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An Expert System for Materials Design 

Douglas E. Marinaro 

ABSTRACf 

Materials, because of their monolithic nature, are best designed with an iterative ap
proach-evolving the design from a carefully selected initial material to a final product with 
sequential modifications intended to remedy inadequacies. This evolutionary design ap
proach consists of properties specification, class of materials selection, initial design for
mulation, materials testing, failure analysis, and materials redesign. Each of these tasks re
quires a great deal of similar knowledge of matet1-als science; yet, each phase applies this 
knowledge in different ways. When the "designer" is a computer program, representing 
this knowledge, so that each task can apply it effectively, is critical. 

As part of research to develop an expen system for materials design, an analysis of 
the knowledge and methods used by an expert was undertaken. The implications of this 
analysis led to the design and computer implementation of a unified, knowledge-based sys
tem consisting of a task-independent knowledge representation and a simple, but general, 
planning algorithm. The programs support the initial design formulation task of the evolu
tionary design approach: given an alloy system and a property that needs to be improved, 
the system will reason to a suggestion for improving the alloy. The particular example per
formed by the system is the addition of a micro-alloying element to improve the yield 
strength of an austenitic Fe-Ni based superalloy by increasing the lattice mismatch of the 
coherent hardening precipitate. 

1 



.. 

Dedicated to my wife, 

Lynn Sanford Marinaro 

) ..... 

1 



Acknowledgements 

This research is the result of collaboration with Professor J.W. Morris, Jr. Few in

dividuals in engineering understand their field as well as Bill Morris understands materials 

science. His contributions range from the theory of phase transformations to the design of 

new alloys. Perhaps his most significant contributions, however, have been to his stu

dents. From the first day in Introduction to Materials Science, Bill instilled in me his ex

citement for science. He can express the most difficult material with the greatest clarity

making. sense by making the concept fit into the framework he has already laid, always 

connecting every piece of detail to his grand Maxim of Materials Science. This expert sys

tem only begins to dig at the wealth of his understanding-attempting to capture some of 

that framework of materials science and the way he uses it to design new materials. 

One of Bill's greatest creations is his research group at the University of Califor

nia's Lawrence Berkeley Laboratory. With projects ranging from the formability of steels 

and the design of aluminum-lithium alloys to superconducting wires for fusion power and 

solder for surface-mounted integrated circuits, the Morris Group provided fertile ground 

for the growth of ideas about materials design. Every member of that group deserves 

thanks for the support they provided during the last three years whether it be fiXing a dead 

Datsun, driving me up and down the hill, helping me pass the prelims, or just sharing a 

beer on Friday afternoon. Special thanks go to Judy Glazer. Without her footwork this 

thesis would never have been filed. 

I thank Pat Monardo for his company at odd hours of the night and his determina

tion to imbue me with the art of computer programming. Pat made it fun. 

This work would not have been possible without the intellectual, hardware, and 

software support of the BAIR (Berkeley Artificial Intelligence Research) Group at the Uni

versity of California. Professor Robert Wilensky provided access to his research, his re

search group, and an artificial intelligence workstation donated by Xerox Corporation. Es-

ii 



·,; 

pecially helpful were discussions about knowledge representation with Daniel Jurafsky, 

Peter Norvig, Dekai Wu, Jim Mayfiel~ and James Martin. 

Daniel Jurafsky inspired this research during a dinner in the summer of 1983. He 

insisted from the beginning that this research deal with hard problems in artificial intelli

gence and supported his insistence with a steady flow of possible solutions. I look for

ward to many more fruitful collaborations with my good friend, Dan. 

I thank my parents, Kay and Ed Marinaro, for giving me curiousity about the 

worl~ a desire to make it a better place to live in, and an education-both academic and ex

periential-to allow me to pursue my curiousity and desires. I only hope I can be as gener

ous with my children. 

I dedicate this work to my wife and best friend, Lynn Marinaro. This thesis is as 

much a result of her efforts at keeping me sane during the past three and a half years as it is 

of my efforts at programming and writing. If this paper reads well, it is only because of 

our innumerable "heated discussions" over word choice, sentence structure and writing 

style. 

I thank the Alcoa Technical Center of the Aluminum Company of America for gen

erously providing me with the time and facilities to write this paper. 

This research was supported by the director, Office of Energy Research, Office of 

Basic Energy Sciences, Materials Sciences Division of the U.S. Department of Energy, un

der Contract No. DE-AC03-76SF00098 and by a grant from the Alcoa Technical Center of 

the Aluminum Company of America. 

iii 



TABLE OF CONTENTS 

Introduction ........................................................................................... .1 

Materials as Monoliths ............................................................................... 1 

The Evolutionary Design Approach ................................................................ 2 

Property Definition .......................................................................... 4 

Materials Selection .......................................................................... .5 

Materials Testing .............................................................................. 8 

Failure Analysis .............................................................................. 8 

Redesign .................................................................................... .11 

Implementation Choices ............................................... 0 ................. 0 .......... 13 

The System .................................................... ~ ..................................... .16 

KODIAK-The Knowledge Representation .......................... ~ ......................... .16 

A Semantic Network ...................................................................... .19 

Concepts .................................................................................... .19 

Links ........................................................................................ 22 

A Materials Science Example ............................................................. 23 

ALCHEMIST-The Planner ...................................................................... 25 

Representing Plans ........................................ , ............................... 26 

Using Plans ................................................................................. 27 

A Materials Design Example .............................................................. 29 

Limitations and Extensions ........................................................................ 38 

Conclusions .......................................................................................... 39 lr' 

References . .-......................................................................................... .41 

iv 



1 

Introduction 

This research takes a long term view of the challenges involved with the develop

ment of an expert system for materials design. The objective was to construct a designer, a 

system that acts as an animate agent, to design materials. To do this I had to choose a com

putational representation of the knowledge involved in doing design. Three factors-the 
I 

objective of constructing a designer, the nature of materials, and the nature of the materials 

design process-should guide the choice of representation. 

This analysis f:rrst characterizes materials from a design perspective and describes 

the design approach this characterization suggests. This approach to materials design in 

tum guides the choice of computational representation of the knowledge. Following these 

guidelines, I have implemented a prototype representation system and a simple, but gener

al, planning algorithm for materials design knowledge. This paper will discuss the repre

sentation of knowledge and walk through an example to demonstrate the ability of the algo

rithm to infer a design solution. 

Materials as Monoliths 

The approach used to design an object depends on the nature of the object itself. In 

designing materials, one works towards some set of specifications or properties. A materi

al property is the response of a material to a specific environmental condition, such as ten

sile stress, corrosive atmosphere, or sudden impact, independent of the geometry of the 

particular sample. Materials are rarely sought without regard to some product that will be 

constructed out of the material. The product must meet certain design specifications, and 

these, in tum, define the properties of the needed material. Though a material property is 

independent of the geometry, materials users often specify the needs of the product as the 

desired properties of the material. This paper only concerns material properties as defined 

above. 
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Given this set of properties, how can a designer approach the task of creating a ma

terial to meet the specifications? In other areas of engineering, the designer can apply a di

vide and conquer approach, involving the decomposition of the artifact into an architecture 

of interacting components. The architecture structures the interactions of the components to 

produce the functionality of the artifact as a whole. Each component can then be designed 

to meet the constraints the architecture places on it.1.2 

Most materials (composites are the exception) cannot be decomposed into separate 

components. Materials must be treated. as monoliths in the context of design. A monolith 

cannot be divided and reassembled. It must be designed as a whole. 

In tackling the task of design, the designer, however, can apply the divide and con

quer approach to the process of designing the material. The material desired is specified by 

a set of properties. Though the properties are not independent, the relationship between 

their microstructural bases is often qualitatively understood. The designer can design the 

material to optimize the most critical properties first, and then deal with the property interac

tions later. A constraint-propagation approach such as that used in MOLGEN3•4 has been 

suggested to deal with property interactions. 5 This paper concentrates on designing a mate

rial to meet a single property, but the methodology and representation suggested could be 

applied to multiple properties. 

The Evolutionary Design Approach 

One of the approaches for designing monolithic artifacts is the Evolutionary Design 

Approach (ED A) as detailed in Figure 1. 

The general EDA was abstracted from specifics used by the expert, Professor J.W. 

Morris, Jr., in designing materials. The EDA, as applied to materials development, is de

tailed in Figure 2. 



o define the design objectives 

o select a class of artifact that 
looks "promising" based on 
the properties of artifacts in 
the context of the objectives 

o propose an initial artifact for 
testing 

0 test the artifact against the - ?--t•~ SUCCESS 
objectives • 

o analyze the results of the test 

0 redesign to meet the objectives 
given the "reasons" for failure 

Figure 1: The Evolutionary Design Approach. 

o Property Definition 
define the desired properties 

o Materials Selection 
select a class of materials that 
looks "promising" based on 
the class's history and the 
properties desired 

propose an initial material for 
testing 

o Materials Testing ----?-•• succEss 
test the material against the desired" 
properties 

o Failure Analysis 
determine the specific aspect of the 
material's design that caused the 
failure 

o Materials Redesign 
redesign the material to remove the 
specific flaw 

Figure 2: The Evolutionary Design Approach as applied to materials design. 

3 
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Each of these tasks requires knowledge of materials science. Material scientists 

structure their understanding with the maxim shown in Figure 3. 

Composition + Microstructure ----~•~ Properties 

Composition + Processing ----~~•~ Microstructure 

Figure 3: The Maxim of Materials Science. 

The composition and the microstructure of a material determine the properties of the 

material. The microstructure, in tmn, is determined by the composition and the processing 

of the material. A designer can correlate processing to properties, but to understand how 

processing a material gives it its properties, he must understand the microstructural basis of 

the properties and how the processing creates the microstructure. This maxim underlies 

each phase of the EDA for materials design. 

Property Definition 

The property definition consists of the desired range of values for each property of 

the material that the designer considers relevant to the product. The range may be fuzzy, 

without clear boundaries, and trade-offs may be specified (e.g.-if the density is decreased 

then the strength does not have to be as high since more material can be used for the prod

uct). To understand the property definition the designer must have an understanding of 

material properties and the presumed background context in which the properties have been ~~ 

requested. 

The background of the user cannot be determined by a computer program. 6 How

ever, the program can be designed under the assumption that the user (requester) and the 

program (designer) share an assumed background. Part of this background includes the 

understanding on the part of the user that property requests are limited to material and not 
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product properties. With this limitation, though somewhat unrealistic, the program only 

needs materials knowledge, not knowledge of particular products such as auto body 

frames, helicopter rotors or generator retaining rings. 

As an example, when the requester asks the designer to strengthen a particular item, 

it is presumed that requester wants the designer to increase the yield strength of the material 

that makes up the item, not simply to reinforce the item by suggesting a thicker cross

sectional dimension. Furthermore, the designer and requester presumably agree upon the 

operational definition t of yield strength (i.e. - the particular value returned from a reprodu

cible test). 

As a designer, the computer assumes the operational definition of yield strength 

represented in its knowledge (data) structures. Hence, the program's successful perfor

mance in the property definition phase requires both that it possess enough knowledge to 

constitute a background vast enough to recognize the user's request and that the user speci

fies the request in the context of that background. 

Materials Selection 

The materials selection phase consists of materials class selection and initial design 

formulation. Materials class selection requires that the designer not only know of a variety 

of materials and their properties, but also that he know the developmental history of these 

materials. In selecting a class of materials to use as a starting point for further develop

ment. the designer does not simply choose the class of materials that comes closest to meet

ing the desired properties. He uses his understanding of the microstructural, composition

al, and processing basis of the properties, as well as the developmental history of each 

class of material to choose the class of materials that shows the most promise of meeting 

the desired properties. 

t In the realm of engineering design, material properties must be definable in tenns of identifiable and re
peatable experiments. In the philosophy of operationalism, all concepts must meet this requirement, hence 
the operational defmition of a concept is the i~ntiflable and repeatable experiment that defmes the concept 
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For example: in the development of a material for generator retaining rings,7•8 the 

original material, an Fe-18Mn-5Cr alloy, came closest to meeting two of the critical proper

ties-high yield strength and low magnetic permeability. The designers, however, rejected 

the alloy: the alloy suffered from stress corrosion in the hydrogen atmosphere used to cool 

the rings; the forged rings had to be cold expanded, a difficult and expensive operation, for 

the alloy to achieve its current strength, and the developmental history suggested that the 

current alloy's yield strength would peak below 180 ksi, below the 200 ksi value required. 

The d~signers chose iron-based superalloys as the most promising. To meet the 

manufacturability criterion, the designers had to choose a strengthening mode other than 

work hardening which required cold expanding of the rings. The only other mechanism 

that can achieve the necessary, high strength is precipitation strengthening, which can be 

done with thermal treatment. Austenitic Fe-Ni based superalloys are precipitation-hardened 

steel alloys that can achieve the necessary strength without incurring the cost associated 

with higher strength alloys. Furthermore, the magnetic permeability of these alloys can be 

controlled by the composition, and high toughness can be maintained by precipitating in the 

matrix, away from the grain boundary. The designers later tackled the hydrogen embrittle

ment problem by stabilizing the austenitic phase to prevent a strain-induced m~ensitic 

transformation, but that step corresponds to the materials redesign phase of material devel-. 

opment. 

The example shows the use of filters and criteria in the selection of a material class. 

Filters are properties which must be met by the material class in order for it to be consid

ered; criteria are properties that the designer feels he can achieve. The classification of a 

property as a filter or a criterion depends on the context of the design problem, the develop

mental history of the material class under consideration, and the background of the design

er. In the previous example, the manufacturability and magnetic permeability were filters; 

the strength, toughness and corrosion resistance were criteria. However, if the designer 
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felt that he could develop an inexpensive cold expansion technique, manufacturability might 

have been a criterion. Likewise, if the designer did not understand how to increase the 

strength of an alloy, the strength might have become a filter. The higher the fraction of cri

teria properties, the more choices the designer has for the basis of his design. Choices in

crease the difficulty of the design problem, but also open opportunities for new solutions. 

The designer's knowledge determines the fraction of criteria properties. 

Hence, the computer program acting as a designer performing materials class selec

tion must have knowledge of a variety of materials: their developmental history as well as 

their composition, processing, microstructure, and properties. This knowledge must be or

ganized in a structure which enables the designer to categorize properties as filters or crite

ria and which enables the designer to prioritize ma~rials by the promise they show towards 

meeting the design objectives. 

In the trivial case, the prototypical member of the material class chosen by the de

signer meets all the properties specified. That member can be chosen and the design is 

complete. 

In the case of interest, however, the prototype fails to meet the criteria properties. 

The designer formulates an initial materials design by improving the properties of the proto

type. The filter properties have already been met in choosing the class of material. To 

meet the criteria properties, the designer uses knowledge of the properties of the particular 

class of material, the microstructural phenomena which underlie the properties, and the 

composition and processing which yield the microstructure to plan a design. The designer 

first analyzes the failure of the prototype to meet the criteria. This analysis leads to a reme

dy which he applies to the initial design. In a sense, the designer enacts the last two steps 

of the EDA as part of performing the initial design formulation. 

In truth, the designer often acts in parallel to test many of his theories as to the cor

rect initial design formulation by proposing a variety of compositions and processing se-
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quences. In this paper, only a single path through this parallel design scheme will be fol

lowed; though this sequential treatment could provide the basis for a parallel approach. An 

example of initial design formulation will be detailed later during the description of an inter

preter which implements this phase. 

Materials Testing 

During the next phase, materials testing, the designer tests his initial designs to de

termine their properties. The knowledge of how to perform the test is embedded in the op

erational definitions of the desired properties .. The designer needs to design an experiment 

to perform the test. This requires knowledge of how to transform the operational defmition 

into an actual test, knowledge of the physical characteristics of the experimental equipment 

and knowledge of how to interpret the results. 

Failure Analysis 

If the testing is successful, the material meets the propeny requirements and the de

sign cycle is complete. If not, the cause of failure must be determined in the failure analy

sis phase. The designer uses information gathered throughout the design development to 

determine the cause of failure. 

The property definition phase describes the range of property values desired by the 

user. The operational defmition of the property describes a test, an experiment that will re

turn the value of the property. A failure occurs when the test cannot be completed or the 

value returned by the test does not fall in the range considered acceptable from the property 

defmition. Failure analysis must then determine the cause of the failure to a fme enough 

level of detail that the designer can identify a remedy. This means that the designer con~ 
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stantly evaluates his understanding of the cause of failure to see if a corresponding remedy 

exists. 

The designer analyzing a failure operates against a background of a decision tree 

that directs him to systematically consider each possible cause of failure for the particular 

test. From the start of the test, the designer may be alerted to abnormalities in the test con

ditions, the test results or the state of the material sample. These abnormalities later serve 

as cause-of-failure clues which could enable the designer to bypass parts of the decision 

tree. Conversely, by following the decision tree, the designer focuses his attention on pro

gressively fmer details of the experiment and the material, and he may discover further ab

normalities that he can use as clues. 

The more experienced the designer, the more likely he is to be able to use these 

clues. To use them effectively, the designer must directly associate a pattern of clues with 

some node of the failure analysis decision tree. In that way, the observation of the pattern 

of clues immediately keys the designer on a path toward the cause of failure. 

The decision tree consists of an ordered tree of failure classes. Figure 4 depicts a 

partial prototypical material failure analysis decision tree. The solid lines indicate the tree 

s?"Ucture. The dashed lines indicate the order the failure classes would be considered. (We 

implemented the material failure root of the decision tree as a rule-based expert system as a 

part of our initial research.) 

The nodes in the tree are actually directives to the designer rather than classes of 

failure. Misinterpretation of results should read as analyze the interpretation of the results 

as a possible cause of failure. Yielding should read as analyze the material sample to deter

mine if yielding was the cause of failure. These directives can be associated with plans that 

describe how to perform the analysis. The designer follows a different variation on this 

prototypical tree for each experiment. For example, the decision tree for a uniaxial tensile 
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test would not include buckling, a failure phenomena that occurs only with compressive 

stresses. 

The tree structure defines the order in which the designer considers each directive. 

The clues, or abnormalities, alert the designer to select a failure analysis directive in the tree 

different from the one specified by the tree's structure. This kind of directive (goal) con

flict resolution has been studied in detail by Wilensky.9 

Faill.l'e 

Misinterpretation __... Failure in Experimental Failure of Material to Achieve 
of results Procedure __.. Acceptable Property Values 

.. ~-----~ 
Buckling 

Tearing 
---1•~ (unstable plastic 

deformation) 

Fracture Due to 
Large Enough Aaw 

Yielding 
--~•~ (stable plastic 

deformation) 
--~•~ Fracture 

Fracture Due to 
Too Low a Toughness 

Manufacturing _. Material ._. Fatigue 
Defect Defect 

T Low Toughness H 1 emparature __... in the __.. ydrogen ._. ntergranular 
Too Low Duc:llle Mode EmbritUement Embrittlement 

lntergranular _. Precipitate __... Inherently Weak 
Impurities Free Zones Grain Boundaries 

Figure 4: Material Failure Analysis Decision Tree. Large arrowheads indicate the tree 
structure. Small arrowheads indicate the order that the failure classes are considered. 
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The better the designer's understanding of the Material Science Maxim, as applied 

to this particular material, property, and test, the more complex his decision tree. The fail

ure analysis directives will form an acyclic graph when the designer must consider multiple 

failure modes. 

Figure 5 depicts a partial graph of the failure analysis directives for the hydrogen 

environment fatigue tests performed on the generator retaining ring Fe-based superalloy 

described earlier.7 

Fracture Due to 
large Enough Aaw 

' Fatigue 

Fracture 

Fatigue-Induced Hydrogen-Assisted 
Martensitlc Transformation Fatigue 

~.---
Hydrogen-Assisted Fatlgu•lnduced 

Martensitlc Transformation 

Fracture Due to 
Too Low a Toughness 

+ Hydrogen 
Embrit!lement 

Figure 5: Material Failure Analysis Decision Tree for hydrogen-environment fatigue 

Redesign 

If the designer cannot determine the cause of failure to a fine enough level of detail 

to associate a remedy, he may be forced back to the materials selection phase to formulate 

another initial design. If, however, during analysis a potential remedy can be associated 

with the current understanding of the failure cause, redesign can begin. Rarely is the asso

ciated remedy a complete specification of the composition and processing modifications 

needed to improve the original design. Following the Maxim of Materials Science, the suc

cessful failure analysis usually yields a microstructural description of the property failure; 

hence, the associated remedy solves the problem with a microstructural solution. This mi

crostructural solution is often abstract such as "add obstacles to dislocation motion" or 
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"stabilize the austenite." This abstract microstructural solution must be made concrete; the 

microstructure and the processing and composition modifications needed to generate the 

microstructure must be detailed. The designer plans the redesign, and in planning as in de

sign, the designer must choose the most promising plan and evaluate it. 

For example, the bottom node of the failure analysis decision tree in Figure 5, hy

drogen-assisted fatigue-induced martensitic transformation, has an associated remedy: sta

bilize the austenite phase against the deformation-induced martensitic transformation. The 

designers had the remedy as their objective. They had to determine how io stabilize the 

austenite phase, but firSt they considered why the austenite phase was stable. The austenite 

. phase was stable because of the high nickel content of the alloy; they deduced that a compo

sition modification might stabilize the austenite under deformation. To determine how best 

to stabilize the austenite, they, as with material class selection, chose a starting point with 

the most promise for success. Modifying the nickel content was the obvious alternative, 

but the nickel content was carefully engineered to yield the correct composition, after pro

cessing, for low magnetic permeability. Other common austenite stabilizing elements were 

unsuitable as well. The most promising choice was chromium, normally regarded as a fer

rite stabilizer, but possibly an austenite stabilizer in Fe-Ni alloys. Its addition would have a 

positive effect, as well, on the oxidation resistance, other environmental resistance, and cu

rie temperature. Hence, chromium was chosen as the redesign remedy; further material 

testing indicated success. 

This description of the knowledge and tasks involved in developing materials is 

broad and incomplete. Each individual would interpret and include the specifics different

ly. The development of an expert system forces one to complete their description, and 

there lies the key reason to build one. The expert system, however, can only be a test, not 

of the veracity, but the applicability of one's subjective description of the knowledge of the 

domain. 
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Implementation Choices 

The variety of knowledge and_tasks required of the expert in the approach detailed 

in Figure 2 has implications for the choice of computer implementation. The zeroth choice 

is one of programming paradigm: a knowledge-based system or a conventional program. 

Programmers faced with developing a solution to an open-ended problem such as materials 

design have chosen knowledge-based systems. In designing a conventional program, the 

programmer defines a solution to the problem in the form of an algorithm for computing the 

answer and structures to hold the data during processing. Such a program can perform a 

variety of operations on a variety of input data; the program's operation can even vary de

pending on the data. However, this variation in the program's operation is well-defined by 

the algorithm and the primitives of the programming language. For example, a simple pro

gram to perform addition of integers accepts input data and generates output data. Though 

the set of possible input and output is theoretically infinite (or bounded only by the hard

ware), only a single operation needs to be coded for the class of input and output. The 

possible operations and acceptable classes of input and output have been defined at the out

set by the program designer. 

The objective of this system is to simulate an expert designing materials. The input 

and output are not integers, but symbols representing material properties, compositions, 

and processing. To emphasize the difference in complexity, I refer to this class of symbol 

as knowledge. The programmer cannot completely defme the operations on these knowl

edge symbols in an algorithm; indeed, the programmer usually does not know the content 

of the knowledge or the operations that will be performed on it. The operations that relate 

one set of knowledge to another are not generic like the addition of two integers to produce 

a sum. Each relation or association the expert makes between two sets of knowledge is 

distinct and requires its own operation. The programmer, then, cannot defme the solution 

at the beginning of the development. He can define, however, the form of the solution. 
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The programmer can implement an epistemology or a theory of knowledge and its struc

ture. This theory defines the form the knowledge will take in his program and the opera

tions that can be performed on the knowledge independent of the content of the knowl

edge.10 Ideally, then, the programmer need only code the epistemology, and the knowl

edge of the domain (such as materials science) can be added independently. Since the epis

temology describes the structure and the operations that can be performed on any domain 

knowledge, the system can be developed incrementally. This is the gist of the knowledge

based programming paradigm. Expert systems are usually developed as knowledge-based 

programs since the expertise to be captured is often open-ended. Later, the system may be 

re-implemented more efficiently as a conventional program as the necessary knowledge and 

operations are better understood. 

The programmer of a knowledge-based expert system for materials design has sev

eral options. The programmer can develop multiple expert systems, one for each phase of 

the development or a single expert system that embodies all the knowledge and can perform 

all of the developmental phases. The programmer can represent the knowledge as rules, as 

a framework, as a network or as some combination thereof. The programmer can create 

design solutions by inference, planning, analogy or refmement. These are not the only 

choices or possibilities, but they do capture the essence of the three primary expert system 

implementation questions: scope, knowledge representation, and reasoning technique. 

This section deals with scope; the knowledge representation and reasoning technique are 

addressed later in the context of the system 

The choice of scope arises from the variety of tasks performed during material de

velopment. Each task concerns a different problem, needs a different organization of 

knowledge, and performs different operations on the knowledge. This might suggest the 

development of multiple expert systems. Each expert system would embody the solution to 

a single task, embrace a task-specific organization of knowledge, and employ task-specific 
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reasoning operations on this knowledge. This approach would facilitate rapid development 

of a solution to a problem that fell within the domain of an individual task. 

· However, upon extending this initial work to the development of a full materials de

sign system, the issues of knowledge duplication, knowledge richness, and knowledge 

transport arise. Even a single task problem, such as diagnosing the cause of a material fail

ure, would require a great deal of materials science knowledge. Much of the knowledge re

quired for that task would overlap with the knowledge required for the others causing 

knowledge duplication. 

If the systems were independent, the knowledge associated with any single concept 

would be limited to the information relevant to the task the system was designed to solve. 

Yet, if the knowledge was combined, each concept would be associated with information 

relevant to all the tasks in materials design increasing the knowledge richness of each con

cept. 

When one task is complete and another should begin, the new task often needs 

knowledge from the completed task. Since each task is independent, knowledge must be 

transponed from the completed task system to the new task system. This involves deter

mining what knowledge of the completed task is relevant to the new task, how to output the 

knowledge from the completed task, and how to input the knowledge into the new task. 

Developing the system as a whole solves these problems. Knowledge duplication 

can be prevented by representing all the knowledge for all the tasks once, in a single· place. 

Knowledge richness can be maximized by associating all information relevant to any con

cept with that concept. Knowledge transpon can be made irrelevant by implementing the 

tasks as actions applied to a structure of knowledge. The action of a task, then, modifies 

the state of the knowledge structure and causes the next task to behave differently: knowl

edge is transponed implicitly. 
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The design of such a system, however, requires more forethought •• The issue of 

how to organize the knowledge in a single structure, such that the categorizations required 

by each task are preserved, complicates the design of the knowledge representation, and the 

issue of how to implement and switch between the various tasks complicates the design of 

the reaSoner. The advantages of a unified system are clear. The representation and reason

ing complications will be addressed later. 

The System 

A series of computer programs have been written as the first step towards a unified 

expert system to petform materials design. The programs petform the initial design formu

lation phase of the evolutionary materials design approach but also include the framework 

for implementing the other phases. Given an alloy system and a property that needs to be 

improved, the system will reason using its deep understanding of materials science to a 

suggestion for improving the alloy. Given the extensive amount of knowledge the system 

must have in order to perform this task, only a single problem has been implemented: the 

addition of a micro-alloying element to improve the yield strength of a precipitation

hardened austenitic Fe-Ni based supera.lloy. The system, however, is not confined to this 

example; it has been designed from the beginning to allow major extensions. In theory, the 

system could be expanded to do general materials design. 

The system consists of two integrated parts: KODIAK, the knowledge representa

tion system, and ALCHEMIST, the planner. Each will be discussed in turn with examples 

presented. 

KODIAK-The Knowledge Representation System 

As discussed earlier, the programmer developing a knowledge-based system must 

first implement an epistemology: his theory of knowledge and its structure. This episte-
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mology is called the knowledge representation system and consists of a descriptive nota

tion, known as a representation language, and the operations on the descriptions. Previous 

epistemologies for knowledgerbased systems have fallen into three categories: rules, 

frames, and semantic networks. 

Rules have provided the epistemological basis for a majority of the expert systems 

developed, 11 as well as for a variety of systems devised for other knowledge-based 

tasks. 12 A rule enables the programmer to express a relation between two sets of informa

tion. Depending on how the program interprets this piece of information, the rule can rep

resent anything from a causal relation (if you knock over that glass then you will spill the 

milk) to a grammatical relation (S ~ NP + VP). In a failure analysis expert system de

signed by the authors, rules were interpreted by the program as describing symptom-cause 

relations. 

If lntergranular Fracture and High Magnification Dimples 

Then Precipitate Free Zones 

Figure 6: An example of a rule. 

The example in Figure 6 captures the knowledge that if the fracture path was inter

granular and dimples could be seen at high magnification in the intergranular facets then 

precipitate free zones along the grain boundaries caused the metal to fracture. Another in

terpretation of the rule could suggest that if the metal was known to suffer from precipitate 

free zones then a crack path would follow an intergranular path and leave high magnifica

tion dimples in its path. In both cases, the knowledge behind the interpretation of the rules 

is found in the program that acts on the rules not in the rules themselves. Since the inter

preting program defines the "meaning" of the rules, the programmer must adhere to the 

program's strict interpretation of rule relations when adding new knowledge to the system. 
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Frames enable the programmer to cluster related knowledge together in larger 

chunks.13 They capture the sense of what belongs with a concept and provide a means of 

structuring the typical expectations (a room has doors and maybe windows but definitely a 

floor and ceiling). They can be used to structure the inference of a great deal of knowledge 

from a few pieces. Once the proper frame can be identified from the context of the prob

lem, then all the assertions represented in that frame become valid. For example, frames 

can be used as scripts16 to represent a sequence of events such as a particular heat treatment 

or a mechanism of fracture. In some cases, identification of the proper frame is trivial: a 

heat treatment is specified, and the frame contains the details. In others, identification can 

be difficult such as determining the mechanism of fracture responsible for a failure using 

clues from an analysis of the fracture surface. 

The frame concept can be extended to allow the programmer to arrange the frames 

in a tree and permit values to be inherited from more general concepts rather than specified 

explicitly in the frame. For example, instead of having to specify that doors and windows 

are typically found in bathrooms, living rooms and dining rooms, one could create a frame 

called room that would note the presence of windows and doors and create frames for bath

room, living room and dining room as kinds of rooms. Each of the specific rooms could 

have things like sinks, tables or couches associated with them, but all of the specific rooms 

would inherit the characteristics of doors and windows from the more general concept of a 

room. Inheritance will be described in more detail in the context of KODIAK, a semantic 

network. One of the difficulties that arises with frames is knowing what belongs in any 

particular frame and what does not belong. 17 Often the specification of what to include is 

ad hoc, and the problem worsens as the representation expands to include more concepts. 
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KODIAK: A Semantic Network 

The 'objective· of constructing an agential designer coupled with the variety of 

knowledge needed to perform the phases of materials design led us to base our knowledge 

representation system development on KODIAK (Keystone to Overall Design for Inte

gration and Application of Knowledge), the representation language developed by Robert 

Wilensky and Peter Norvig at the University of California, Berkeley.17 KODIAK can be 

classed as a member of the third paradigm of representation language: the semantic net

work10 and is similar to KL-ONE.18 Though developed primarily for natural language 

processing in story understanding19 and in an on-line UNIXt consultant, 20 the philoso

phy behind KODIAK coincided with the needs of a materials design expert system: 

KODIAK is a RL [representation language] which was designed to allow 
the modeling of a large knowledge base that could be applied to a variety of 
tasks. In other words, representations in KODIAK should be constructed 
to address the question how can I accurately model my conception of the 
domain rather than the question how can I describe the facts I need to get 
this particular application to work.[Norvig, page 54]19 

The version of KODIAK used here differs slightly from those of Wilensky21 and 

Norvig19 but still retains much of the original intentions of those designers. This version 

was implemented on a Xerox 1186 under the object-oriented programming language 

LOOPS22 running in the INTERLISP-D Environmen~. 

KODIAK: Concepts 

KODIAK represents knowledge as a lattice of individual concepts. A concept can 

be any thing one can think of such as a dog, a precipitate, running, government, or the hap

piness felt when eating a chocolate-chip cookie. KODIAK encourages a proliferation of 

concepts; however, each concept is connected to any other concept that is in any way asso-

tUNIX is a trademark of Bell Laboratories. 
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Figure 7: A KODIAK example. 

ciated with it. The meaning of each concept is explicitly represented in the lattice of con

cepts it connects to. KODIAK concepts include relations between concepts as well. 

Figure 7 depicts the KODIAK representation of Animal, Tail, WaggingTail and 

the relations HasTail and HasWaggingTail. This example expresses the relation Has

Tail between the concept Animal and the concept Tail. WaggingTail is a special kind 

of Tail and HasWaggingTail is a special kind of HasTail. The HasWaggingTail re

lationship exists between WaggingTails and Animals. 

The concepts Animal, Tail and WaggingTail are called absolutes. An absolute 

is any concept that can be conceived of as a single entity. The concepts HasTail and 

HasWaggingTail are called relations. A relation is a special kind of absolute used to ex

press relationships between other absolutes. Relations relate absolutes through another 

kind of concept called an aspectual. Aspectuals represent the absolute as a participant in 

that relation. In the above example, the aspectual HasTail-tail represents the absolute 

Tail as it participates in the HasT ail relation. Aspectuals are manifested by their relations: 
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Animal Tail 

D D 

Dog 

Dog2 

Figure 8: An extended Kodiak example with links noted. 

they exist only as participants in a relation; and cannot be conceived of separate from their 

relation. 21 

Figure 8 adds to the previous example the absolutes Dog, Dog2 and Wagging

Tai12 and the relation HasWaggingTail2. Dog2, WaggingTail2 and HasWag

gingTai12 are instances of the concepts above them: Dog, WaggingTail and Has

WaggingTail, respectively. An instance is a specific example of a concept that has been 

noted. Dog, for example, represents the generic concept of a dog; whereas Dog2 repre

sents a specific dog in the world. HasWaggingTail2 is the specific relationship that ex

ists in the world between Dog2 and Dog2's tail, WaggingTail2. Instances are desig

nated by adding a unique number after the name of the generic concept 
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KODIAK: Links 

Figure 8 also adds notation to describe the epistemological associations or links that 

structure concepts. The types of links used in this version of KODIAK are argument (A), 

dominate (D), instance (1), role-play (R-P),.fi/1 (F) and constrain (C) links. Argument 

links connect a relation to the aspectuals it manifests. Dominate, instance and role-play 

links express inheritance between different concepts. Value and constrain links assign as

pectuals to absolutes. Inheritance and assignment will be explained further. 

Dominate links, from one absolute to another, state that the "from" ·absolute is a 

kind of a "to" absolute and that the "from" absolute, unless otherwise noted, has the char

acteristics of the "to" absolute. This automatic passing of default characteristics from a 

general concept to a specific one is called inheritance. In the above example, a Dog is a 

. kind of Animal and inherits the characteristic of spontaneous movement from the proto

typical Animal. 

Instance and role-play links also express inheritance. An instance link states that 

the "from" absolute is a specific instance of the "to" absolute. A role-play link expresses 

inheritance between two aspectuals. Since an aspectual cannot be considered separately 

from its relation, one aspectual cannot really be a kind of another aspectual; rather, aspectu

al A-1 (an aspectual of relation A) can play the role of aspectual B-1 (an aspectual of rela

tion B) in relation A. This is valid only when relation A is a kind of relation B (i.e.-A 

inherits from B through instance and/or dominate links). Role-plays reference the inheri

tance link between the relations that manifest the role and player aspectuals. The line from 

the middle of the role-play to the dominate link designates this reference. In the above ex

ample, HasWaggingTail-tail plays the role of liasTail-tail with reference to the domi

nate link from HasWaggingTail to HasTail. 

Aspectuals express the roles that can be played by absolutes participating in a rela

tion. When the roles (aspectuals) are filled, a relation is expressed between the absolutes 
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that fill the roles.· The fill link connects an aspectual to the absolute that fills the aspectual' s 

role in the relation. This link is most useful for describing relations between specific in

stances. With many relations, one does not want to specify the filler of the aspectual. 

Rather, one wants to state that the absolute that fills this aspectual must be a kind of a cer

tain concept. In other words, whatever absolute fills that aspectual must inherit from the 

absolute that constrains the aspectual: the filling absolute must be below the constraining 

absolute in a chain of dominate and/or instance links. The constrain link connects an.aspec

tual to the absolute that constrains its value. 

These links-the argument, inheritance and assignment links-structure all the con

cepts expressed in KODIAK. Operations on the KODIAK representation language should 

use only these epistemological associations and the class of concept (absolute, relation, or 

aspectual) to determine what manipulations to perform on the knowledge base. Depen

dence on the "names" of the concepts (Dog, HasTail, HasTail-tail) weakens the ex

tendability and applicability of the representation system. 

KODIAK: A Materials Science Example 

Figure 9 describes a more complex concept, the operational definition of yield 

strength. The representation pictured is an abbreviated and simplified variation on the im

plemented version; instances are not differentiated, aspectuals have been replaced with their 

fillers and links are not designated. The concept YieldStrengtb participates in a TestFor 

relation. TestFors are used to express the operational definitions of properties. In this 

case, the test for yield strength is the UniaxiaiTensileTest. That test has an effect which 

must be a UniaxiaiTensileTestEffect. A kind of UniaxiaiTensileTestEffect is the 

ElasticPiasticTensileTestEffect which is associated with a sequence of events 

(EventSequences). The first event that occurs is the ElasticDeformation event. 

ElasticDeformation is followed by StablePiasticDeformation, UnstablePiasticm 
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Figure 9: An abbreviated representation .of the operational definition of yield strength. 
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Deformation and, fmally, Fracture. Moving back to the UniaxiaiTensileTest, note 

that it is an event for which there is a plan. PlanFors are used to express the notion of 

typicality between an animate agent's plan and goal or, rather, to indicate that the plan is 

typically or conventionally used to achieve the goal. 20 The plan for implementing a Uni

axiaiTensileTest consists of a sequence of events including GetSample, MountSam

ple and ApplyTensileStress, respectively. ApplyTensileStress has an effect and a 

stress value, Stress. The effect of ApplyTensileStress is to IncreaseWithTime the 

value, Stress. 

Three other concepts deal with events occurring in time: MonitorEvent, Inter

ruptEvent and Activate. MonitorEvent represents a value that is noted when a condi

tion occurs. InterruptEvent represents the interruption of an event when a condition oc

curs. Activate represents the activation of an event (i.e.-the change in state of an event 
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from inactive to active). In the figure, InterruptEvent represents the inteiTUption of Ap

plyTensileStress once the Fracture event Activates. The MonitorEvent represents 

the value of the Stress applied when the StablePiasticDeformation event Activates. 

The value of the Stress noted by the Monitor Event is the value of the YieldStrength. 

Our analysis of the Evolutionary Design Approach used by the materials designer in 

the development of new monolithic materials suggested that a large knowledge base that 

could support a variety of tasks would be ideal. The KODIAK philosophy supports that 

ideal. Furthermore, KODIAK addresses the most critical problem in expert system devel

opment, knowledge acquisition, by allowing the expert and the programmer to model di

rectly their conception of the domain, rather than coercing their understanding to the needs 

of a particular representation system. 

ALCHEMIST-The Planner 

As stated in the introduction, our objective is to construct a designer, a system that 

acts as an animate agent, to design materials. The term animate agent, synonymous here 

with planner, is meant to imply the active participation of the program in the design of ma

terials. The program should maintain its own agenda, goals and plans. These goals and 

plans originate from themes that characterize the behavior of the agent. 16 The design and 

development of planners has much history in artificial intelligence and continues to be the 

focus of intense research.3•4•9•24.25 

An expert system for materials design can take many forms as seen in the discus

sion on implementation choices and knowledge representation. The Evolutionary Design 

Approach describes several distinct tasks that the expert performs. Since the issues of 

knowledge duplication, knowledge richness and knowledge transport dictate a unified ex

pert system, one now faces the problem of how to represent and switch between the vari

ous tasks. 
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Figure 10: An abbreviated representation of the plan for a uniaxial tensile test. 

ALCHEMIST: Representing Plans 

In the KODIAK knowledge representation system. chunks of knowledge, largel:' 

than an individual rule, can be assembled while still maintaining the advantages of modular

ity. The problem of representing the various tasks can take advantage of this. Tasks are 

represented as goals and are associated with methods of completing those tasks represented 

as plans. Plans and goals are aspectuals of the PlanFor relation that associates them. Fig

ure 10 shows a detailed version of the representation for a uniaxial tensile test. 

The task of performing a uniaxial tensile test is represented as a PlanFor-goal 

filled with the UniaxialTensileTest event. This task is associated through the PlanFor 

with a PlanFor-plan filled with a sequence of actions to be performed in doing a uniaxial 

tensile test. The representational technique for materials science domain tasks can be ap-

... 
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· plied to higher level tasks to be executed by the program. The Evolutionary Design Ap

proach is one approach to design, and is represented in the system as a task with an asso

ciated plan corresponding to the sequence of materials developmental phases. 

The plan can consist of an single action or a sequence of actions. Each of these ac

tions can be tasks that in turn have plans associated with them. If a task does not have a 

plan associated with it, the planner can take advantage of the inheritance hierarchy to find 

one using operations known as concretion and abstraction (to be described later). Plans for 

tasks can be added as modules; the planner will find the most specific plan applicable to the 

task. This plan could be more general than the task or as specific as the detail known by 

the planner will allow. Using this technique, a planner can represent and apply top-down 

planning in a natural way. 

Note that the top-down plan association is not a form of meta-planning. 3•4•9 With 

meta-planning, the program plans about planning to monitor the course of its activity and 

alter it if necessary. This enables the planner to resolve goal conflicts, to combine goals to 

increase efficiency and to determine its agenda. 

An expert system, with meta-planning capability, could maintain and manipulate its 

own agenda in the same manner that it manipulates any other knowledge. KODIAK has 

been designed to facilitate meta-planning;20 however, this capacity has not been implement

ed. The current system switches between tasks only as determined by top-down planning. 

ALCHEMIST: Using Plans 

We have implemented a simple planner, called ALCHEMIST (Agential Ligature 

of Concept Hierarchies for the Elucidation of Materials Investigation and SynThesis), that 

starts with a task and proceeds to execute it. Execution involves first instantiating the task 

and then searching, using the inheritance hierarchy, for a plan associated with the task. If a 
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plan is found, each step in the plan is executed as a task. If no plan is found, a message is 

sent to ALCHEMIST asking it to execute the primitive task. This allows ALCHEMIST to 

act on a task procedurally when no further decomposition of the task is possible. Instantia-

. tion registers in the knowledge base the effects of any executed actions. Hence, for any 

task performed by ALCHEMIST, regardless of whether the task is primitive or decompos

able, the appropriate effects are registered. 

ALCHEMIST uses three major KODIAK operations to perform execution: instan

tiation, concretion and abstraction. Instantiation takes a concept and creates an instance of 

it Once an instance has been created, that concept becomes a permanent part of the knowl

edge base. Concretion9.2°·26 takes any instance of a general concept and tries to make it an 

instance of a more specific concept. For example, if Animal4 was an instance of the gen

eral concept Animal and if Animal4 participated in relations that expressed that Animal4 

had fur, gave milk to its young and had flexible hands and feet with five digits on each, 

then Animal4 could be concreted to Mammal and then to Primate. Abstraction takes an 

instance of a general concept and makes it an instance of the next higher concept in the in

heritance hierarchy. If PrimateS was an instance of Primate, then abstracting PrimateS 

would make it an instance of Mammal. The abstracted instance gets all the characteristics 

of its original category; therefore, PrimateS would now be associated directly (rather than 

through inheritance) with relations that described it as having fur, giving milk to its young 

and having flexible hands and feet with five digits on each. Primate and PrimateS 

would be sister concepts rather than mother and daughter. 

Execution uses the instantiation, concretion and abstraction functions as well as 

some content-specific routines to fmd and execute a plan given a goal. ALCHEMIST does 

not search the entire knowledge base blindly. It starts at the task it needs to find a plan for 

and attempts to concrete the instantiated task to a more specific task. Since the task is a 

specific instance itself, concretion is usually impossible. ALCHEMIST then abstracts the 
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instance: making the instantiated task an instance of a next higher level task and giving it all 

the characteristics of its original category. At this level, concretion may be possible. If the 

instantiated task can be concreted to a concept that fills the goal role in a PlanFor, then the 

concept that fills the PlanFor' s plan role becomes the plan of the instantiated task. These 

converse actions of concretion and abstraction repeat until a plan for the instantiated task is 

found. If none is found a message is sent to the ALCHEMIST object as describe above. 

Since execution uses routines that need to know the names of certain concepts, ALCHEM

IST violates the epistemological premise of separation of form and content. However, it 

only needs to recognize two concepts, PlanFor and EventSequence. The applicability 

of ALCHEMIST is limited by this, but not severely. 

ALCHEMIST: A Materials Design Example 

To give an example of the power of top-down planning applied to materials devel

opment, I walk through an example of ALCHEMIST determining how to increase the 

yieldstrength of a precipitation-hardened austenitic Fe-Ni based superalloy. The KODIAK 

representations shown in the figures are abbreviated: aspectuals have been replaced with 

their fille.rs and links are not designated. 

To begin, ALCHE~ST is passed a task, IncreaseLinearValuel9 with an as

pectual IncreaseLinearValue19-value20 filled by YieldStrength14, as shown in 

Figure 11. (Aspectuals will be designated by their role names from now on: IncreaseLi

. nearValue19-value20 becomes value20). 

ALCHEMIST executes this task by first instantiating it: creating the concept In

creaseLinearValue19-01 with an aspectual value20-01 fllled by YieldStrength14-

0l, creating the concept PlanFor31 with an aspectual goal31 and filling goal31 with 

IncreaseLinearValue19-01. A PlanFor is instantiated along with each executed task 



Figure 11: ALCHEMIST instantiates the task and makes it the goal of 
an incomplete PlanFor. 
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as part of the template for the pattern matching. (All instantiations follows this· form and 

will not be detailed any funher.) 

goal 

mndjtjnn 

ev nt 

Figure 12: ALCHEMIST matches the instantiated task and 
finds a plan for increasing the yield strength. 
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To execute the instantiated task, ALCHEMIST uses a pattern matcher coupled with 

concretion to tmd the most specific plan associated with an instance of that task. In this 

case ALCHEMIST matches IncreaseLinearValue19-01 against IncreaseLinearVal

ue23 shown in Figure 12. 

The associated goal, here, corresponds to the general concept of increasing the yield 

strength as defmect operationally by a uniaxial tensile test. A plan for this goal is to inter

rupt the activation of the stable plastic deformation event. Recall that the activation of stable 

plastic deformation is the condition on which the event monitor returns the value of the ap

plied stress. By preventing stable plastic deformation from occurring, the yield strength is 

increased. 

ALCHEMIST now has the task of interrupting the activation of the stable plastic 

deformation event. This task is instantiated and a plan for the interruption is searched for. 

The instantiated task matches the goal of the PlanFor depicted in Figure 13. 

Figure 13: ALCHEMIST fmds that a plan for preventing stable plas
tic deformation is to prevent the motion of dislocations. 
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A plan for preventing stable plastic deformation is to interrupt the activation of ob

ject motion along a trajectory where the object is a dislocation. This PlanFor captures, in 

part, the fundamental materials science notion that stable plastic deformation starts with the 

motion of dislocations. Much more knowledge resides around this plan: stable plastic def-

ormation is the manifestation on a macroscopic scale of the microscopic movement of dislo

cations; the dislocation motion must extend beyond the boundaries of the grain before.any 

plastic deformation is noticed at the macroscopic scale; the onset of stable plastic deforma

tion is measured at the 0.2% offset. Some of this knowledge is represented in the system, 

but KODIAK can provide a framework for all of it. This PlanFor, however, captures the 

typical microstructural model of yielding. 

ALCHEMIST searches for a plan for preventing dislocation motion and fmds (as 

shown in Figure 14) that adding a material defect, which acts as a dislocation obstacle, will 

PI nFor3 0 
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Figure 14: ALCHEMIST finds that a plan for preventing dislocation 
motion is to add a material defect that will act as an obstacle. 



Figure 15: ALCHEMIST notes that one way to add a material defect that 
will act as an obstacle is to improve the defects already contained in the mate
rial with respect to their ability to block dislocations. 
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prevent dislocation motion. Here, the notion that dislocations can be blocked by other ma

terial defects is represented. Already, the inference can be made that adding certain material 

defects will strengthen a material. 

The task of adding defects to act as dislocation obstacles is not limited to the addi

tion of new defects. One way to effectively add defects is to improve, with regard to the ex

press purpose of blocking dislocations, the microstructural defects already present in the 

current material (Figure 15). This is not the only means of adding defects, of course, but it 

may be the best way. A meta-planning system would decide among the alternatives based 

on its guiding themes. In this system, this PlanFor happens to be the first successful 

match. 

The general concept of improving the current defects as a means of adding new de

fects gets concreted to the specific method of improving the defects for this particular alloy. 



Figure 16: For precipitation hardened superalloys, such as the current mate
rial, improving the defect that acts as the dislocation obstacle, a coherent pre
cipitate, involves two steps. First the precipitate must be made more resistant 
to the passage of the dislocation. Second, the distribution of the precipitates in · 
the matrix of the alloy must be made more dense. 
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This particular alloy is hardened using precipitates; the effectiveness of precipitates as har

dening defects depends on their inherent strength, or rather, their resistance to the passage 

of dislocations and on the density of precipitates within the matrix. 7 
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This is represented in Figure 16 by the two step plan for ~aking coherent precipi

tates better in the precipitation hardened superalloy. First, increase the resistance of the re

sistor, the coherent precipitate, to the motion of dislocations through the coherent precipi

tate with the effect of making the coherent precipitate a dislocation obstacle. Second, in

crease the density of the distribution of coherent precipitates in the matrix of the material 

·that contains the precipitates. If the alloy was work hardened or solute hardened a different 

plan would have been found by ALCHEMIST. 

For this example, consider the more detailed representation of the concept of resis

tance to dislocation motion in Figure 17. Cubic coherent precipitates act as the primary har

dening constituent in this alloy. Precipitates interact with dislocations mechanically and 

crystallographically. Consider the mechanical interaction. The source of the mechanical in

teraction is the strain field that exists around the precipitate because it is coherent and the 

lattice must distort to accommodate it This strain field interacts with the strain field around 

the dislocation to resist the motion of the dislocation through the precipitate. Figure 17 is 

an attempt to capture this piece of knowledge. The resistance of a cubic coherent precipitate 

to dislocation motion through the precipitate has, as its source, the interaction of the precip

itate strain field generated by the coherent precipitate and the dislocation strain field generat

ed by the dislocation. This resistance enables the coherent precipitate to act as a dislocation 

obstacle for the dislocation. 

A PlanFor (not shown) connects the goal of increasing the resistance with the plan 

of increasing the source of that resistance. Figure 18 depicts a plan for increasing the inter

action between the strain fields of the dislocation and the precipitate: increase the lattice mis

match of the coherent precipitate with the matrix. 



recrpitate 
Strain Field 

Figure 17: A more detailed view of the concept of resistance to passage of 
dislocations through coherent precipitates. One source of the resistance of a 
precipitate to passage by a dislocation is the interaction of the strain fields of 
the dislocation and precipitate. ALCHEMIST uses this and the plan for in
creasing resistance by increasing the source of resistance to create its next task: 
increase the interaction between strain fields. 
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ALCHEMIST notes (Figure 19) that a plan for increasing the lattice mismatch of 

this particular cubic coherent precipitate, i Ni3X, is to add tantalum. 

Since no more detailed plans for adding tantalum can be found, ALCHE:MIST con

cludes that by adding tantalum one can increase the yieldstrength of this particular alloy. 



Figure 18: ALCHEMIST notes that a plan for increasing the interaction 
between the strain fields is to increase the lattice mismatch of the coherent 
precipitate. 

Cubic "( 
Ni 3 X Precipitate 

Figure 19: ALCHEMIST finds that adding tantalum to a cubic i Ni3X 
precipitate will increase the lattice mismatch of the precipitate. 
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· Throughout this exercise, ALCHEMIST found associations between goals and 

plans by matching the task instantiation against the relevant goals. The addition of a Plan

For module anywhere in the path of ALCHEMIST could alter its behavior. However, the 

newly added modules can be accurate models of the programmers conception of the do

main, independent of the path of the planner. 

Limitations and Extensions 

The system in its current manifestation has a number of limitations. The system's 

knowledge is extremely narrow, yet obviously deep. The distinction between relations and 

absolutes is somewhat ad hoc. Norvig's consistency with regard to that distinction enables 

him to use a much more general inferencing technique.19 Qualitative models are used ex

tensively in materials science (e.g.-modeling a dislocation as a string moving on a plane); 

yet, a consistent representation for such models has not been found. Solutions might be 

found in work on qualitative physics27 or, possibly, representation of metaphors. Meta

phorical associations have not been used in our KODIAK though a representational tech

nique, the view association, has been used both by Norvig in FAUSTUS19 and Jacobs in 

ACE.28 (Both systems are KODIAK based.) 

Though a thorough interface to KODIAK, including extensive facilities for the ma

nipulation and display of the knowledge base, has been implemented, the interface between 

the user and ALCHEMIST needs to be developed. ALCHEMIST itself is simplistic, lack- . 

ing most of the features needed by a planner to perform the variety of tasks of materials de

sign. The current implementation needs to be more robust and efficient to make the system 

reliable enough to be extended and fast enough to be useful. 

Immediate extensions include current work to improve the execution mechanism of 

ALCHEMIST and the addition of materials science knowledge to complete the simulation 

of the development of a material from specification to final successful material test 
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As our next major step, the current system will be re-implemented in the formalism 

developed by Norvig to improve the consistency of the representation. Conceivably, the 

natural language capabilities of Norvig's system could be used to interface ALCHEMIST to 

the user. ALCHEMIST would be re-written to include some meta-planning capability. 

Meta-planning subsumes the need for agenda mechanisms, constraint propagation and oth

er goal conflict resolution; yet, the full theory of plans as described by WilenskY has never 

been implemented. 

Conclusions 

Materials design characteristically involves the evolutionary design of monolithic ar

tifacts. This approach moves through a sequence of developmental phases: property defi

nition, materials selection, materials testing, failure analysis, and materials redesign. Each 

of these phases requires a great deal of similar materials science knowledge; yet, each phase 

applies this knowledge in different ways. 

This variety of knowledge and tasks has implications for the choice of computer im

plementation. The program should be knowledge-based: the vast amount of unspecified 

knowledge precludes the specification of any precise algorithm and suggests an evolving 

implementation. The program should unify the various tasks rather than divide them to 

prevent knowledge duplication, enhance knowledge richness, and rule-out knowledge 

transport. The knowledge representation system should enable the programmer to express 

a variety of knowledge and to apply it to a variety of tasks. Finally, the reasoning mecha

nism should be task-independent, but capable of applying the knowledge to perform each 

task. 

Based on these constraints, I chose the KODIAK representation system and imple

mented a simple, but general, plan-based reasoner, ALCHEMIST. The current implemen

tation can reason how to increase the yield strength of a precipitation-hardened austenitic 
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Fe-Ni based superalloy as detailed in the earlier section; however, the system has been de

signed from the beginning as a framework for a complete materials design expert system. 

A materials designer is faced with an formidable task. Much of the observed be

havior of materials cannot be explained, giving rise to their monolithic design nature. As 

new data and theories confront the designer, he must assimilate the knowledge into his 

piece-meal understanding and use it to manipulate the microstructure of a material to 

achieve his design objectives. As a consequence of developing this computer implementa

tion, I hope to shed light on the methods of materials design. 
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