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(ABSTRACT)

Although widely recognized 1in the research
community as one of the most accurate non-destructive
methods for the determination of residual stress in
polycrystalline structural materials, X-ray diffraction has
not been widely adopted in the field. This is partly due to
the fact that such measurements require, most often, a well
trained user with knowledge in both materials and mechanical
sciences in addition to the specific know-how of the
instrument. We believe that computer assistance could
contribute to the promotion of this technique by increasing
the productivity and accuracy of these measurements. We have
developed a prototype of an expert system, using Nexpert
Object's shell, to assist a non-trained operator in the
validation and interpretation of X-ray diffraction residual
stress data.

The present work describes this prototype which has been
designed to confirm the feasibility of the concept. Its
knowledge base contains relevant examples of the rules
necessary for data validation. The prototype has also
validated most of the concepts required for the
implementation of a full scaled version by evaluating all of
the major technical features such as graphics
representation, external routine calls and databases access.
We have implemented significant rules to wvalidate an



experiment, link our expert system with a database
management system, develop a superset of data able to
receive output from any existing X-ray machine and are
working with a statistical pattern recognition software to
discriminate between various d-vs-sinPsi curves, to
classify our data.
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1. INTRODUCTION

If machines could be so improved and multiplied, then all of
our corporeal necessities could be entirely gratified,
without the intervention of human labor, there will be
nothing to hinder all mankind from becoming philosophers and
poets.

Timothy Walker, essayist, 1831.

Machinery will perform all work - automata will direct all
activities and the only tasks of the human race will be to
make love, study and be happy.
The United States Review, 1853.

1.1 Presentation of the problem

The determination of residual stresses in
crystalline materials, both metallic and ceramic, by x-ray
diffraction is a well-established technique. Recent advances
in both x-ray detector technology and in data acquisition
hardware and data analysis software have resulted in
instruments with capabilities only dreamed of just a few
years ago. These advances now make it possible to measure in
only a few seconds or minutes what used to take hours, thus
making the large numbers of measurements required for on-
line quality control or rapid component inspection possible.
Notwithstanding these advances, there are also accompanying
problems. Research over the past few years has shown that
the simplifying assumptions of biaxial stress, small grain
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size, and isotropic materials generally incorporated into
the underlying theory of the technique are often (and in
some materials, generally) not met. Thus, data from real
engineering samples and components are often complicated by
such effects. This results in either misinterpretation by
non-specialist operators in the field or in the need for
having a local expert to assist in the analysis of the
results.

There is a potential for the use of emerging artificial
intelligence technology to develop an expert system to aid
in the routine interpretation of such data. The potential
for such a system, and a proposal for its implementation has
been published elsewherel’2. These documents provide an
analysis of the user (customer) needs for such a system, the
technology available to meet these needs, and the supporting
justification for the conclusion that such a system is both
needed and technically feasible. They then go on to provide
the broad outline for the methodology of implementation of
the proposed system and specific recommendations for its

technical implementation.
1.2 Work schedule

The implementation of an expert system for stress
determination using x-ray diffraction has been broken into

multiple phases.

The first phase was the analysis of the problem and the
identification of the ©potential solutions. This was

1 see [Dehan, 1989-1].

2 See [Dehan, 1989-2].
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performed by Dehan in completion of his Master's thesis.

The second phase is the development of a prototype system
using the components recommended in the previous work. This
work is the culmination of the original project initiated by
Hendricks and Roach under the sponsorship of Caterpillar
Tractor Company, Ford Motor Company, Rockwell International,
and the Institute for Materials Science and Engineering of
Virginia's Center for Innovative Technology. The results of
that development are the subject of the work presented here.

The third phase of the project will be to develop a full-
scaled version of the expert system including all the
features necessary for a complete analysis and
interpretation of data. We will transform the first
prototype into a field-operable expert system useful in the
industrial workplace.

1.3 Artificial intelligence approach

The decision to use Artificial Intelligence ("AI"Y)
in this project has been taken in regard to the "human"
interpretation and validation of data after any measurement
of residual stresses by X-ray diffraction. For that reason
all of the features of the prototype have been designed
using only the AI software Nexpert Object3. But we will try

not to forget Fox's law? :

"If an algorithm optimizes the solution, use it"

3 For a quick introduction to Nexpert Object software see
the "Introduction Manual" provided by Neuron Data.

4 see [Fox, 1990].
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Therefore, in the final version of our software we will try
to restrain the AI part to only the real interpretation.
Indeed all the statistical analysis and conventional (i.e
procedural) programming, such as number crunching, will be
performed with more efficiency with external routines. The
concept is thus to develop a system where the AI part does
not appear to the user but is embedded and only used - in a
transparent way - as needed”.

Indeed AI need not be seen as the perfect solution for the
entire problem of data validation and interpretation, but
rather as a powerful tool for only some aspects of it. An
hybrid solution - conventional programming and AI - should
lead to the best results.

1.4 Objectives of the project

This thesis corresponds to the Phase II previously
mentioned. The goal of this work is to develop an operating
prototype of the proposed expert system for the validation
and interpretation of x-ray residual stress data. In such a
development, it specifically has not been the purpose of
this part of the project to develop any one of the features
of the system in final form, but rather to develop an
outline of a workable system with assurance that the

5 The author has seen for example the Audit Personnel
Scheduler expert system developed by Technology Application
Inc. This software assigns approximately 25 auditors of an
internal audit department to the 100 to 150 audits that are
scheduled throughout the year. The expert system assists in
matching the needs of audits (i.e, foreign 1languages
requirement, etc.) to the skills of individual audit teams.
This system was implemented using Microsoft Windows, "C"
language, and Nexpert Object. It has a spreadsheet-like user
interface and the user is unaware that an AI core manages
the system.
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underlying concepts are sound and will meet the anticipated

user needs.
The objectives of this prototype are thus:

. to implement a working prototype of the system
which comprises a subset of the overall design,

. to write the system functional and detailed

design specifications,

. to incorporate the C and assembly 1language
routines programmed by Jac Potet® in our systen.
These routines import an experimental data file
and transform it into the correct format (see
further),

. to specify the structure of a Materials Database
independent of any manufacturer which will be used

as reference,

. to embed this Materials Database as well as an
X-ray database, both developed by Scott Courtney7,

into our expert system,

. to verify and test the ability of Nexpert Object
to handle several specific tasks such as database
retrieval or graphics display, and

6 See [Potet, 1991].

7 see [Courtney, 1991].
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. also major point to learn how to classify data
either by statistical techniques, statistical
pattern recognition, or AI/ES.

The next chapter presents, with a technical point of view,
the prototype. Thus, we will show the hardware and software
which has been chosen during this development stage, and
describe the place of the prototype among an entire
acquisition process. Then, after an explanation of our
knowledge acquisition procedure, we will focus on Nexpert
Object's knowledge representation with both rules and
objects. We will also discuss outline the classification of
data problem, and finally we will discuss the integration of
all the components programmed into the shell.
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2. SELECTION OF HARDWARE AND SOFTWARE

The world has changed less since Jesus Christ than it has in
the last thirty years.
Charles Peguy, 1913.

Men have become the tools of their tools.
Thoreau.

In this chapter we describe the hardware and
commercial software used during the development stage and
further describe the relationships among them. Most of the
software here described was suggested by Dehan in his thesis
(see [Dehan, 1989]).

2.1 Hardware

The hardware selected for the project has been
chosen to assure compatibility with the wide variety of
commercial X-ray stress analysis instruments available
internationally, to reduce cost, and to simplify
implementation. It consists of:

. an IBM PC clone of the 20 MHz 386-class with 640
Kbytes of conventional memory and 5 Mbytes of

extended memory, VGA color graphics, an 80 MByte
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hard disk, and a mouse,
. an HP LaserJet II printer, and

. to aid in the development and documentation of
the system, an HP laser scanner with appropriate
software for digitizing photographs and for
optical character recognition (OCR) of printed

information.

2.2 Commercial software

The commercial software selected for the prototype

system includes:

. MS DOS 3.3 operating system with Microsoft

Windows version 3.0,

. Nexpert Object1 version 2.0 as the expert system
shell under which the entire system operates,

. Microsoft Excel? version 3.0 as the spreadsheet,

. Micrografx3 Designer version 3.0, to create

graphics,

1 Nexpert Object is an Expert System shell sold by Neuron
Data, 444 High Street, Palo Alto, Ca 94301, Tel : (415) 321-
4488, Fax : (415) 321-9648.

2 Also sold by Microsoft.

3 Micrografx, Inc, 1303 Arapaho, Richardson, Texas 75081,
Tel: (214) 234-1769.
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. Microsoft Paint? version 3.0 for the custom

graphics displays,

pLogic5 version 1.1 as a statistical pattern
recognition software, to help in the

discrimination of data, and

. dBase III with Clipper 5.0 compiler, to create

our database management systenm.

2.3 Hardware and software needed for the end-user

The previous list of hardware and software has
been used to develop the prototype but it is expected that
the final production version of our software will only

require the following :
Hardware :

. An IBM clone with 4 Mbyte of memory in addition
to the normal 640 Kbyte conventional memory, a 386
processor, a VGA display, a 40 Mbyte hard disk,

and a mouse,

. a laser printer,

4 This program is sold with Microsoft Windows and has just
been used to transfer graphics to a format suitable for
Nexpert Object.

5 pLogic Knowledge Systems, 23133 Hawthorne Boulevard, Third
Floor, Torrance, CA 90505, Tel: (213) 378-3760.
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Software :

. MS-DOS 3.3 or higher operating system with
Microsoft Windows version 3.0 or higher,

. the runtime version of Nexpert Object version
2.0 or higher (far 1less expensive than the
development version presently used),

. Microsoft Excel version 3.0, and

. all the remaining software will be compiled code

generated in this project.

It is thus expected that most of the software and hardware
may already be present in the end-user system, with the
exception of the runtime version of Nexpert Object. Indeed
Microsoft Windows and Excel are very well known products
which can be used for a great variety of applications. This
should contribute to lowering the final cost of the expert

system.

2.4 Nexpert Obiject

2.4.1 Introduction

The key choice among the software listed above is
that of Nexpert ObjectG'7 as the expert system shell. This

% ror a quick review of Nexpert Object features see [Aiken,
1990] or the very good "Introduction Manual" in [Neuron,
1991].

7 The author of this thesis has learned much about Nexpert
Object thanks to Neuron Data’s Bulletin Board System (BBS),
located in California, on which all the Nexpert Object users
can exchange tricks and advice.
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software has been chosen for its powerful features as
described in Dehan's thesis (see [Dehan, 1989]). Thus, its
state-of-the~art programming method called OOP (Object
Oriented Programming) to assist the developers in
economically representing the knowledge and its ability to
have access to various databases have made the difference in
comparison with lower price commercial shells. In fact,
Nexpert Object appeared to be the only PC-based commercial
shell including all the features required for this projectg.

We also note that Nexpert Object is rapidly becoming the
expert system standard in the AI industry. It already
dominates it, comprising 40% of all the expert systems
installed. The reasons for this popularity are its
equivalent functionality compared to high end, Lisp-based
tools at a fraction of the cost?. Also, Nexpert Object's
visual, menu/mouse driven programming environment simplifies
entering, editing and maintaining the knowledge base.

Finally, its open architecture allows the developer to
completely embed Nexpert Object into all existing or to be

8 1t is interesting to note that although this choice was
now made almost 3 years ago, the development of Microsoft
Windows and Nexpert Object have only improved this decision.
It all works better than originally expected.

9 Nexpert Object is "C" based, and is cross-compatible on
various platforms. It can run on a number of different
machines including the IBM AT, PS/2, 286, 386, Macintosh II
and SE, Sun and Apollo workstation, DEC Vax with VMS
(Nexpert Object can be installed on any VAX station, and
support the two windowing systems, UIS and DECwindows) and
IBM mainframes with VM. It is compatible with many different
operating systems including DOS, 0S/2, Mac_0OS, Unix, VMS and
VM. This interoperability (Nexpert is written in C) ensures
that user-developed knowledge bases will run on a variety of
products as well as subsequent releases of Nexpert.
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developed conventional programs or application using its "AI

C library". All the knowledge processing capabilities are
accessible through the Nexpert Object Callable
Interfacel0/11, They can be embedded in any conventional

language : C, FORTRAN, Pascal, C++ ... For example, at
runtime, conventional application programs can dynamically
create and modify object structures and control the
reasoning process. Any existing program written in a

dal2 of an object. By

conventional language can become a metho
means of attached methods, an object can trigger external
functions or processes and interact with the reasoning
process. An object in Nexpert Object can represent a
database record and its fields. Nexpert Object supports
reasoning on records retrieved from Sybase, Oracle,
Informix, Ingres, DB2, IMs, Lotus, Rdb, dBase III or IV, and
Excel database structures, as well as structures for
proprietary databases. Databases and spreadsheets are
accessed by Nexpert Object rules and objects through
standard SQL queries. In fact, any data structure from

existing software can be mapped into Nexpert Object and

10 There are two different ways to use this Callable
Interface : calling in and calling out as Neuron Data call
them. The first ("calling-in") is the ability for an
external program (written in "C-language" for example) to
have access to the artificial intelligence kernel of Nexpert
Object. The second ("Calling-out") refers to the possibility
to call external conventional programming routines while
processing in Nexpert Object. This second feature has been
used in our prototype.

11 In the latest version of Nexpert Object (version 2.0B)
this callable interface is now called the Application
Programming Interface. See [Neuron, 1991].

12 A method is an Object Oriented Programming technique
which allows the programmer to link a piece of code to a
specific object or property. For example, methods have been
used in our prototype to link the material properties to the
correct fields in our materials databases.
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immediately reasoned upon. These features have been used
extensively in our prototype to retrieve data from Excel

spreadsheets.

2.4.2 Nexpert Object’s software description

The package we have purchased includes the

following components :

. the development system for use under Microsoft

Windows,

. a runtime 1licence for delivery under DOS
(Protected Mode), and

. @ runtime licence for delivery under Microsoft

Windows.

Our prototype has been developed using the development
system which runs in real model3 and thus uses the default
user interface programmed into this development system. This
explains why our prototype should not be seen as
representative of the final user interface. This software
also includes a bridge to access Excel through the Sylk file
format.

13 There are two different modes to program a 386 compatible
computer : real or protected mode. The real mode has been
designed to assure the compatibility on this new platform
with all the existing softwares designed for 8088 or 8086
machines. Thus, real mode Kkeeps the old memory management
system and so faces the problem known as the "640 KBytes
barrier". The protected mode has been specially designed to
take full advantage of the power of the 386 chip and runs
using the full 32 bit address space thus giving access to up
to 4096 MBytes.
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In the next chapter we will see how we have integrated all
this different software into our prototype. We will first
focus on the flow of the data between the different
components of our system, then present our "superset" of
data to solve the problem of dealing with different X-ray
machines.

SELECTION OF HARDWARE AND SOFTWARE
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3. SYSTEM OVERVIEW

Everybody experiences far more than he understands. Yet it
is experience, rather than understanding, that influences
behavior.

Marshall McLuhan.

MIT researchers today announced the discovery of a new
fundamental particle that is the basis for the widely-known
phenomenon of information. Dubbed the "truon", this particle
is vital to interactions involving the basic force of truth.

Michael Travers.

We want to fashion puppets that pull their own strings.

Ann Marion.

We have carefully designed the expert system to be
independent of any particular hardware implementation of the
X-ray residual stress technique. Therefore, our software
should be applicable to virtually any system, portable,
stationary, manual or completely computer controlled. In
this chapter, we outline the basic components of the systen
and the methods by which these components are linked. The
details of the implementation are the subjects of latter
chapters.
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3.1 Introduction

The realization of our Expert System is embedded
in the general procedure of measurement of residual stresses
by X-ray diffraction as summarized in Figure [3-1], page 27.

Using this figure we can see nine different steps for such a
measurement; four of them already exist, and five more have
to be created :

As shown in Figure [3-1], page 27, steps 1 through 4 are the
responsibility of the residual stress instrument. They are
generally performed on a computer different from the one

used for the expert systen.

. Step 1: The computer controlled X-ray
diffractometer performs the stress measurements on
crystalline materials,

Step 2: The results are sent to the computer1

which is directly <connected to the X-ray
diffractometer,

. Step 3: The computer acquires and manages the

data and performs data analysis, and

. Step 4: A machine specific "report" is printed.
P

1 fThe computer connected to the TEC X-ray Machine in our
laboratory is an LSI11/23-S manufactured by Digital
Equipment Corporation. It is not compatible with an IBM PC.
This divergence of equipment from that proposed in the
previous chapter for the implementation of our expert system
is typical of the situation regarding most other X-ray
stress analysis systemns.
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These data are also generally logged on a floppy or hard
disk, with each stress measurement occupying one filename.
Clearly, in a laboratory in which thousands of stress
measurements are made annually, file and data management
become a major problem. This is especially true in a setting
in which many different users are gathering data on the same
hardware.

The intermediate steps, the transmission of data from the
stress analysis system to a spreadsheet and from the
spreadsheet to the expert system (steps 5 and 6) has been
designed as the most effective and user friendly method to
match our expert system to virtually any X-ray stress
analysis system available. In order to move data between the
stress analysis instrument and the expert system, any one of

several methods may be implemented in steps 5 and 6.

. Step 5: Transmission of the data to an Excel
sheet on compatible 386 PC, this can be
done by:

- manually (re)typing the data into a
blank sheet?,

- scanning a typical X-ray printed
output3,

2 This solution has been used to transfer the first
measurements, before we developed an electronic 1link. We
also used it to transfer several "old" X-ray stress
measurements for which no source files were available in the
PDP 11.

3 This solution has been tried in our specific case, but
since our PDP 11 was connected to a dot matrix printer, an
optical character recognition of an output typically
produced 10 to 12 mistakes per measurement thus making this
solution both tedious and unreliable.
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- electronically linking the two

computers, or

- transferring an (ASCII) file generated
in the X-ray system.

. Step 6: Importation of the Excel sheet into
Nexpert Object.

In order to preclude the need for custom programming of our
TEC system, as well as the annoyance and inconvenience of
retyping data, we have developed an LSI1l1/23S-to-PC 1link
which captures the printer output of the TEC system and
converts it to an appropriate Sylk file for importation to
Excel. This system has been working perfectly well during
the development of our prototype. But to manage the large
amounts of data generated by modern, computer-controlled
stress analysis systems we have developed a database
management system using dBase III and Clipper 5.0 (see
[Courtney, 1991]). We will come back to this DBMS system in
Chapter 5.

As illustrated in Figure [3-1], page 27 it is the function
of the expert system to access X-ray residual stress data
and materials properties both of which reside in separate
databases on the host ES computer, to analyze these data
based on rules and other knowledge code in the expert
system, and to print a report. These are performed in steps
7 through 9:

. Step 7: Validation and interpretation of the

data by the expert systemn,
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. Step 8: Access the materials databases, (also
developed as Excel sheets), and

. Step 9: Production of a final report (including
all the expertise) following the expert

system analysis.

For the initial tests of our expert system, we have chosen
to use Excel as a user friendly medium by which data may
easily be loaded into the ES. This decision was made for
several reasons. First, the link to Nexpert Object was a
proven link, and second, the spreadsheet provides a user-
friendly medium in which data may be graphed, analyzed and
manipulated by users who have no programming experience.
Microsoft Excel also supports Dynamic Data Exchange (DDE),
which allows two applications running under Windows to
exchange data without the need to create temporary files. We
note that Microsoft itself has used just such an interface
for a major ES application of its own? . However, we must
also note that this can only be a temporary solution because
it does not solve the problem of managing thousands of
stress measurement results. To resolve this problem, we have
developed a Database Management System (DBMS) based on dBase
III DBMS compiled with Clipper 5.0. This system retains the
virtues of a powerful, user-friendly DBMS (dBase III) and
direct access to the data by Nexpert Object through the use
of C-programs to extract data from the DBMS, convert it to
the Sylk file format used in Excel and readable by Nexpert
‘Object?.

4 gsee [PC Week, 1990].

> see [Courtney, 1991] and [Potet, 1991] for more details.
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