti [12]. The main differences ars:

« Microstructure concepts are distinct from composition
and process concepts, not merely a less detailed
description. )

« The microstructure plan is not a part of the final design
In the sense that an alloy can be manufactured with
composition and process information only.

«The microstructure domaln Is predefined by
metallurgical expertise, not defined  durng
implementation or execution of the ALADIN system.

These differences Introduce a number of differences from a
MOLGEN-like system:

«Instead of one hierarchy of plans there are threse;
Structure, Composttion and Process, each of which has
abstraction levels. ’

» Since structure decisions don't necessarily always have
the highest criticality (as defined by [12]), oppostunistic
search Is important.

« The effect of abstract hypotheses &5 more complex
because decisions In the stnicture space cut the search
by constraining the cholce of both composition and
process hypotheses. The existence of more than one
level In each space also Introduces new types of
interactions. :

Ideally, the models taking microstructure into account should
be sufficlent for all design decisions, but in reality they are
incomplete. As a result, empirical models that relate composition
and processes directly to propertles have to be used. Utillzing
several design models ntroduces another important deviation from
standard abstract hlerarchical planning: One or more levels of the
Structure space can be bypassed during hypothesis generation or
property evaluation.

It is the combined use of the five design models plus a set of
global control strateglas for dealing with muttiple modets that enables
ALADIN to design an alloy.

6. DESIGN STRATEGY PLANNING AND FOCUS OF
ATTENTION
ALADIN has a modet of afloy design strategias that Is encoded
in OPSS5 rules and assoclated with the meta space. This space I8

used to guide and control the search for solutions. The strength of
this strategic mode!l comes from the padition of the detailed
metallurgical knowledge into knowledge sources. Facts, rules and
procedures are each assoclated with a knowledge source that is
characterized by a context, a goal, a space and a level. Rules and
procedures can be applied only if the corresponding goal and context
is active.

The design strategy model guides the search by building
goals. Several types of information are Included:

« The status of the search,

« The history of the solution process,

« Constralnts on strategic altematives, and

« The effectiveness of various strategic altematives.

The status of the search Is characterdzed by the constraints,
hypotheses and estimates that have been created and indicate what
problems remain to be dealt with. These schemata have the
following definitions:

* Hypothesis.  Partlal description and commitment
regarding the alloy that is designed to meet the targets.
« Constraint. The dasign target, and therefore a
condition to be met and a criterion for selecting

hypotheses.

« Estimate. Prediction of the effect of fabricating an alloy
according to the components of the cumrent hypothesis;
the effects will show up as characteristic properties and
microstructure.

The history of the solution process iIs retained in the goals.
ALADIN has a rather elaborate set of rules for managing goats tn a
general way. Each goal has a status, a symbol from a fixed set of
posshilities, which are In tum understood and managed by general
goal rules. The outcome of work on a goal s propagated according
to its final status and the logical (e.g., AND and OR) and sequential
relations (nextgoal) that the goal has to other goals.

Constraints on controf ‘altematives are easily represented in
rule form. Some examples are:

«if numerical decisions regarding composition and
process have not yet been made, then quaniitative
evaluation models can not be applied;

o lf decisions have not yet been made regarding what
processing steps to use, then it makes no sense to
reason about temparatures and rates.

Finally, the system has a notion of what strategles will have
the greatest Impact on the search, based on heuristic knowledge
obtalned from the metaliurgists. Rules include:

ot # Is posshbie to reason about microstructure,
composition or process, then microstructure reasoning
Is preferred;

« if many fabrcation aftematives have been Identified to
meet a single target, then use slmple heurstkes to
evaluate each and prune the search.

Due to the complex interdepandence of design decislons on
an afloy's-final properties, simple concepts of goal protection are
Inappropsiate. Instead a comblnation of least commitment and
over-cormpensatory planning I8 utllized. This means to over-
compensate when achioving a goal. In particular, ¥ a certain tenslie
strength I8 required, the planning system sets even higher goals to
achleve at this point in the search knowing that later decislons may
result In a reduction of this property. This approach works because
the property goals are values on a continuum.
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ALADIN begins in the meta space and frequently retums there
for new direction. When the meta space Is activated, strategy rules
identify activities that are reasonable and create top level goals in
memory, with context, space, and level information. Often, several
afternative strategiss are possible at any point in the search, and the
user Is offered a menu of possibilities. The system recommends the
strategy that is felt to be most effective. After the user makes a
selection, the meta rules expand the goals by creating more detailed
subgoals. These goal trees constitute a plan for how to accomplish
the requested activities. Contro! then retums to the domain spaces,
which process the goals. Control remains in the domain spaces until
the success or failure of each goal is determined. At that poirt,
control retums again to the meta space. fteration between meta and
domaln space continues until the ALADIN problem solving process is
complete.

With the meta space, numerous design strategies, obtained
from different people, are integrated into a single system. As a
result, ALADIN can develop several solutions to a single problem by
applying different approaches. The flexible user control allows the
metallurgist to experiment with different strategies. The designer
may, in tact, explore solutions arising out of the application of tybrid
strategies that are not usually integrated into a single problem.

7. SYSTEM PERFORMANCE AND RESULTS

ALADIN runs on a Symbolics Uisp Machine within the
Knowledge Cralt [2] environmert at a speed that Is comfortable for
interaction with expert alloy designers. A typicat design run takes
about an hour, and Involves considerable Interaction with the user,
whose choices influenca the quality of the outcome. Hts development
is at the mature, advanced-prototype stage, where it can begin to
assist In the design process. We must point out, though, that its
knowledgae is presently focused on narrow areas of alloy design, with
expertise on only three additives, two microstructural aspects and
tive design properties. We are dealing In depth only with temary
alloys. But these restrictions are by our own choice, so that we can
go into depth and train the system on the selective areas of greatest
import to our expert Informants and sponsors. Within these
restrictions fie a number of commardlally important alloys, whase
rediscovery and refinement by ALADIN will be a major milestone.

Performance measures to date are sticlly anecdotal. Our
experts work with the system in the interactive mods described
earlier. Three milestones have been reached:

1.The representation of structural knowledge Is’
considered by the experts to be an advance over what
was available previously.

2. The experts have made the transition from being

scedgzﬁcs to believing the system s of value to their
work.

3. The system Is beglnning to produce non-trivial results
that are of Interest to deskgners, and that would require
too much tedious work to generate manually. These
include partial designs on several spaces and lovels.

Though two years have passed since the commencement of the
projed, we continue to work with the experts to refine and extend the
voluminous knowledge and data not yet added 1o the system. More
details about the current state of user acceptance and future plans
for technology transfer are supplied in [4].

ALADIN is prmadly an application of existing antificlal
intelligence Ideas to an advanced, difficult problem domain. Alloy
deslign Is thought to require a high degree of creativity and intuition.
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However, we have found that genarate-and-test, abstract planning,
decomposition and rusle-based heudstic reasoning can reproduce a
significant portion of the reasoning used by buman designers on
prototype cases. Furthermore, the attempt to build a knowledge-
based system has helped alloy designers to systematize their
knowledge and characterize interrelationships, particularly In the
area of microstructural representation.
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