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KNOWLEDGE ACQUISITION AND LEARNING
INCASE STUDIES OF EXPERTSYSTEM DEVELOPMEN'}

By S. Kunifuji (IIAS-SIS Fujitsu), S. Kobayashi (Tokyo Institute of Technology),
Y. lwashita, N. Oka (ICOT), M. Suwa (Electro Technical Laboratory)

1. Introduction

In 1985, the Institute for New Generation Computer Technology (ICOT)
received a contract to survey R&D trends on new-generation computer
technology and its applications from the Japan Machinery Industry Association.
In accordance with this contract, we researched various aspects of knowledpe
acquisition in expert systems, The purpose of the research is to solve "knowledge
acquisition” problems that arc "bottlenecks” in building expert systems., We
held meetings on knowledge acquisition using developing expert systems as case
studies and summarized the results. This paper presents these results and our
views on them, and considers their relationship with learning.

As experl systems progress, the tools for supporting knowledge
representation and utilization are hasiily being prepared. However, human
knowledge of problem-solving in the real world is extremely diverse and
uncertain. To use this knowledge as input information for tools, basic problems
concerning knowledge acquisition must be solved before problems concerning
knowledge representation and utilization are solved. Research on solving the
former problems lags behind research on the latter. but it is one of Lhe most
important tasks.

As we pointed out in references *1 and *2, knowledge acquisition problems
fall into the following three categories corresponding to its :

+ Stage 1. Knowledge extraction problem

In this stage, the problem is how to collect, classify, and analvze the
knowledge that exists in the minds of experts in various fields and thal is
useful in solving problems, bul that has never been exprossed in svmbols
(language).

¢ Stage 2: Knowledge translormation problem

In this stage, the problem is what representation form the knowledge
processed in stage 1 should take and how it should be stored for processing in
a computer system.



e Stage 3: Knowledge base managoment problem®2*3

In this stage, the problem is how to manage consistently and
systematically the knowledge processed in stage 2 so as o allow
modification and addition of new knowledge.

From the practical standpoint, our primary concern is with stapes 1 and Z.
One reason for this is that the computational difficulties *4, "5 have been found
by our fairly systematic research*2.*3 into the problems in stage 3. To solve the
problems in stage 1 and 2, we heard from the builders of expert systems about
knowledge acquisition methods, putting aside our preconceived ideas, We heard
from experts in fields as disparate as possible. The results are listed in 2 Table
and analyzed.

2. (Case Studies of Expert Systems

We were given descriptions of knowledge acquisilion for building ihe
following nine examples of expert systems:

(1) Production line expert system: Hitachi™®

(2) Expert system supporting electric power system analysis: Mitsubishi
Electrie™?

(3) Personal finance adviser: Fujitsu”8
(4) Large DC-motor diagnosis system: Toshiba®@

(5) Dam gate diagnosis system: Central Research Institute of Flectric Power
Industries* 10

(6} HLSI wiring design expert system: NEC™11
(7) Expertsystem {or designing lenses: Canon*12
(8) CAD for equipment layout in computer ronms: Hitachi™1?

(8) Expert system for industrial property: Electro Technical La horatory.* 14

This section introduces these expert systems briefly a nd summarizes their
features.

(1) Production line expert system *8

This sytem is a production line control soliware system developed according
to a knowledge engineering paradigm to cope flexibly with model changes in
products. The flexibility of the system is provided by easily changeable control
rules written for it. The system is a pioneer rule-based eontrol system for



practical use rather than an expert system. Its features are improved
modifiability and maintainability and reduced work steps for its development.

(2) Expert system supporting eleetric power system analysis*7

This system aims at providing a necessary environmet for efficiently
scheduling an electric power system. The environment consists of a knowledge
base for devising plans, user-oriented interfaces, a data base for managing
hardware and test data, and high-speed interactive functions. One feature of the
system is short analysis time. That is, a problem that a human expert has to
spend one hour to solve can be solved in two minutes by this system with its
knowledge base.

(3} Personal inance :—‘ddvis:;_-r’*?

This is a prototype expert system providing [inancial advice for office
workers. Based on the present structure and financial state of the family, the
system forecasts the future household economy, evaluates plans such as
purchasing a house, and gives advice. The system was intended for evaluating
an expert system support tool calied ESHELL.

(4) Large DC-motor diagnosis sytem*9

This system diagnoses large DC motors (for rolling machines in a rolling
mill) developed under a knowledge - based system support tool called TDESZ,
The system locates errors and supporis maintenance through interactions with
the operator. The features of the system are modularity of knowledge, treatment
of uncertain data, and text processing. The methods that the system uses to
assign certainty factors Lo unceriain data and acquire observation data other
than error data may require some improvemet.

(5) Dam gate diagnosis system* 10

This system diagnoses a dam gate and evaluates its residual life [rom
values produced by an analysis subsvstem, values corregpanding to quantitative
data (such as data on displacement and stress) and qualitative data (such as data
on gppearance) in a data base. One feature of the system is the display of all
conclusions obtainable from the quantitative and qualitative data given three
attributes: safety evaluation, residual life estimation, and required
maintenance time. The system may require the use ol a more advanced system



engineering methodology such as the multi-attribute effect utility theory in
multi-purpose decision theory*15,

(6) LSI wiring design expert system” 1]

This systemn wires two LSI terminals that an automatic wiring program
cannot wire. The system uses wiring know-how expressed as rules stored in a
knowledge base. By using this system, even an unskilled worker can speedily
and elegantly complete the wiring work. A feature of this system is thal it has
been developed under a PROLOG process or called CADLOG, which can be
linked with FORTRAN in an existing CAD system. One problem that the
system will confront is how to eope with an increase in the number of gates,

(7) Expertsystem [or designing lenses12

This system designs automatically a new lens system according to a
patterned system design schedule and CAD knowledge when given parameter
values for the specifications and frameworlk of the lens system. The system has
support functions such as initialization, CAD command generation, and design
scheduling functions, One noteworthy pointis an adoption of the apprenticeship
method for knowledge acquisition.

(8) CAD for equipment layout in computer rooms”13

This system determines the layout of equipment in a computer room using
a knowledge engineering technigque, The system performs forward reasoning to
satisfy semantic constraints in generating a plan. Ils computation speed is high,
but the scope of problems it can handle is narrow. The system basically solves
search problems which the conventional technigue can hardly handle because of
the varieties of semantic constraints.

(9) Expert system for industrial property™i4

This is a consultation system concerning procedural law in the Patent Law.
The system offers an object-oriented and augmented logic programming
language called KRIP/L for representing procedural law. The sysiem consists of
an expert support system that experts in law use to register legal knowledge in a
knowledge base, and of a user support system that end users use to crealte a
patent data base and judge the validity of registered patents. The system may



find quite interesting future subjects, such as for finding references to judicial
precedents and judging facts.

Table 1 shows an outline of the above nine expert systems. In T'able 1, the
systems are classified into the types diagnosis, control, planning, and design.
The information below is entered in the columns of Table 1.

* "Developmentstage” column: Prototype or practical use. Other information
such as the scope of problems which can be handled is also entered if
obhtained.

* "Development environment” column: The names of shells, languages, and
machines.

+ "Knowldedge base size” column: Number of rules and others. A rule has
different meanings depending on the knowledge representation form and
inference method. Therefore, consideration only of the number of rules is
insufficient,

L

* "Inference engine
uncertainty, ete.

column:  Forward and/or backward reasoning,

* "Interface with externals” column: Names of external resources, IO from/to
external processors, names of graphic routines, ete.

® "Others”column: Remarks

3. Aspects of Knowledge Acquisition

Table 2 shows an outline of knowledge acquisition performed by the nine
expert systems described in Section 2. The information below is listed in Table 2.

* "Participants” column: DE(Domain Experts) andior KE {Knowledge
Engineers). Distinction betwee DE and KE is not very clear.

* “"Knowledge sources” column: Various knowledge sources (KS), e.g., know
how of experts, unformatted information such as graphic patterns, and text
of symbols,

¢ “Support tools” column: Classification of support toals.

¢ "Basic policy” column: Basic policy of knowledge acquisition. This depednds
on the types of problems given and the extent of difficulty in solving them.

* "Basicchart” column: Problem soiving chart having feedback loops.



“Procedure and no. of work steps” column: The entry depends on whether
the system is a prototype or for practical use and, if the latter, on the
difficulty of solving the given problem.

"Changes in representation and quantity of knowledge” column: The
changes involved with version-up.

“Final classification of knowledge” column: The entry depends largely on
the knowledge representation form which ean be processed under a given
development environment.

“"Knowledge acquigition method” eolumn: Information in this column is the
most important for our last attempt, that was insuflicient thus requiring
retry. Nule whether the interview or apprenticeship method is entered.

"Inguiry” column: Typical successful and unsuecessful events.

"Comment” enlumn: Problems unsolvable by the expert systems are mainly

entered. Some of the systems have meager ability to represent knowledge
including two-dimensional pattern,

From analvsis of the above information about knowledge acquisition in the

expert systems, it is clear that knowledge acquisition generally consists of the
following steps:

1)

2)

3)

4)

5)

6)

Selecting problems :
The possibility and value of building a system is evaluated, and problems
are selected.

Evaluating current software technology :
For selected problems, current Al software technology is evaluated, and
necessity of the introduction of current Al software isinquired.

Identifving knowledge sources :

The necessary knowledge for solving selected problems is evaluatled, and so
is the possibility of solving them. The quality and quantity of knowledge per
knowledge source are analyzed.

Identifying expert models :

If the main knowledge sources are human heings, then how the experts use
their knowledge (their problem-solving techniques and inference methods)
is clarified.

Identifving user models :
What the users expect the systemn to do and how they use it are clarified.

Selecting knowledpe representation o
Appropriate knowledge representation form is selected based on the resalts
of steps 3) to 5).

Extracting knowledge :
Knowledge in the form selected in step 6) is extracted from the knowledge
Eources.



8) Transforming knowledge :
The knowledge obtained in step 7} is transformed to a format usable in the
computer and stored in the knowledge base.

9) Managing the knowledge hase :
Consistency of knowledge added to the knowledge base is checked, and
knowledge explaining added knowledge is automatically penerated in the
knowledge base.

Among the above nine knowledge acquisition steps, steps 1) ta 6) are called
system analysis in system engineering, and steps 7) to 9), modeling. Nole that
system analysis is more important than modeling for a problem requiring a more
advanced expert system than other problems. The most important task at
present is to combine the system analysis and modelig methods for a given
problem most appropriately.

4. Knowledge Acquisition Methodology*16,*17

This chapter discusses the basic nature of problem in knowledge
dequisition in the following four application fields of expert sytems :

* Data inferpretation
* Diagnosis
¢ Monitoring and control

¢ Planning and design

(1) Enowiedge acquisition in data interprelation

Data interpretation refers to analyzing data oblained by measuring
equipment and sensors, estimating system siales, and providing them with
physical meaning. Acoustic, video, digital, and spectral data are analvzed,

Knowledge acquisition in data interpretation divides continuous analog
data into meaningful segments, characterizes each segment svinbolically, and
extracts knowledge representing the higher-order correlation between
segments. Conventional signsl processing or dala analysis techniques can only
perceive lower-order correlativns between data. They cannot perceive higher-
order correlations becuuse of the large amount of computation. Thus knowledge
processing is required.

Knowledge vsed for data interpretation is divided into knowledge about
system structure and properties, and empirical knowledge taken from expert
human beings. The phases of knowledge aquisition depend on which kind of
knowledge is mare important. If the former kind is more important, knowledge
acquisition lays emphasis on how to formalize the structure of the ahject. If the



latter is more important, kowledge acquisition lays emphasis on how to
formalize the knowledge obtained through pattern recognition by the human
beings.

Enowledge representation and utilization in data interpretation must
assume some missing data and the presence of noise. The introduction of
uncertainty to knowledge representation is required, as is the introduction of
cooperative problem solving such as blackhoard modeling to knowledge
utilization. If uncertaion knowledge and knowledge of covperalive problem-
solving can be obtained from human experts, these kinds of knowledge must be
restructured and optimized from the perspective of system engineering.

(2) Knowledge acquisition in diagnosis

Diagnosis finds the causes of errors in the system by using vhserved data
and knowledge of causal relations in the system. Medical diagnosis, plant
diagnosis, and equipment diagnosis are some examples.

The phases of knowledge acguisition in diagnosis depend on whether a
natural or an artificial system isdiagnosed.

When a natural system such as a living body is diagnosed, quantative
knowledge of its macro structure is available, but its micro strueture is almost
like a black box, and the diagnosis has to depend on the experience-based
surface knowledge of human experts on causal relations. Such knowledge
contains uncertainty, thus treatment of uncertainty becomes an important task.
To retain the consistencey of uncertain knowledge and the reliability of
diagnosis results especially for multi-stage inference, a technique for integrating
uncertain knowledge must be invented.

When an artificial system is diagnosed, knowledge of causal relations can
naturally be extracted [rom knwoledge of the system design. This knowledge
must be formed so that it can be used in diagnosis. If the system is large and il
data collection by measuring instrument or an inleraction with the operator is
required, finding an error cause based only on knowledge of the system structure
is likely to be redundant. In these cases, the experience-based knowledge of
human experts must be used. Even if the knowledge is shallow, aceess to the
vicinity of an error location by using it is eflficient because intermediate
inference paths are disearded. In short. diagnosis using only knowledge of sytem
structure may be redundant though complete, and diagnosis using only the
experience-based knowledge may be incomplete but efficient. Knowledge
acquisition has to be considered taking the trade-off hetween them into
congideration.

{3} Knowledge acquisition in monitoring and control



Monitoring and control monitors the system status and puts the svstem
into a predetermined sequence of controls. Problems in control are extremely
common in plant control, flight control, and production system control.

The phases of knowledge acquisition depend on whether a continuous
system or a discrete system is controled.

A continuous system is a system to which the classic feedback control
theory and modern control theory cannot be applied. It may be a non-linear
system where large time lags exist.

Enowledge acquisition in a control svstem divides the state space into an
appropriate number of sub-state regions and extracts control rules suitable for
each sub-state region. The larger the number of sub-spaces, the more precise the
control but the larger the cost for knowledge acquisition. Fuzzy contro! is useful
in this case. Knowledge acquisition in a fuzzy control system ohtains control
rules for some representative points in the state space from human experts. For
other points in the state space, it extracts control rules from those for the
neighborhoods combined by fuzzy inference. This method greatly reduces
problems in knowledge acquisition. However, selection of representative points
is quite difficult, and the number of selected representative points must he
appropriate. This task involves a trial-and-error phase.

If the system status depends largely on its history and requires multi-stape
inference to determine appropriate eontrol rules, fuzzy control is dilficult and
has to be replaced with rule-based control, However, if the system is highly
autonomous and switches back automticaliy to its optimum state under coarse
control, problems in knowledge acquisition are cased to some extent.

Sequential control was conventionally applied to a discrete system,
However, rule-based control facilitates rcadability and maintenance and is
advantageous from the perspective of knowledge acquisition. But it requires a
support environment for placing the system in a complete state.

A control system must perform strictly reai-time operations, Therefore, il
inference must be made fast by compiling or rearganizing acquired knowledge.

(4) Enowledge acquisition in planning and design

A great deal of search work is required for building an sptimum planning
and design systemn. Determining a busie search loop is important for solving o
combinatorial problem.

Many of the already developed expert svstems for planning and design use
conventional system engineering technigues with the new knowledge processing
techniques to widen the degree of automation. Introduction of the svstem is
decided when the cost for knawledge scquisition is less than the planning and
design cost reduced by automation,



Planning and design are extremely creative activities. Therefore, the same
problem is approached differently by planners and designers. However, the
basic approach consists of a combination of the problem reduction method,
hierarchical generation and test method | and top-down refinement method.
Clarifying and evaluating these basic steps of problem solving are important for
knowledge acquisilion in planning and design. Knowledge acquisition by the
apprenticeship method may be useful to the system designer in achieving these
steps.

5. Knowledge Acquisition and Learning*18

This chapter discusses the introduction of learning functions into
knowledge acquisition steps. Our research was intended to aulomate only the
steps 7) to 9) among the nine knowledge acquisition steps described in Section 3.
Generally, the following two tasks provide interfaces belween an expert system
and man:

a) Building a knowledge base:
This seeks to store knowledge for inference and probliem solving. It
must be easily performed by men without computer knowledge.

b) Supporting the user:
This provides the user with necessary information and inference results
and solves the problem through interaction between the expert system and
the user. Consisteney of thought of the user is the kex to the task.

Introduction of learning functions is alsv approached through these tasks.
Typical approaches to the introduction of learning functions for supporting
knowledge acquisition are listed below.

(A} Knowledge base editor:

An excellent program editer is indispensable for programming. as is an
excellent knowledge base editor for building a knowledge base. DMuch effort
has heen expended on the development of this portion in presently
commercial expert system shells. Users will be able t7 use better intelligent
interfaces from now on, In the future, inductive inferance such as editing by
example®1? may be introduced.

(B) Knowledge base management:

The chjectives of knowledge base management are maintaining the
soundness and completencss of a given knowledgs svslem, keeping the
whole knowledge base consistent with any new knowledge added to it, and
building a madel for adjusting the knowledge base to explain the added
knowledge. At 1COT |, these objectives are strenvously investigated as

-10-



knowledge assimilaticn and aceommodation problems. However, they may
be serinus problems when the knowledge base is enlarged. The inductive
inference system called Shapire's Model Inference System is used to solve
the knowledge accommodation problem.

(C) Problem formalization support :

This is an area untouched yet by eurrent knowledge engineering. An
attempt to express a certain problem hy using a tool having a specific
knowledge representation power encounters  enormous  obstacles.
Establishing a procedure for formalizing it and developing a system
supporting its execution are important. The first thing is to establish the
knowledge system methodology per application field, then a problem
formalization support svstem shonld be developed by utilizing the concepts
of a software reuse system. The support system may have analogical
reasoning functions.

(D) Semi-automation of knowledge acquisition :

Automating knowledge acquisition is an ideal of the researchers in
artificial intelligence. At present, however, some efforts are bein g devoled
to the development of a semi-automatic knowledge aciuisition system with
intervention by man. Such a system may have the advanced learning
functions shown in (A) to (C).

6. Conclusion

This paper summarizes our view on knowledge acauisition and learning
with various expert systems. It is based on a survey into "phases of knowledge
acquisition in expert systems” that ICOT performed in 1985, As part of this
research, we held meeting on knowledge acquisition with various expert systems
to solve knowledge acquisition problems that are bottlenecks in burilding expert
systems. The results were analyzed, our views on knowledge acquisition in
expert systems were presented, and the relationship between knowledge
acquisition and learning was discussed. Although the relationship hetween
knowledge acquisition and learning was insufficiently discussed, our
considerations on knowledge acquisition and learning are presented helow as
future objectives.

(1) Knowledge acquisition steps such as interview and protocnl analvsis are
too direct and too experiential. Kuowledge engineering and system
engineering must have many things in common since both anayvre large.
seale complicated objects.

-11-



The advent of knowledge engineers versed in system engineering
methodology is urgently required.

(2 Knowledge obtained from ohjects and that from experts should be
clearly distinguished. The former should be used with advanced
utilization, and its dependency on the latter minimized. The more
complicated and versatile the problem, the more versatile the obtained
knowledge. Advanced use of knowledge depends on the sources and types of
the knowledge.

(3) Discussion of a knowledge-acquisition method is meaningless unless
methods to represent and use knowledge are decided. A knowledge
representation method and an inference engine should be flexibly selected
Lo suil the type ol knowledge obtained.

(4) Method for introducing learning functions to knowledge acquisition
steps may be applied to the knowledge base editor, knowledge base
management, problem formalization support, and semi-automation of
knowledge acquisition described in Section 5,

(5) Some learning functions to be installed in the future are learning
certainty [actors, learning compiled knowledge by partial evaluation,
learning strategies for knowledge acquisition, and introducing
probabilistic inductive inference models.

In conclusion, we should go back to the starting point in an approach to a
problem, that is to "First the problem, then the tool.” The object to be obtained
ghould be looked at squarely, an approriate system analysis methodology united
with a modeling methodology, and a knowledge systemm methodology per
application field established. These are the most important tasks given at
present to persons interested in building a knowledge base for an expert system.
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